
www.acsabm.org Article

This article is licensed under CC-BY-NC-ND 4.0
Mechanical and Electrical Properties of Red Blood Cells Under
Oxidative Stress Using Optical Tweezers
Theodoros Giannakis, Sotirios P. Fortis, Maria-Aspasia Kosma, Evangelos Meletis,
Anastasios G. Kriebardis, and Maria Kandyla*
D
ow

n

Cite This: https://doi.org/10.1021/acsabm.6c00869
 Read Online
Recei
Revis
Accep

© XXXX The Authors. Published by
American Chemical Society A
loaded fr
ACCESS
 Metrics & More
 Article Recommendations
ved: May 2, 2026
ed: July 27, 2026
ted: August 7, 20
Supporting Information
o
m
 
pubs.​acs.​org/​aabm

cb/​article-pdf/​doi/​10.​1021/​acsab
ABSTRACT: Red blood cells (RBCs) rely on their mechanical
and electrostatic properties to maintain microvascular circulation
and oxygen delivery. Oxidative stress, a hallmark of many diseases,
disrupts these properties by damaging membrane lipids and cyto-
skeletal proteins. In this study, RBCs from healthy donors were
incubated with three oxidative agents, i.e., phenylhydrazine
(PHZ), tert-butyl hydroperoxide (t-BHP), and diamide, to investi-
gate how oxidative stress affects the combination of single-cell
mechanical, morphological, biochemical, and electrical properties
under different oxidizing conditions. All oxidants significantly
increased intracellular reactive oxygen species (iROS), with PHZ
producing the strongest effect. Morphological analysis revealed
m
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acanthocyte and echinocyte formation and a reduced cell diameter.
c00869/​66853939/​m
t-2026-008696.​pdf by 
Zeta potential (ζ) remained unchanged across treatments when measured in phosphate-buffered saline (PBS) solution, suggesting a
preserved surface charge under these conditions. Mechanical properties were assessed by optical tweezers at the single-cell level to
estimate overall elasticity and bending modulus. Untreated and t-BHP-treated RBCs showed comparable elasticity and bending mod-
ulus. Diamide increased overall elasticity and slightly elevated bending modulus, while PHZ severely impaired elongation capability,
inducing an irregular trapping behavior and prohibiting the calculation of the bending modulus. These findings demonstrate that oxi-
dative stress exerts agent-specific effects on RBC biomechanics, with t-BHP inducing mild alterations, diamide increasing elasticity, and
PHZ causing profound damage. To our knowledge, this is the first study to directly correlate oxidative damage, mechanical stiffness,
and electric properties across single-cell and population scales, providing a comprehensive evaluation of RBC responses to oxidative
injury.
KEYWORDS: red blood cells, oxidative stress, optical tweezers, optical trapping, mechanical properties, electrical properties, ζ-potential,
bending modulus
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Red blood cells (RBCs) are the most common blood cell
type and they are highly specialized for oxygen and carbon diox-
ide transport throughout the human body.1 During their
~120-day lifespan, RBCs travel approximately 300 km within
the human circulation2 and their ability to traverse the micro-
vasculature network depends strongly on their mechanical
properties.3 Parameters such as cell elasticity,4 bending modu-
lus,5 surface charge (zeta potential, ζ),6 and viscoelastic
response govern how RBCs deform under shear flow, squeeze
through capillaries narrower than their own diameter, and avoid
aggregation. Alterations in these properties can impair oxygen
delivery, increase hemolysis, or lead to vascular complications.7

Therefore, understanding the intrinsic biomechanical character-
istics of RBCs at the single-cell level is critical not only for fun-
damental hematology but also for assessing how factors such as
storage-induced damage8,9 or inherited disorders like β-
tribute to clinical complications.
Oxidative stress in RBCs refers to an imbalance between

