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ABSTRACT Red blood cells (RBCs) are the simplest cell types with complex dynamical and viscoelastic phenomenology.
While the mechanical rigidity and the flickering noise of RBCs have been extensively investigated, an accurate determination
of the constitutive equations of the relaxational kinetics is lacking. Here we measure the force relaxation of RBCs under different
types of tensional and compressive extension-jump protocols by attaching an optically trapped bead to the RBC membrane.
Relaxational kinetics follows linear response from 60 pN (tensional) to —20 pN (compressive) applied forces, exhibiting a triple
exponential function with three well-separated timescales over four decades (0.01—100 s). While the fast timescale (77 ~
0.02(1) s) corresponds to the relaxation of the membrane, the intermediate and slow timescales (7, = 4(1)s; 7g = 70(8) s)
likely arise from the cortex dynamics and the cytosol viscosity. Relaxation is highly heterogeneous across the RBC population,
yet the three relaxation times are correlated, showing dynamical scaling. Finally, we find that glucose depletion and laser illu-
mination of RBCs lead to faster triple exponential kinetics and RBC rigidification. Viscoelastic phenotyping is a promising dynam-
ical biomarker applicable to other cell types and active systems.

SIGNIFICANCE This research shows the structured viscoelastic dynamics of red blood cells (RBCs) and highlights the
significance of considering multiple timescales for understanding their mechanical behavior. The observed triple
exponential relaxation behavior, coupled with the proposed viscoelastic model, provides valuable insights into the
underlying processes governing RBC mechanics. Furthermore, our findings regarding the impact of glucose depletion and
light illumination on RBC rigidity show how environmental factors affect RBC properties. Our results expand the current
knowledge of RBC mechanics and pave the way for future investigations of relaxational phenomena in other cell types.

INTRODUCTION

Red blood cells (RBCs) are the most abundant and simplest
cells in the human body. They are transported through the
bloodstream to deliver oxygen to the body tissues. While
they circulate through capillaries, RBCs are subject to me-
chanical deformation and stress. Capillaries can be as thin
as half the RBC disk diameter (6—8 um), causing RBCs to
squeeze as they pass through. Mechanical properties of
RBCs are tightly related to shape and composition, which
are crucial for oxygen transport and delivery. They are
also highly dependent on endogenous (e.g., genetic) and
exogenous (e.g., physicochemical stresses, aging) factors
and are determinants for homeostasis. If altered, they lead

to diseases and disorders, such as hemolytic anemias and
thrombosis. Therefore, RBC mechanical properties are
key biomarkers for human health.

In humans, mature RBCs lack a nucleus to maximize the
storage of hemoglobin and oxygen transport capacity. More-
over, the typical biconcave shape of RBCs increases their
surface area, facilitating oxygen diffusion (1). The lifespan
of human RBCs is about 115 days (2). During this period,
they cyclically circulate in the bloodstream lasting for about
a minute per cycle (3) and are subject to continuous defor-
mation, leading to a variety of cell states (4).

Mechanical deformability dysfunction is directly related
to diseases such as sickle cell anemia (5), malaria (6), and
thalassemia (7). Moreover, during their lifespan, RBCs suf-
fer from numerous age-dependent alterations that form the
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RBC aging phenotype, such as a decline of metabolic activ-
ity, cell shape modification (8), oxidative injury (9), and me-
chanical fatigue (10), among others (11). These alterations
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trigger erythrophagocytosis or the ingestion of RBCs by
macrophages (12). It has been reported that most RBC dys-
functions lead to a rigidification of the cell (5-7,13,14).

RBCs are viscoelastic, showing complex time-dependent
responses to external perturbations. Dynamical biomarkers
such as frequency-dependent elastic moduli yield valuable in-
formation about their physiological state. In the past, the visco-
elastic response of living cells and RBCs has been studied with
techniques as diverse as micropipette aspiration (15-17),
deformation in a flow (18-20), atomic force microscopy
(21), acoustic force spectroscopy (22), optical magnetic
twisting cytometry (23), deterministic lateral displacement de-
vices (24), and laser optical tweezers (LOT) (25-28). These
techniques have also been employed to study active polymer
networks (29,30). The dynamical response of RBCs depends
on the type of perturbation applied, the geometry of the exper-
imental configuration, and the measured physicochemical
property. Mechanical stiffness measurements have reported
values that change by two orders of magnitude depending
on the pulling orientation, the bond attachment type, and the
probe’s contact area. Noise correlation spectroscopy has
emerged as an excellent technique to investigate rheological
phenomena and activity of RBCs, e.g., using LOT (31-35).
It is useful for measuring membrane fluctuations (flickering)
in the high-frequency domain (subsecond timescale). In the
low-frequency domain (>1 s), active fluctuations and
nonequilibrium phenomena are observed (30,32,36). RBC
flickering has been shown to depend on the viscosity of the sur-
rounding medium, demonstrating that flickering is an active
process (37). The power spectrum of the flickering signal at
low frequencies increases with ATP concentration, contrib-
uting to an average entropy production of thousands of
kgT/s per ,um2 of surface area (36,38). Therefore, a quantita-
tive characterization of RBC relaxation in the low-frequency
domain is key to a better understanding of RBC hemosta-
sis (39).

Here, we carry out a new class of tensional and compres-
sive extension-jump experiments in RBCs with optical
tweezers and measure force relaxation over four decades
(0.01-100 s). We discover a previously unknown triple
exponential force relaxation with three well-separated time-
scales (fast, intermediate, and slow) that permits us to
extract the constitutive parameters (stiffness and friction co-
efficient) of the dissipative processes in the RBC. The three
timescales emerge from the underlying RBC architecture,
providing a dynamical biomarker for RBC phenotyping
based on viscoelastic relaxation experiments.

MATERIALS AND METHODS
Sample preparation

Human RBCs were freshly prepared before each experiment by finger-
pricking of a healthy donor. Four microliters of blood were diluted in
1 mL of a PBS solution containing 130 mM NaCl, 20 mM K/Na phosphate
buffer, 10 mM glucose, and 1 mg/mL BSA (32). Two types of beads were
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used for the experiments: polystyrene beads for nonspecific attachment
(diameter 3 um) and silica beads coated with concanavalin A (diameter 3
um) for the specific attachments to the RBC. All materials were purchased
at Sigma-Aldrich (St. Louis, Missouri, USA).

Experimental setup

Experiments were done in a miniaturized version of an optical tweezers in-
strument described in (40). Measurements were performed with highly stable
miniaturized laser tweezers in the dual-trap mode, which consists of two coun-
terpropagating laser beams focused on the same spot creating an optical trap.
The instrument directly measures forces by linear momentum conservation.
Piezo actuators bend the optical fibers and allow us to move the trap while
measuring its position using a light lever that deflects 5% of the light to a po-
sition-sensitive detector. Force and trap position measurements are acquired at
1 kHz bandwidth. The experiments are performed in a microfluidics chamber
made of two glass coverslips and two sheets of parafilm with three channels:
the central one, where the optical trap and the micropipette are located; and
two supplier channels, each one with a dispenser tube, to supply beads and
RBCs. Details of the pipette and microfluidics chamber can be found in (41).

Experimental configuration

The RBC is vertically held between two micron-sized beads in the experi-
mental configuration. One bead is immobilized on the tip of a micropipette
by air suction, while the other is optically trapped. The pulling configura-
tion requires the following steps. First, a bead from the first dispenser
tube is captured in the central channel by the optical trap and moved close
to the exit of the second dispenser tube where RBCs flow to the central
channel. Second, a floating RBC in the central channel is brought in contact
and attached to the optically trapped bead. A uniform laminar buffer flow is
applied to the central channel to prevent RBCs from being optically trapped
and damaged by the laser. Moreover, the flowed buffer cleans the working
area from other RBCs that can interfere with the experiment. While
applying the flow, the bead attached to the RBC is fixed to the tip of the
micropipette. A second bead is captured in the trap and attached to the
opposite extreme of the RBC. This second bead is used as the force probe
for the experiments, Fig. 1 a. Further information can be found in (41).

Pulling experiments

For each RBC, a single force-distance curve is obtained. To compute the RBC
stiffness, the relative trap position is converted into cell extension by subtract-
ing the bead-trap displacement (F/ k) from the measured trap-pipette distance
with k;, the trap stiffness (40,41). Once the force-extension curve (FEC) is
measured, a linear fit between 7.5 and 12.5 pN is performed by using the fit
function of MATLAB. For forces below 5 pN, we observe a certain variability
in the FECs due to the positioning of the contact point between the RBC and the
lower bead. Significantly, this variation does not arise from the RBCitself butis
a consequence of the distinct geometry in each experimental configuration. On
the contrary, for higher forces (approximately 20 pN), tether formation is
observed as a kink in the FEC, Fig. | e. To minimize variability, stiffness mea-
surements are restricted to the force range between 7.5 and 12.5 pN.

Force-relaxation fits

Force-time relaxation curves (FRCs) were obtained by averaging force and
time values in a logarithmic scale. The logarithmic averaged data are fitted
to Eq. 1 with MATLAB using the fit function by imposing boundaries to the
fitting parameters to minimize the computational time. The lower boundary
for relaxation times is O s, and the upper boundary is 500 s. Regarding am-
plitudes, the lower boundary is —AF and the upper boundary is AF, with AF
the magnitude of the force jump. The stationary force fitting parameter has
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FIGURE 1 Pulling experiments on untethered (U) and tethered (T) RBCs. (a) Schematics and video image of our experimental configuration of the un-
tethered population where the lower micro-sized bead (LB) is fixed on the tip of a micropipette (MP) and the upper bead (UB) is captured in the optical trap
(OT) shown in green. (b) Left panel: first four FECs of an RBC without the tether. In gray, the first FEC shows a remanent elongation, and, in black, the three
consecutive FECs overlap with each other. Right panel: FECs for three different RBCs, each one represented with a different color, the pulling curve (from
0 to 30 pN) is represented in dark color while the pushing curve (from 30 to O pN) is represented in a light color. (¢) Histogram of untethered RBC stiffness
obtained from the FECs of eight different RBCs. The stiffness is computed by performing a linear fit of the FEC between 7.5 and 12.5 pN. (d) Schematics and
video images of the experimental configuration of the tethered population. In the image, the RBC presents two tethers, one attached to each bead, but it is also
possible to have RBCs with only one tether in the lower or upper bead. (e) Left panel: first four FECs of an RBC with tether. In gray, the first FEC presents a
remanent elongation and, in black, the consecutive three FECs that overlap with each other. Right panel: FECs for three different RBCs (different colors) in
the presence of tether. The dark color represents the pulling curve from 0 to 30 pN, and the light color represents the pushing curve from 30 to O pN. (f)
Stiffness histograms for the pulling FECs in the presence of tether. In blue, the stiffness values before the kink and, in red, the values after the kink (indicated
as a dot in e, right). To see this figure in color, go online.

no boundaries. Fitting parameters with their uncertainty range are obtained ones (lef[ panel, black) in agreement with preVious results

using the confint function in MATLAB with 68% confidence. @n. A fully relaxed RBC (point A) is mechanically
stretched at ~1 pN/s up to 30 pN (point B). Then the trap
RESULTS is moved backward at the same speed until O pN, at which
point a remanent elongation of ~ 0.5 um is observed (point
In the experiments, a single RBC is attached to two polysty-  C and zoom). We interpret the remanent elongation as the

rene beads (3 um diameter), each one at opposite ends of  jrreversible orientation of the RBC that occurs in the first
the cell (Fig. 1 a). The lower bead is immobilized by air suction  pulling cycle. The same phenomenon in a different context
on the tip of a micropipette, whereas the upper bead is captured s observed in ferromagnetic materials where the initial
in the optical trap. The experimental configuration requires a  magnetization curve differs from the rest due to the irrevers-
series of manual operations where beads are captured with ible motion of the domain walls (42). Fig. 1 b (right panel)
the optical trap and attached to the RBC (see materials and shows FECs for three different RBCs, which present me-
methods). A flow is applied to the RBC to keep it far from  chanical hysteresis between the stretching (dark color)
the laser focus to avoid optical damage of the RBC by direct  and releasing (light color) parts of the cycle (upward versus
illumination (9,28). Two kinds of experiments have been per-  downward arrows). FECs show cell-to-cell variability indi-
formed: pulling and extension-jump experiments. In pulling cating the heterogeneous mechanical response of the RBC
experiments, the RBC is repeatedly stretched back and forth  population. From the FECs, we also extracted the (elonga-
between a minimum and a maximum force, while the FEC  tjonal) stiffness of the RBCs defined as the slope of the
is measured. In extension-jump experiments, one or more FEC between 7.5 and 12.5 pN (Fig. | ¢). The mean value
step-jumps are applied to the trap position (supporting mate- (6.1 +1.3) pN/um is compatible with previous experi-
rial, section 2), and the FRC is measured. mental and simulation results with LOT (26). Moreover,
we have obtained a compatible result of 7.6(3) pN/um by
computing the inverse of the creep compliance evaluated
at 1 s, which is a more standard method to measure the
Fig. 1 b (left) shows FECs of a single RBC repeatedly pulled cell stiffness (Fig. S1).

between 0 and 30 pN. The first stretch-release pulling cycle Sometimes, a tether forms at sufficiently high forces
(left panel, gray) systematically deviates from the following (around 25-30 pN). This observation is in accordance

Pulling experiments
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with the results obtained through micropipette aspiration
(43). This is shown in Fig. 1 d where two tethers, each at
one side of the RBC, are extruded above =20 pN. We
have also observed cases where a single tether is extruded
in one of the two sides only (indistinctly). Fig. 1 e (left)
shows the first five pulling cycles of a single RBC in the
presence of a tether. As in the untethered case, a similar
remanent elongation (~ 0.5 um) is observed after the first
pulling cycle (Fig. 1 e, left, zoom), while Fig. 1 e (right)
shows FECs for three different RBCs with tether formation.

The FECs with tether show higher hysteresis than those
without tether (Fig. 1, b and e, right). Tether formation is
observed as the detachment of one of the two beads from
the cell body at a given force. Concomitantly, a kink appears
in the FEC at that force where the stiffness drops. The same
phenomenon is observed in the releasing process: a kink
appears in the FEC upon tether absorption by the cell mem-
brane. RBCs with a tether also show cell-to-cell variability
and heterogeneous mechanical response across the RBC
population (Fig. 1 e, right). Tether extrusion and absorption
are cooperative processes at characteristic forces (maroon
and red dots, respectively in Fig. | e, right). Tether forma-
tion is an irreversible process with hysteresis: tether extru-
sion occurs at forces higher than tether absorption (Fig. S2).

We also carried out experiments using beads of different
materials (silica and polystyrene), sizes (3 and 6 um diam-
eter), and functionalized with concanavalin A, which specif-
ically attaches to the RBC spectrin network, finding similar
results (Fig. S3). In particular, we also found the same
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spread in cell-to-cell variability as for the case of nonspe-
cific attachments, showing that heterogeneous mechanical
response is an intrinsic feature of RBCs (Fig. S4).