reactive oxygen species (ROS) production and antioxidant
defenses. It is a common pathological feature in diseases such
as diabetes, sickle cell anemia, malaria, cardiovascular disorders,
and Parkinson’s disease.11 It occurs when excessive ROS pro-
duction or insufficient antioxidant capacity disrupts RBC
homeostasis, leading to oxidative damage of membrane lipids,12
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hemoglobin,13 and cytoskeletal proteins,14 which ultimately
impairs whole-cell deformability, accelerates RBC aging, and
compromises microvascular oxygen delivery.15 Studying how
oxidative stress affects the mechanical and electrostatic proper-
ties of RBCs helps clarify the link between biochemical damage
and biomechanical dysfunction, particularly regarding the alter-
ation of RBC membrane deformability under oxidative condi-
tions.16 This approach is particularly valuable because it can
simulate cellular aging or disease-related damage in a controlled
setting, providing mechanistic insights into how RBC properties
deteriorate under pathological conditions.17 Oxidative stress in
RBCs can be experimentally induced using common oxidizing
agents such as phenylhydrazine (PHZ),18 tert-butyl hydrope-
roxide (t-BHP),19 and diamide.20,21 t-BHP induces oxidative
damage mainly through lipid peroxidation and secondary
membrane protein oxidation, leading to membrane rigidi-
fication.22 Diamide oxidizes protein thiols and disrupts
membrane−cytoskeleton interactions, while PHZ causes hemo-
globin denaturation and band 3 clustering, resulting in mem-
brane destabilization and senescence-like changes.23

Several well-established biophysical techniques are available
for quantifying the mechanical properties of RBCs, including
optical tweezers,24 atomic force microscopy (AFM),25 micropi-
pette aspiration,26 ektacytometry,27 magnetic twisting cytome-
try,28 oscillatory rheology,27 and others. Among these, optical
tweezers offer the distinct advantages of non-contact, highly
localized manipulation of single cells with piconewton force
sensitivity29 and minimization of mechanical artifacts intro-
duced by probes or surfaces. In contrast to bulk methods, opti-
cal tweezers allow precise control over cell orientation and
enable dynamic measurements under physiologically relevant
conditions.30 Furthermore, they permit simultaneous imaging
and mechanical probing, facilitating direct correlation between
morphological changes and mechanical response. These fea-
tures render optical tweezers particularly powerful for studying
subtle alterations in RBC biomechanics at the single-cell level.31

Optical tweezers have been successfully employed to investigate
changes in the elasticity of healthy RBCs, with particular
emphasis on the effects of storage in blood bags.32

Furthermore, several optical tweezer studies have explored the
influence of pathological conditions on RBC mechanics, such
as β-thalassemia,10 leptospirosis,33 sickle cell anemia,34 and
malaria,35 or the effect of exposure to ionizing radiation.36

Optical tweezers have been employed to some extent to mea-
sure electric or mechanical changes in RBCs under oxidative
stress, mainly induced by hydrogen peroxide (H2O2). The
impact of oxidative stress on the shear modulus of RBCs has
been investigated using dual-beam optical trapping in cells
treated with H2O2 and the membrane shear modulus was found
to increase with H2O2 concentration.11 Dual-beam optical
tweezers, combined with digital holographic microscopy, have
also been employed to investigate oxidative stress-induced
changes in RBCs, enabling simultaneous quantification of
microdeformation, mechanical stiffening, and morphological
alterations following H2O2 treatment.37 Single‑beam Raman
tweezers have been used to characterize chemically-induced oxi-
dative stress in optically trapped RBCs and distinguish stressed
from normal ones at the biochemical level.38 Dielectrophoretic
force measurements with an optical tweezer-assisted microflu-
idic platform have demonstrated altered electrical properties
under H2O2-induced oxidative stress on RBCs.39 While these
studies demonstrate the value of optical tweezers in assessing
B

H2O2-mediated changes at the single cell level, they typically
focus on a single oxidizing agent and an isolated physical param-
eter. Consequently, how distinct biochemical pathways of oxi-
dative stress differentially alter the coupled physiological
properties of RBCs remains an open question.
In this work, we address this remaining question by introduc-

ing a comprehensive, multi-parameter framework that directly
compares three distinct oxidative agents (PHZ, t-BHP, and
diamide, each representing a unique mechanism of oxidative
injury) and evaluate their effect on the combination of mechan-
ical, morphological, biochemical, and electrical properties of
RBCs. We expose healthy RBCs to these three oxidative agents
and evaluate the intracellular ROS (iROS) production, mem-
brane morphological changes, overall elasticity, bending rigidity,
and membrane electric charge. We employ optical tweezers to
probe the RBC mechanical properties and bending behavior
at the single-cell level, enabling precise quantification of bend-
ing modulus and overall elasticity, while population-based tech-
niques, including flow cytometry and electrophoretic
measurements, provide complementary biochemical and elec-
tric information. To the best of our knowledge, this is the first
study to directly correlate oxidative damage, mechanical stiff-
ness, and electrical properties across single-cell and population
scales. All oxidants significantly increase iROS, with PHZ pro-
ducing the strongest effect. Our findings indicate that diamide
induces a measurable increase in membrane stiffness and a
slightly elevated bending modulus with subtle morphological
changes, t-BHP causes minimal mechanical alterations, and
PHZ leads to severe structural damage and irregular mechanical
behavior. These results reveal that RBC mechanical responses
are tightly coupled to the degree and type of oxidative injury.
Zeta potential measurements suggest preserved surface charge
across treatments, when evaluated in a phosphate-buffered
saline (PBS) solution. By capturing these disparate cellular
properties simultaneously across scales, this comprehensive
approach allows us to uncover mechanistic relationships that
cannot be resolved using isolated, individual techniques alone.
2. MATERIALS AND METHODS