Force-relaxation experiments

RBCs have a complex architecture consisting of two major
structures: the membrane lipid bilayer and the 2D spectrin-
actin network. One might identify structural contributions
to the overall relaxation from mechanical stretching
experiments. Here, we combine different kinds of exten-
sion-jump protocols and identify three well-separated and
reproducible timescales in RBCs over four decades (0.01—
300 s).

Two kinds of stepwise extension-jump protocols have
been implemented, trotter and ladder (Fig. 2 a). Extension
jumps are applied by instantaneously moving the trap posi-
tion by AA (~ 1 — 3 um) (Fig. S5). AA>0 for tensional
jumps (Fig. 2 a, upper panels) while AA < 0 for compressive
jumps (Fig. 2 a, lower panels). The time between consecu-
tive jumps is fixed to 7o = 5 min (Fig. 2 a, bottom axis).
The trap displacement AA causes a force jump,
AF = Fy — F;, where F; is the initial force before the
jump, and Fy is the force immediately after the jump
(Fig. 2 b). FRCs are subsequently measured during
To = 5 min (Fig. 2 b). We label relaxation curves by AF,
being positive (negative) for tensional (compressive) jumps.
In trotter-type protocols, a single extension jump is applied
(Fig. 2 a, brown and dark green) and FRCs measured (Fig. 2
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FIGURE 2 Protocols, FRCs, and triple exponential fit. (@) Schematic representation of trap displacement versus time for the different protocols (trotter(+),
ladder(+), trotter(—), and ladder(—)). In thick lines, the time windows during which measurements are performed. The arrow next to AA indicates the di-
rection of the jump. (b) Three FRCs for each of the four different protocols in (). Initial and final forces are indicated with big dots in the second FRC of each
panel, defining the force jump AF = F; — F;. (¢) FRC in normal-log scale. Data points were obtained by average filtering. The fitting curve Eq. 1 is shown
in purple. Parameters are shown for the fast (Ar and 7, green), intermediate (A; and 7;, blue), and slow (As and s, red) processes. The stationary force, Fj, is
shown as a black dotted line at the bottom. To see this figure in color, go online.
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b, brown and dark green). The initial (final) force stays close
to zero (<5 pN) for tensional (compressive) jumps. In lad-
der-type protocols, extension jumps are consecutively
applied (Fig. 2 in orange and light green), and FRCs
measured at every ladder step (Fig. 2 b, orange and light
green). In all protocols, several jumps (between two and
five) of varying amplitude (AF) were applied, the total
experimental time per RBC being approximately half an
hour. FRCs in Fig. 2 b show a viscoelastic response over mi-
nutes upon RBC deformation. For tensional jumps (AA,
AF >0, upper panels), force monotonically decreases with
time, indicating RBC expansion. For compressive jumps
(AA, AF <0, lower panels), force monotonically increases
with time, indicating RBC contraction. In all protocols,
FRCs relax toward a stationary force Fg that is higher
(lower) than the initial force F; for tensional (compressive)
protocols.

Since the pioneering studies by Evans and Hochmuth (44)
on RBC membrane viscoelasticity, a significant volume of
research has been dedicated to exploring the shear modulus,
viscoelastic properties, and relaxation dynamics. Most of
the literature on RBC relaxation (15,18,19,25,45-48) re-
ports that RBCs regain their shape in a time-dependent
manner, exhibiting a characteristic single or double expo-
nential behavior consistent with the viscoelastic solid
model. Power laws have been also employed to fit the
data (27,33,49-51). It is worth noting that the tensile/
compressive deformations can also be referred to as
loading/relaxation phases. Remarkably, and in contrast
with these studies, we observe that FRCs show a triple expo-
nential behavior (Fig. 2 ¢),

where F; = F(t — o) and the A values and 7 values define
amplitudes and relaxation times of the fast (Ap,7r), interme-
diate (A;,7), and slow (Ag, 7s) processes. The triple expo-
nential relaxation is also apparent in relaxation
experiments at constant force, where the force is jumped
to a preset value that is kept constant using a feedback
loop at 1 kHz, and the trap position relaxation is monitored
(supporting material, section 2.2).

In Fig. 2 ¢ we illustrate the parameters of the triple expo-
nential for one relaxation curve of the trotter(4) type. A
crucial feature of the FRC is the recovery force AFg, defined
as the total force change during the relaxation. From Eq. 1,
AFR = F(l = 0) — Fy = Ap + A; + Ag (F]g 2 ¢). AFg
measures the viscoelastic response of the RBC after it has
been deformed. Notice that AFr = 0 would indicate a
purely elastic response. We find that AFy is approximately
AF /2, being positive (negative) for tensional (compressive)
deformations exhibiting a viscoelastic response. Visco-
elastic behavior has been previously reported in RBCs
(26), epithelial cells (52), and shape memory polymers
(53). Fig. 3 shows four selected FRCs with different proto-
cols without a tether (Fig. 3 a) and with tether extrusion
(Fig. 3 b), together with their fits to Eq. | (black curves).
FRCs are qualitatively the same and a triple exponential is
needed to fit the data in all cases. While other functions
such as a double exponential and a stretched exponential
fit the relaxational curves in some conditions, they do not
consistently fit all the data (Figs. S6 and S7). A detailed sta-
tistical analysis of the fitting quality of the triple exponential
function is shown in the supporting material (Fig. S8;
Tables S1 and S2).

Fig. 4 shows all parameters of the fits (amplitudes and
relaxation times) plotted versus the force jump AF. Results
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with ladder(+) for AF > 0 and trotter(—) with ladder(—) for
AF <0). AFg and the amplitudes Ap,A;,and A; show a
linear dependence with AF (Fig. 4, a and b). The same result
is obtained for each protocol independently (Fig. S9). At a
closer inspection, fitting parameters show a systematic dif-
ference between untethered and tethered RBCs. Therefore,
these are shown separately for each case, every point being
the average over three to six RBCs. In Fig. 4 a, we plot AFg
versus AF, untethered (U, black circles) and tethered (T,
gray circles). A linear relation is found in both cases,
AFgp = 0.42(2)AF (untethered) and AFg = 0.67(2)AF
(tethered) showing higher viscous response (i.e., larger
AFg) for tethered RBCs. The higher viscosity of the
extruded tether leads to the higher hysteresis observed in
the FECs (Fig. 1 e). Tether extrusion occurs at around 25
pN, so measurements for the untethered case were limited
to force jumps AF < 25 pN. Fig. 4 b shows the three ampli-
tudes Ap (green circles), A; (blue squares), and Ag (red tri-
angles) plotted versus AF averaged over the different
protocols. Again, a linear relation is found for the three am-
plitudes in the tethered (T, light color) and untethered (U,
dark color) cases. Moreover, A; and Ag (blue and red sym-
bols) show similar linear slopes but differ from those for
Ar (green symbols). Indeed, amplitudes A; and Ag are
compatible for the tethered and untethered cases. A single
linear fit to A; and Ag for all data gives A;s = 0.27(3)AF
(tether, light gray area) and A;s = 0.15(2)AF (untethered,
dark gray area). In contrast, for the fast amplitude Ap,
similar values are obtained for the untethered (dark green)
and tethered (light green) cases, Ar = 0.11(1)AF (light
green area). We hypothesize that the fast process arises
from the viscoelastic response between the bead and the

RBC at the local contact area, for both tethered and unteth-
ered RBCs. Instead, the difference in A;s between unteth-
ered and tethered suggests that the intermediate and slow
processes depend on the different morphology of the RBC
in the two cases (video images in Fig. 1, a and d). The
fact Ay=Ag=A|s is indicative of two equally stiff respon-
sive viscoelastic elements connected in parallel (see next
section).

Further information can be obtained from the relaxation
times 7r, 77, and 7. The results are shown in Fig. 4 ¢. Remark-
ably, we find three distinct well-separated timescales indepen-
dent of AF and the protocol. Moreover, these timescales are
the same for tethered and untethered RBCs, except for 7p
for AF >0, which is larger for the tethered case (light green
versus dark green circles for AF >0 in Fig. 4 ¢). Tether extru-
sion (AF > 0) causes the RBC’s membrane to flow from the
RBC body toward the growing tether. The mass exchange pro-
cess during the flow slows down the fast process by increasing
7r. In fact, upon retraction of the RBC (AF < 0), the tether is
not absorbed, so 7 remains unchanged for the untethered and
tethered RBCs (leftmost green points in Fig. 4 ¢). Video im-
ages of the RBC’s retraction show that the RBC’s body does
not fully absorb the tether, reducing the mass flow from the
tether to the RBC. The irreversible flow of the membrane
upon tether extrusion and retraction leads to the asymmetry
of 7 between AF > 0 (Video S1, supporting material, section
2.7) and AF <0 (Video S2, supporting material, section 2.7).
Averaging the values of 7 over AF>0, we get
T7r(AF >0) = 0.30(5) s for the T case (light green band),
whereas for the U case (all AF) and T case we get
Tr(AF <0) = 0.020(5) s (dark green band). By averaging
71, Ts over T, U, and AF, we get 7; = 4(1) s (cyan band) or
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Ts = 70(8) s (light red band). While 7 and 7; can be linked
to the relaxation of the cell membrane, 75 corresponds to the
relaxation of the RBC’s body, which takes significantly
more time.

Remarkably, timescales 7, 7;, and 75 exhibit a strong het-
erogeneity across the RBC population throughout the experi-
mental data (U and T), varying over several orders of
magnitude. Despite this variability, timescales are strongly
correlated, showing dynamical scaling. Fig. 4 d shows the three
timescales plotted relative to each other. Timescales are
power-law correlated, a signature of dynamic scaling, 7; =

ar! with i,j = F,1,S and a, $>0. We obtain 7, = 10

()72 (gray points), s = 40(2)7)"") (orange points),

and 75 = 89(3)1’2’11(1) (brown points).

Viscoelastic model

The triple exponential relaxation Eq. 1 can be reproduced by
a viscoelastic model that combines the bead in the optical
trap of stiffness k;, with a Maxwell-Wiechert configuration
for the RBC. The latter consists of four elements: one spring
of stiffness kzpc and three spring-dashpots of stiffness, kr,
k7, and kg, and friction coefficients vy, v;, and yg, which
are connected in parallel (Fig. 5). The model can be analyt-
ically solved (supporting material, section 2.3) under the
approximation of timescale separation 77 < 7, < Tg as
observed in the experiments. We get,

AF
AFR = (1 + kRBC) <1 + kRBC) (2)
ky K
k.

A, = —————AF 3
krpc + k| ©

Ke YE

K Yi

Kp
Ks Ys
“
kRBC

FIGURE 5 Schematics of the viscoelastic model. The RBC contribution
is represented in the left side of the bead with three spring-dashpot elements
and a single spring element connected in parallel. The optical trap is
modeled as a spring on the right side of the bead. For more details, see sup-
porting material, section 2.3, and Fig. S14. To see this figure in color, go
online.
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krpe + ky + k)
A N w—— @
i\""RBC b [I i
withi=F,I,Sand k| = kr + k; + ks. Using the values
of kgpc obtained in the pulling experiments (Fig. 1, ¢ and f),
we can solve the equations and determine the six parameters
kr, ki, ks, Yr,vr,and vg for the U and T cases. Results are
summarized in Table 1. We remark on three results. First,
vr for the T case is 10 times larger than for the U case,
which we interpret as the additional friction caused by the
tether on the RBC relaxation. Second, parameters for the
I, and S spring-dashpot elements are equal for the U and
T cases, indicating that the I and S processes correspond
to the cell body relaxation, which is unaffected by tether for-
mation. While the stiffnesses k; and kg are similar, friction
coefficients +; and v differ by a factor of 20, being also
100-1000 times larger than vy,. The high v,,vs values
explain the slow relaxation kinetics (up to tens of minutes)
observed in the FRCs. This phenomenology conforms
with the strong violations of the fluctuation-dissipation the-
orem observed at low frequencies in flickering noise exper-
iments (36).

Rigidification of treated and irradiated RBCs

Under environmental damage, RBCs suffer structural mod-
ifications changing shape, and developing membrane insta-
bilities. Fig. 6 a shows images of an RBC after partially
depleting glucose and, consequently, ATP. RBCs were
treated by incubating in a glucose-free buffer at 37°C for
20 h (48 h are needed for full depletion (36)). ATP is essen-
tial for RBC activity and membrane stability. ATP depletion
prevents the dissociation/reassociation activity in the mem-
brane cortex, and the spectrin network is rigidified (54-56).
As shown in Fig. 6 a, RBCs develop membrane spikes with
a star-like geometry (echinocyte). We have repeated the
pulling experiments in this condition, finding much less sta-
ble RBC-bead attachments and RBC rigidification in the U
(kRBC = 13(3) pN/,um, Fig. 815) and T (kRBC = 6(1) pN/
um) cases (Fig. 6 b). The values of kgpc in treated and un-
treated RBCs for the untethered case are compatible with
previous results (57), and in the same range of the stiffness
of gosht RBC ~2 pN/um (58). Interestingly, treated RBCs
mostly exhibit tether formation in relaxation experiments,
indicating membrane instability caused by changes in the
relative area difference between the two leaflets of the lipid

TABLE 1 Fitting parameters of the viscoelastic model

pN/,um kRBC kH kF k[ kS
U 6.1(13) 5.3(1) 1.3(1) 2.0(1) 2.0(1)
T 2.7(6) 6.4(4) 1.0(1) 2.7(5) 2.7(5)
pN-s/um YF i s

U 0.025(3) 7.8(6) 136(12)
T 0.29(2) 10.2(7) 179(13)
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FIGURE 6 ATP-depleted RBC. (a) Three images of ATP-depleted RBC in echinocyte form. (b) Pulling cycles for a representative untethered (U, red) and
tethered (T, blue) RBC. (c) Top panel: typical force-relaxation curve. Bottom panel: relaxation curve together with its fits to a triple exponential (red), triple
exponential with A; = Ag (green), double exponential (blue), and stretched exponential (gray). Results are shown for a representative RBC and are repro-

ducible over different RBCs. To see this figure in color, go online.

bilayer, which trigger the echinocyte transformation at low
levels of ATP (54). In addition, it has been reported (59)
that ATP is crucial for the recovery of mechanical prop-
erties in RBCs after tether extrusion. This is because ATP
depletion impedes complete retraction and promotes subse-
quent extrusion. Again, all FRCs show a viscoelastic linear
response with a triple exponential Eq. 1 (Figs. 6 ¢ and S7).
We find a slightly higher viscoelastic response AFr =
0.71(2)AF (Fig. S16 a) but lower intermediate and slow
amplitudes (A;s = 0.20(3)AF, Fig. S16 b) compared
with the previously shown untreated T case (A;5 =
0.27(3)AF). In contrast, the fast amplitude triplicates
its value (Ar = 0.31(3)AF) compared with the untreated
T case (A = 0.11(1)AF). The relaxation timescales
remain AF independent in agreement with linear response
(tr = 0.029(2) s,7; = 1(1) s,7s = 41(3) s) but decrease
relative to the untreated T case (7 = 0.30(5)s, 71 =
4(1) s,7s = 70(8) s) as reported in previous studies where
more than a single timescale is observed (48) (Fig. S16 c¢).
Table S5 shows the recovery force, amplitudes, and relaxa-
tion times for the treated and untreated cases. This finding is
consistent with the observation of faster extrusion of RBC
tethers in the absence of ATP (59) and the substantially
lower entropy production of passivated RBCs (38). From
Egs. 2, 3, and 4 we have extracted the viscoelastic parame-
ters (Table 2). We find that the stiffnesses increase and the
friction coefficients decrease relative to the untreated case,
leading to RBC rigidification consistently with previous
findings (32).