2.1. Optical Tweezers

The custom-built optical trapping apparatus (Figure 1) employed a
continuous-wave (CW) diode-pumped solid-state laser with a wave-
length of 1064 nm. This wavelength is widely regarded as optimal for
trapping biological samples because it minimizes photothermal and
photochemical damage while maintaining high trapping efficiency.40

The linearly polarized laser beam was routed through a half-wave plate
(λ/2) and polarizer assembly, allowing fine control of the output
power. Following power adjustment, the beam was expanded by a fac-
tor of four using a Keplerian telescope (L2-L3) to overfill the back
aperture of the objective lens, thereby maximizing the optical gradient
forces. The beam was then tightly focused onto the sample chamber
using a 100× oil-immersion objective lens with a numerical aperture
(NA) of 1.25, providing the high spatial confinement required for sta-
ble trapping of a single RBC. The sample chamber consisted of an
Improved Neubauer chamber (depth = 100 μm), sealed with a cover
glass slide, and contained RBCs suspended in plasma solution (Inset
Figure 1). For real-time observation of trapped cells, an inverted
white-light transmission microscope was integrated into the optical
tweezer setup, equipped with a cold white LED source, a 10× con-
denser lens (NA = 0.25), and a high-sensitivity CMOS camera operat-
ing at 25 frames per second. The sample chamber was mounted on a
computer-controlled three-axis (xyz) translation stage, which provides
https://doi.org/10.1021/acsabm.6c00869
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Figure 1. Schematic representation of the optical trapping experimen-
tal setup. Μ1-Μ5, mirrors; M6, broadband dielectric mirror; L1-L3,
lenses; λ/2, half-wave plate; P, polarizer. Inset: schematic representa-
tion of a trapped RBC in plasma solution inside the Neubauer
chamber.
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precise positioning of the chamber, enabling controlled manipulation
and measurements at the single-cell level. The resolution of the
three-axis translation stage is 1.25 μm. Laser-induced oxidative stress
in the trapping apparatus is excluded in this work due to the low power
of the trapping laser and the brief RBC measurement time. Indeed, it
has been shown that, at 1064 nm, a laser power below 20 mW causes
only transient, fully reversible hemoglobin deoxygenation.41

Irreversible effects, such as singlet-oxygen-driven protein cross-linking
and hemoglobin aggregation, require significantly higher powers and
continuous exposure of cells for at least 5 min, which exceeds the mea-
surement window of 2–3 min per cell employed here. Indeed, optical
trapping measurements in the control group of untreated RBCs did
not demonstrate laser-related oxidizing effects.

2.2. RBC Samples

Peripheral whole blood samples were obtained from ten healthy
donors (n = 10; 3 males and 7 females; mean age: 21.6 years). All
donors provided written informed consent, and the study was con-
ducted in accordance with a protocol approved by the Research
Ethics Committee of the National and Kapodistrian University of
Athens (see Ethics Statement). The samples were washed three times
with PBS (310 mOsm) containing 1% glucose. Packed RBCs were
diluted 1:1 with PBS-glucose solution and a 5.5-μL aliquot of each
sample was diluted in the same PBS-glucose buffer. Oxidative stress
was induced by incubating RBCs at 37 °C with three different oxidative
agents: PHZ (100 μM), t-BHP (100 μM), and diamide (2 mM).23

Control samples were treated with PBS-glucose only. Following incu-
bation, RBCs were washed and adjusted to a final hematocrit of 4%.

Samples were prepared in three groups to separately assess plasma
viscosity, RBC viscoelastic properties, and RBC ζ-potential. The first
group consisted of plasma-only samples and was used to evaluate the
viscosity of the surrounding RBC medium. Plasma was obtained from
the initial centrifugation of whole blood samples. The second group
included RBCs (4% Hct), with or without an oxidative agent, diluted
in plasma (1:5000), for the measurement of their viscoelastic proper-
ties and bending dynamics. The third group contained a mixture of
oxidant-treated and untreated RBCs, diluted in PBS (1:1000), and
was used to determine RBC ζ-potential via electrophoretic mobility
measurements. Samples without oxidant treatment served as control
references.