In another set of experiments, we studied the irradiation
effect of the laser on the RBC at normal power (A =
845 nm, P ~ 80 mW). This kind of damage is relevant
in radiation therapies for cancer treatment (9). In Video
S3, supporting material, section 2.7, we show the effect
of infrared light on an RBC directly captured in the optical
trap. Upon direct illumination, the RBC collapses after
approximately 30 s. We have investigated the effect of
the optical trap in the less invasive configuration of the

pulling experiments (Fig. 1, a and d) where the RBC
approaches the focus of the optical trap at low forces.
We have carried out the experiments shown in Fig. 1 b
for untethered RBCs to explore the cumulative effect of
light on the RBC after repeated pulling cycles. As shown
in Fig. 7 a, RBC elongation shortens at every cycle
showing that RBCs rigidify upon light exposure at a rate
of 0.077(4) pN/um per pulling cycle, approximately
doubling every ~ 30 min, Fig. 7 b. Irradiation effects
mainly occur at low forces during a pulling cycle, being
residual when the RBC is pulled far from the light trap.
To confirm this we have implemented a pulling protocol
where we wait at zero force for a given time in two condi-
tions: laser switched on at the normal power or at a very
low trapping power (P ~ 16 mW). For the lower power
the shortening is less apparent, demonstrating the direct ef-
fect of light on RBC stiffening (Fig. 7 a, inset). A similar
effect has been observed in RBC stretching experiments
using electric fields (10). It has also been reported that
repeated stretching cycles might induce ATP loss from
the RBC, which has membrane channels that let ATP go
out when the cell is stretched (54). Another effect that
could contribute is vesiculation: as the RBC loses ATP
and is mechanically deformed, the membrane area
can decrease (60). In fact, upon stretching without the laser
effect (Fig. 7 a, inset, blue colors, laser OFF), a shortening
of the extension is observed but of lesser magnitude than
that observed with normal laser ON conditions. We
conclude that laser illumination contributes to stiffening
the RBC.

TABLE 2 Viscoelastic model parameters for treated RBCs
with tether (T)

pN/ pm krpc k) ke ki ks
T 6(2) 8.9(4) 3.7(6) 2.6(3) 2.6(3)
pN-s/um YF i Vs

T 0.10(2) 2.5(3) 101(10)
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DISCUSSION

RBCs continuously experience mechanical stress in vivo,
showing the importance of investigating their mechanical
response using biophysical techniques. We have investigated
the mechanical deformability and viscoelastic response of
RBCs in pulling and force-relaxation experiments in different
types of extension-jump protocols. We have found that RBCs
exhibit a linear viscoelastic behavior with a triple exponential
relaxation function and three well-separated timescales 75 ~
0.01 — 0.1 s (fast), 7; ~4 s (intermediate), g ~ 70 s
(slow) spanning four decades in time, 0.01-100 s. Most
of the literature has focused on the untethered case
where there is no tether formation (Fig. | a) reporting a
single exponential with a relaxation time of 0.1-0.6 s
(10,15,18,19,25,45-47,61,62), or even two relaxation time-
scales (48), 71 =0.3(2) sand 7, = 19(12) s, which are compat-
ible with our fast and intermediate times, 7 = 0.02-0.3 s and
71 = 4(1) s for the untethered case. To our knowledge, no
investigation has reported the triple exponential relaxation
with three well-defined timescales. The fast timescale 7 falls
in the range of theoretical predictions (0.01-0.1 s) (55,56) and
ultrafast microscopy experiments (57). The short time 7 is
also observed when the bead compresses rather than pulls
the RBC, 7z = 0.020(5) s (dark green points in Fig. 4 c¢),
excluding the possibility of being an artifact due to the detach-
ment of the bead upon pulling. Relaxation times around the in-
termediate timescale (1.27-1.5 s) have been also observed,
which can be attributed to either the application of a large force
(500 pN) or mechanical fatigue (10,22). Moreover, a timescale
10-100 times larger than the fast timescale 7 has been ex-
plained in terms of the reorganization of the spectrin network
(56). We hypothesize that the relaxation times reported in the
literature combine the fast and intermediate timescales, while
7 differs in the T and U cases. As a result, both 7 and 7; can
be linked to the relaxation of the cell membrane, which, ac-
cording to previous studies, takes place within a few seconds
(10,15,18,19,22,25,45-47). Previous relaxation studies on
the T case have primarily focused on the length and extrusion
velocity of the tether rather than the relaxation times (59),
making a direct comparison between timescales difficult.
Our experiments show that the value of 77 ~ 0.3 s in the T
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case is larger than the timescale observed in the U case,
7r ~ 0.02 s. Recent investigations have examined the extru-
sion (AF > 0) of membrane tubes on adherent cells, finding
relaxation times of 0.3-0.7 s (63) in agreement with our 7x
values for the T case. We have interpreted this as a tether extru-
sion effect that causes the RBC’s membrane to irreversibly
flow from the RBC body toward the growing tether, slowing
down the fast process and increasing 7. Remarkably, and to
the best of our knowledge, a 75 ~ 70 s, for either the U or T
cases, has not been reported, probably because of the long
time needed for the experiments. What is the origin of the
largest timescale 75?7 Dynamical scaling implies that large
timescales correspond to larger lengthscales, suggesting that
a g of 70 s must arise from a collective process spanning
the RBC’s body. It is worth noting that other studies of RBC
relaxation with optical tweezers have already fitted FRCs to
multiple timescales but did not find three distinct timescales
and fitted their data to a single power law (27). Furthermore,
in systems such as giant vesicles, multiple relaxation time-
scales have been reported using electro-deformation, in the
range of tens of milliseconds to seconds, but not tens of sec-
onds (64,65).

As a further check of the triple exponential behavior we
have carried out trap position relaxation experiments using
force feedback at 1 kHz after a step force jump is applied
(Fig. S10). In this case, we have measured the trap position
relaxation curves, finding a triple exponential with more
clearly defined relaxation processes. A few relaxational
curves are shown in Fig. S11, where a neat triple exponen-
tial relaxation and three bumps can be observed by the eye
corresponding to the three distinct time-separated relaxa-
tional processes.

The triple exponential behavior may look surprising
given the large evidence in support of a power law relaxa-
tion reported for the creep compliance in mechanical cell
experiments (27,33,49-51). Most techniques apply a step
jump to the mechanical probe, whether it be the micropi-
pette aspiration pressure, the optical trap position, the
AFM cantilever, the magnetic or electric field, the hydrody-
namic flow, etc. In many cases, the stress is not kept
constant, varying after the stress jump. Our experiments



demonstrate that the recovery force AFr grows linearly
with the force jump AF (Fig. 4 a of the main text). There-
fore, the relaxation of the force during a compliance
creep experiment, even if small (10-20%), mixes the
different relaxational processes masking the triple exponen-
tial behavior. This is especially true for large force or stress
jumps accompanied by a large force or stress relaxation
while creep compliance is measured. Our constant force
relaxation experiments show three clear distinct time-sepa-
rated relaxational processes that are incompatible with a
power law behavior (supporting material, sections 2.2 and
2.6) confirming this interpretation.

Further evidence of structurally organized relaxational
processes in RBCs is observed in relaxation experiments
over much longer times, up to half an hour. In Fig. S17,
we show one FRC and a fit to four exponentials. Notably,
with the extended observation time, we cannot exclude a
fourth relaxational time of tens of minutes (Table S7). The
existence of different relaxation regimes has also been re-
ported at the level of soft tissues, for instance, in the progres-
sion of myocardial infarction (51) where two power law
behaviors have been identified. Moreover, a two-step relax-
ation of RBCs has already been reported in a previous work
(48), 71 = 0.3(2) s and 7, = 19(12) s, which are compatible
with our fast and intermediate times, 7 = 0.02-0.3 s and
71 = 4(1) s. These findings suggest a potential relation be-
tween structured relaxation and biological function at the
scale of cells and tissues.

To interpret the origin of the three timescales, we have
introduced a viscoelastic model. It shows that the stiffness
of the RBC measured in pulling experiments, kgpc, is
comparable with the total stiffness of the three viscoelastic
processes in a parallel configuration (kj = kr + ki +
ks, Fig. 5). Interestingly, the friction coefficients v; and g
are at least a hundred times larger than vy, with and without
a tether (Table S6). We interpret the fast process (7r) as due
to the local dynamics of the membrane, the intermediate
process (7;) as due to the membrane-cortex interaction,
and the slow process (75) to the high cytosol viscosity
(>1 Pa - s). What is the current support favoring this inter-
pretation? For the fast timescale 7 due to the RBC mem-
brane, we note it is the only one that depends on the local
geometry of the deformed lipid bilayer between RBC and
bead, being larger in the tethered case. Moreover, our
ATP-depleted experiments show that, out of the three re-
laxational processes, only the fast process changes its stift-
ness and amplitude, kr and Ag, indicating that the glycolytic
activity directly affects the fast process of membrane flick-
ering. Evidence in favor of the slow timescale 75 as due to
the cytosol body comes from measurements of the viscosity
of packed RBCs under a shear rate which find values in the
range of 1-10 Pa s (66,67), in agreement with our estimates.
Indeed, assuming that the RBC is a spherical object of diam-
eter d ~ 8 um, and using the Stokes formula yg =3 7 d, we
get a viscosity 1 ~ 2 Pa s, which is roughly 2000 times the
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water’s viscosity, 7 ~ 0.001 Pa s. On the other hand, 7; and
Ts do not change between the T and U cases because
the membrane-cortex and the cytosol deform similarly in
the force-relaxation experiments. Finally, upon depleting
glucose (Fig. 6), the three timescales decrease, with the stiff-
ness parameters kg, k;,and kg increasing and the friction
coefficients vy, y;,and yg decreasing. Therefore, glucose
depletion solidifies the RBC by increasing the elastic rela-
tive to the viscous response. This result is compatible with
the general observation reported in the literature that envi-
ronmental damage and stress rigidify RBCs. In particular,
we have also demonstrated that under light illumination,
RBCs become stiffer at a rate that increases with the laser
power (Fig. 7).

CONCLUSIONS

Overall, our study reveals structured viscoelastic dynamics.
The observed triple exponential behavior with three sepa-
rated timescales lies in between the pure exponential relax-
ation observed in linear and two-level systems (68) and the
more complex stretched-exponential and power law relaxa-
tion observed in polymers, glassy, and amorphous matter
(69). We may call this discrete-stretched exponential
behavior where the finite number of relaxational timescales
is consequential to the organized cell structure. One might
ask whether there are other timescales beyond the measured
time range in this study (~5 min), such as the abovemen-
tioned fourth timescale of half an hour. Answering this ques-
tion would require longer experiments in the timescale of
hours. Further evidence of structured viscoelastic dynamics
is the dynamical scaling observed between the three time-
scales (Fig. 4 d). Although they vary over several orders
of magnitude across the RBC population, they mutually
scale following a power law, a consequence of the underly-
ing RBC architecture. Future studies should investigate the
effect of modifying the lipid bilayer composition and drugs
disruptive of the cortex to clarify the current interpretation
of the three timescales. Moreover, it would be interesting
to explore these relaxational phenomena in other types of
RBC (e.g., sickle cell anemia), lymphocytes, and the effect
of changing temperature on RBC dynamics.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2024.01.019.
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S1 PULLING EXPERIMENTS
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Figure S1: Creep compliance stiffness histogram. Stiffness histogram obtained by the inverse of creep compliance evaluated
at t = 1s. Gaussian distribution in dark blue solid line. The stiffness value obtained is 7.6(3) pN/um.
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Figure S2: Force histograms of extrusion/absorption of tether in pulling experiments. In continuous lines, extrusion force

histograms of three different RBCs (colors) together with the total average (black). In dashed lines, absorption force histograms
of three different RBCs (colors) together with the total average (black).

2 Manuscript submitted to Biophysical Journal



Biophysical Journal Template

J leu“mf

¥

1

0

0 05 1 15 2 25 3 35 4 45

Cell elongation(jum)

Figure S3: Coating, size and bead’s material in pulling experiments. Pulling experiments with different bead sizes, coatings
and materials. (a) Image of a red blood cell attached to a 6pm diameter silica bead. (b) Pulling curves for three different RBCs
with three different conditions. 6;m diameter silica bead without concanavilin coating (blue) k = 4.5(2)pN/um, 3pm diameter
polystyrene bead without concanavilin coating (yellow) k£ = 6.3(2)pN/um, and 3pm diameter silica bead with concanavilin
coating (green) k = 6.3(3)pN/um.
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Figure S4: Concanavilin A coating in pulling experiments. Force respect to cell elongation for different RBCs. Bluish colors
represent force extension curves (FECs) without ConA coating and reddish FECs represent RBCs with ConA coating. The
FECs have been divided in two panels indifferently in order to facilitate their visualization.
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S2 RELAXATION EXPERIMENTS

S2.1 Force relaxations
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Figure S5: Initial time for force relaxation curves. Trap position (upper panel) and force (lower panel) versus time in a force
relaxation curve. The initial time (t=0s) is shown in a vertical dashed line and a red circle and is defined as the time where the
maximum force is reached.

a55 . . . . : b22_ : ; .

® Average
50 f 21 H=—Triple exponential 1
—— Triple exponential(A| =As)
P L L Double exponential
zZ 45 zZ 20 H{—— stretched exponential 1
B e
o 40T o 19 ]
= S o
verage
|_C|_) 35 [|— Triple exponential LE 18 1
———Triple exponential(A| =As)
Double exponential J
30 Stretched exponential 17
25 . . . . . 16 __.c n n n n
10°% 102 10" 10° 10' 102 10° 102 10" 10° 10" 102 103
Time (s) Time (s)

Figure S6: Force relaxation curve (FRC) with different fits. Average of the FRC (black points) with fits to triple exponential
(red), triple exponential imposing intermediate amplitude equal to slow one (green), double exponential (blue), and stretched
exponential (grey). FRCs shown for (a) Trotter(+) and (b) Ladder(-).
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Figure S7: Force relaxation curve of an ATP-depleted RBC. Average of the FRC (black points) with fits to triple exponential
(red), triple exponential imposing intermediate amplitude equal to slow one (green), double exponential (blue), and stretched
exponential (grey). FRC shown for Trotter(-).
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Figure S8: Statistical tests to compare fitting functions where each point represents a force relaxation curve. (a) Mean square
error. (b) )(2 . (¢) Akaike Information Criterion (AIC).

Table S1: AIC mean and standard error of the mean (SEM) in parenthesis for force relaxation curves (FRCs).

AIC (mean(SEM))  Stretched 2exp 3exp Reduced 3-exp

FRC -1314)  -116(4) -167(3) -160(3)
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Table S2: Statistical tests comparisons between fitting functions for force relaxation curves.

Statistical tests Mann-Whitney T-test
Parameters score p-value score p-value
Stretched vs 2exp 27863 4.1107* 29 341073
Stretched vs 3exp 45843 4.1107'2 81 441071

Stretched vs Reduced-3exp 42982 1.4 1077 6.2 89107
2exp vs 3exp 51591 26107 114 7.8107%
2exp vs Reduced-3exp 49032 371078 95 121071

3exp vs Reduced-3exp 30891 0.066 -1.9 0.056

. 5 | '[+I'—E—'I |
% 10| T oo {[&3*
g 5 §oiet
5 0] |
£ o5 W¥ |

10—
-30 -15 0 15 30 45 60

AF (pN)
Figure S9: Amplitudes for the different protocols. Amplitudes as a function of AF for Trotter(+) in red, Ladder(+) in yellow,

Trotter(-) in blue, and Ladder(-) in green. Circles represent the fast amplitude, squares represent the intermediate amplitude,
and triangles represent the slow amplitude.
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S2.2 Trap position relaxations curves (TPRCs)
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Figure S10: Initial time for trap position relaxation curves (TPRCs). Force (upper panel) and trap position (lower panel)
versus time in a trap position relaxation curve. The initial time (t=0s) is shown in a vertical dashed line (also red dot) and is
defined as the first time the force reaches a value that lies closer than one standard deviation (dashed red lines) with respect to
the stationary value of the force (solid red line).
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Figure S11: TPRCs with the corresponding fits to the four functions. Upper panels forward force jump, AF > 0. Lower panels
reverse force jump, AF < 0.
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Figure S12: Fit parameters of TPRCs to a triple exponential. (a) Amplitudes and (b) Relaxation times versus trap position
jump for trap position relaxation curves fitted to a triple exponential function. All the amplitudes are compatible and present a
linear dependency with the trap position jump, A;/Ax = —0.16(2) (grey area, panel a), where i = F,I,S. The relaxation times are
independent of the trap position jump being 77=0.13(3)s, 7;=2.7(3)s and 75=55(6)s.
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Figure S13: Statistical tests to compare fitting functions where each point represents a trap position relaxation curve. (a) Mean
square error. (b) y? . (c) Akaike Information Criterion.

Table S3: AIC mean and standard error of the mean (SEM) in parenthesis for trap position relaxation curves (TPRCs).

AIC (mean(SEM))

Stretched

2exp 3exp

Reduced 3-exp

TPRC

325(8)

339(8) 250(6)

263(8)
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Table S4: Statistical tests comparisons between fitting functions for trap position relaxation curves.

Statistical tests Mann-Whitney T-test
Parameters score  p-value score p-value
Stretched vs 2exp 128 0.29 -1.2 0.25
Stretched vs 3exp 310 3.1107° 72 421078

Stretched vs Reduced-3exp 288 7.110° 52 10107
2exp vs 3exp 317 1.0107° 86 13107
2exp vs Reduced-3exp 301 12107 63  3.31077

3exp vs Reduced-3exp 137 0.44 -1.2 0.24

S2.3 Viscoelastic model derivation

We model the RBC by connecting in parallel three Maxwell units (a linear spring and a dashpot in series) with a single linear
spring. This way, the viscoelasticity observed in the relaxation experiments, characterized by three exponential processes and a
recovery force, is reproduced. In Figure S14, an schematics of the RBC model in the LOT setup is shown.

\

A
Y

X Xp
A

Figure S14: RBC viscoelastic model based on parallel combination of Maxwell units.

P
-

Y

In this configuration A is defined as the total distance that results to combined the RBC extension x and the trap extension x,
A=x+xp (S1)

At the same time, x is the sum between the extension of the spring and the dashpot connected in series for each of the three
processes,

X=y+z=t+u=p+gq (S2)
The force exerted to each Maxwell unit is expressed as,
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fr=kry=vri (S3)
fr=kit =y (S4)
fs=ksp=1vsq (S5)

where kr, k; and kg are the springs’ stiffness and yg, y; and yg are the dashpots’ friction coefficients of the fast, intermediate
ans slow processes, and z, # and ¢ are the derivatives respect to time of the dashpots extensions. With respect to the optical trap,
the exerted force is the product between the trap stiffness k;, and the trap extension xp,

F =kpxp = kp(1—x) (S6)

Taking into account that the total force acting on the bead is zero, the force exerted by the optical trap has to be equal to the
one exerted by the RBC,

F=fr+f1+fs+ frac (S7)

where, frpc = krpcx, and, therefore combining eqs. S6 and S7 , x is expressed as,

(fr+ fi+fs—kpd) (S8)

X=—m—
(krpc +kp)

From eq. S3 we get the relation,

yrz=d0 I0 (59)
kr  vF
Deriving eqs. S2 and S8 with respect to time and combining them with eq. S9, assuming steady-state conditions, A = 0, we

get for the fast process,

. fr S
—m(fF+f1+fs) = + = (510)

Like S10, we obtain two other equivalent equations for the intermediate and slow processes by replacing the rhs of eq. S10
with the slow and intermediate processes (fr — fs, f7). By equating the rhs of these three expressions, we rewrite f; in terms
of f1,fr and fr and fs in terms of fs,frand fF, and obtain two independent equations,

R k; . k k
fi= k—lfF + L fr——Lf (S11)
F YF Y1

. ks . ks ks
Js=Ir+ —fr— s (512)
F YF s
Substituting eqs. S11 and S12 in the lhs of eq. S10, the latter is rewritten as,

| k k
I8kt ks ks + k) = 25 (ke ks ke + K) = ik - RS (s13)
F YF Vi Vs
To simplify we define the total stiffness as, kr = kp + k; + ks + krpc + kp. From eq. S13 we obtain two equivalent but

independent equations by permuting the indices F <> I <> S. Therefore, we get a generalized equation as,

'. . k ke
gy = kg k) - (S14)

ki Yi Yi Yk
where i, j, k are different indices for the fast, intermediate and slow processes. To solve eq. S14 we assume well-separated
time scales. For the fast process, we assume that in the slow and intermediate processes the forces have not yet relaxed and

therefore f; = fs = 0 and hence f;, fs can be taken as constants,

gy = I

k k
Lk —kp) = fi—% = fo—> (S15)
F YF Y Ys
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A similar argument for the intermediate and the slow processes yield to a generalize expression for the relaxation time,

vikt
o S16
" kiCkr = k) (516)

The force amplitude of each spring-dashpot process is defined as,
fi = kidx (S17)
Combining eqs. S17 and S7, we can express the displacement in terms of the force jump, AF as,

AF

Ax=——
krpc + k||

(S18)

where a k|| = kr + k; + ks. Therefore, substituting eq. S18 in eq. S17, we get the generalize expression for the amplitudes
in terms of AF,

ki
= ————AF (S19)
fl kRBC + k||
We define the recovery force AF as,
AFg = AF — AF’ (520)

where AF is the force jump and AF” is the difference between the force after the five minutes relaxation, F', and the force
before the jump, F; (AF’ = Fy — F;) which can also be expressed as,

AF’ = krpcAX’ (S21)

Then, as AF’ = k;, (A1 — Ax”), we get the corresponding displacement Ax” in terms of A4,

kp
A = —"b A (522)
krpc +kp
Substituting eq. S22 in eq. S21, we get,
k k
AF' = —RECTE ) (S23)
krpc +kp

To obtain AA(AF), we substitute eq. S18 in AF = kj (A4 — Ax), obtained from the rhs of eq. S6,

3 krpc + k| +kyp

Al = (S24)
ky(krBC + K||)
Substituting eq. S24 in eq. S23, we obtain AF” in terms of AF,
) kr krpckp
AF = (S25)
(kp (kT = kp)) (krpC + kb)
Then the recovery force can be expressed as,
kr krpckp
AFg = AF(1 - (S26)
K ( (kp (k7 = kp)) (krpC + kb)
Simplifying eq. S26, we obtain the final expression for the recovery force,
AF
AFg = krBC krBC (827)
(1 + T)(l + k) )
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S2.4 ATP depletion
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Figure S15: ATP-depleted RBC pulling experiments. (a) Force extension curves of 10 different ATP-depleted RBCs. (b)
Histogram of RBCs stiffness. The cell stiffness is obtained by performing a linear fit between 7.5pN and 12.5pN in the FEC.

Table S5: Amplitudes and relaxation times of healthy and treated RBCs from force relaxation curves.

Ap|/AF Aj/AF As/AF TF (8) 77 (s) TS (s)

Healthy Untethered 0.11(1) 0.15(2) 0.15(2) 0.020(5) 41)  70(8)
Healthy Tethered  0.11(1) 0.27(3) 0.27(3) 0.020(5)/0.30(5) 4(1)  70(8)

Treated Tethered  0.31(3) 0.20(3) 0.20(3) 0.029(2) 1(1) 4103)

Table S6: Stiffnesses and friction coefficients obtained by solving Egs. S16,519,527.

pN/um pN - s/um

krpc ky, 193 ky ks YF vI Vs

Healthy Untethered 6.1(13) 5.3(1) 1.3(1) 2.0(1) 2.0(1) 0.0253) 7.8(6) 136(12)
Healthy Tethered 2.7(6) 644 1.0(1) 275 2.7(65) 0292) 10.2(7) 179(13)
Treated Untethered 13(3) - - - - - - -

Treated Tethered 6(2) 894) 3.7(6) 2.6(3) 2.6(3) 0.102) 2.5@3) 101(10)
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Figure S16: ATP-depleted RBC relaxation parameters. (a) Recovery force versus jump force with the corresponding linear
fit. (b) Amplitudes versus jump force with their corresponding linear fits. (c) Relaxation times versus jump force with their
corresponding fits to a constant value.
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S2.5 Long Relaxation
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Figure S17: Long force relaxation curve. Long relaxation upon 1500 seconds. Fit to three exponentials in red and to four
exponentials in blue.

Table S7: Fitting parameters for a triple exponential and a quadruple exponential for a long force relaxation curve.

AF/AF TF(S) A]/AF T](S) As/AF Ts(S) AL/AF TL(S)

3exp 1.0(2) 0.026(15) 2.04) 7(1) 23(2) 210(60) - -

4exp 1.0(2) 0.024(13) 2.02) 5(1) 1.7(7)  75(20) 1.8(9)  1300(500)

S2.6 Power Law fits

As mention in the section Discussion and Conclusions, there is large evidence in support of a power law relaxation. For that
reason, in this section we show different power law fits to our data.
In [27, 33], the authors perform force relaxation experiments and fit a power law to the stiffness variation which is defined as,

k(1) = (F (1) — Fi)/AL() (528)

with L(t) = L(¢) — Lo, the RBC extension previous to the jump. After the jump at t=0, the optical trap position is kept

at a fixed position so A2 = 0. For ¢t > 0 both the force F(¢) and RBC extension L(7) relax toward their stationary values.

In our setup we do not directly measure L(), however we can determine the change in RBC extension using the relation,

AL(t) = AA — Axp. During the relaxation A1 = 0 so AA(t) = —Ax,(?), that can be expressed in terms of the force and the trap
stiffness, kp, as AL(t) = (F(0) — F(t))/kp .

k(1) = (F(1) = Fi)[(F(0) = F(t))/kp) = kp(Fs = F;)/(F(0) — Fy) + Ak(t) = const + Ak (1) (529)

with Fy = F(co) the stationary force. The constant and k(¢) are given by,

const = kp(Fy — F;)[(F(0) — Fy)) (530)

and
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Ak(t) = kp[(F(1) = Fi)/(F(0) = F(0))/kp) = (Fs = Fi) [ (F(0) = Fy))] (S31)
According to references [27, 33] the time dependent part of the stiffness Ak(r) follows a power law behavior,
Ak(1) = Ako(t/10)™ ¢ (S32)
with @ > 0 and Ak a constant. In Figure S18, we show the experimental data and the fit using Eq. S32.
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Figure S18: Stiffness variation power law. Stiffness variation with respect to time for two reverse (upper panels) and two
forward (lower panels) relaxations. Raw data (blue), average (black circles), fit to Eq. S32 for whole time range (red solid line)
and for range between 0.1s and 100s (green solid line).

In other references as [49, 50]. We have also considered the power law fit to the TPRCs at constant force, as suggested by
the reviewer. The creep compliance J(t) is defined as,

J(t) =x(t)/AF (S33)

where x(¢) = x(t) — x(0) with ¢t = Os the time after the step jump force AF is applied. ¢ = 0 equals the first time at which
the force reaches a value that lies closer than one standard deviation from the stationary value of the force (Fig. S10, red circle

and solid red line). In Figure S19, we show four TPRCs with the corresponding power law fit,

J (1) = jo(t/7)P (S34)
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Figure S19: Power law fit to creep compliance. Creep compliance versus time for four trap position relaxation curves. Average
data in black circles and fit a power law (Eq. S34) in cyan solid line. Forward force jumps (F>0) in upper panels and reverse
force jumps (F<0) in lower panels.

In Ref. [51], the authors used two power laws, each one to fit a decade of time. The first power law adjusts the time decade
from 0.01 to 0.1s and the second one from 1s to 10s. In Figure S20, we show our data fitted to two power laws using the same
time ranges.
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Figure S20: Two power law fit to creep compliance. Creep compliance versus time for four trap position relaxation curves.
Average data in black circles, fit to the long times power law in dark blue solid line and fit to the short times power law in cyan
solid line. Forward force jumps (F>0) in upper panels and reverse force jumps (F<0) in lower panels.

As we can see from Figures S18,519, and S20, the power law behavior Eqs. S32 is not observed over the 5-6 decades of
time of the experiments. In contrast, a power law fit between 0.1s and 300s works reasonably well.

S2.7 Movies

Movie S1: Formation of a tether in a tensional relaxational experiment. A very thin tether hardly observable is former upon
increasing the force (AF > 0) and stretching the RBC after sudden movement of the pipette downwards at time 3 seconds after
starting the movie.

Movie S2: Formation of a tether in a compressional relaxational experiment. A thicker observable tether is former upon
reducing the force (AF < 0) and compressing the RBC after sudden movement of the pipette upwards at time 3 seconds after
starting the movie.

Movie S3: Effect of laser illumination on an optically trapped RBC. It can be observed that the RBC membrane breaks and
releases body content. RBC material is observed to be released at time 29 seconds after starting the movie.
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