We chose plasma as the suspending medium for viscoelastic and
bending dynamics measurements because it closely reflects the
C

physiological conditions in which RBCs operate, providing a biologi-
cally relevant context for studying their mechanical properties. This
environment preserves the influence of plasma proteins, electrolytes,
and other solutes that are essential for maintaining cellular structure
and function. In contrast, PBS was selected as the medium for ζ-
potential measurements because its well-defined viscosity, ionic
strength, and dielectric constant create a controlled and reproducible
environment. Therefore, PBS enables accurate characterization of the
electrokinetic behavior of RBCs, without the variability introduced by
plasma components, in accordance with established protocols for
RBC electrophoresis measurements.42,43

2.3. IROS Measurements and Morphological Alterations

Intracellular reactive oxygen species, expressed as the oxidative stress
index, were quantified using flow cytometry analysis. For this purpose,
RBC suspensions were incubated for 1 h at 37 °C, under gentle agita-
tion, with 2′,7′-dichlorofluorescein diacetate (DCFDA) prepared in
PBS-glucose, supplemented with 0.1% bovine serum albumin (BSA).
Negative controls were processed without the addition of DCFDA.
After incubation, a small volume of 4% RBC suspension was trans-
ferred into cytometry tubes prefilled with 0.1% PBS-glucose-BSA
buffer. All samples were analyzed via flow cytometry (FACSCanto II,
BD Bioscience) and data were processed using FACSDiva software.
In parallel to flow cytometric analysis, oxidant-treated and control sam-
ples were microscopically examined to evaluate potential morphologi-
cal changes of RBCs, including reversible and irreversible alterations,
as indicators of oxidative damage.

2.4. Overall Elasticity Measurements

We measured the overall elasticity of the cells with the optical tweezer
apparatus. Individual optically trapped RBCs were subjected to plasma
flow by translating the sample chamber in the x-direction at a constant
velocity v (Inset Figure 1), for a total displacement of 200 μm. The
trapping laser power was maintained at P = 20 mW at the sample plane
to avoid photodamage of the cells.44 The overall elasticity, μ, of each
cell was determined by measuring the elongated cell length, L, during
plasma translation as a function of drag velocity, v, using the equa-
tion:10

L= L0 +
ηL20
μZeq

� �
v (1)

where, η denotes the plasma dynamic viscosity, L0 is the initial RBC
length, and 1/Zeq = 1/Z1 + 1/Z2 describes the relative distance of
the trapped cell from the bottom of the Neubauer chamber (Z1) and
the cover glass (Z2) (Inset Figure 1). The longitudinal position of
the optical trap was set at Z1 = Z2 = 50 μm using the z-axis of the
3D translation stage. Experiments were performed at plasma transla-
tion velocities ranging from 12.5 to 50 μm/s, at increments of
6.25 μm/s. For each donor (n = 10), four samples were prepared
(one control and three subjected to different oxidative agents) and
∼10 RBCs were measured per sample. The elongation L of each cell
at each drag velocity was determined with an image analysis software
(ImageJ, 1.53v). The plasma kinematic viscosity, ηkin, was measured
at room temperature for each donor, using an Ostwald microvisc-
ometer.45 Knowing the plasma density (ρ) and kinematic viscosity,
the dynamic viscosity was then obtained as η = ρ·ηkin,

46 assuming
blood plasma is modeled as a Newtonian fluid47,48 with a constant
dynamic viscosity, which represents a standard approximation in opti-
cal manipulation of RBCs. Indeed, the Ostwald viscometer operates
at a shear rate of ∼286 s−1 and the RBCs in the optical tweezer expe-
rience a shear rate of 0.27–1.09 s−1 during dragging (Section S1 of the
Supporting Information). In the absence of suspended RBCs or other
cellular elements, plasma exhibits no shear-thinning behavior or visco-
elasticity within these shear rate regimes and its dynamic viscosity
remains constant in this range.
https://doi.org/10.1021/acsabm.6c00869
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Figure 2. Violin plots showing the distribution of mean fluorescence
intensity (MFI) values for control RBCs, as well as those exposed to
t-BHP, diamide, and PHZ. MFI values after treatment with PHZ are
displayed using a secondary y-axis on the right side, due to their higher
range. Statistical significance between paired groups was determined
using the Wilcoxon matched-pairs signed-rank test (**p < 0.01).
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The overall elasticity measurements were performed exclusively on
the RBC subpopulations that retained a normal, smooth biconcave
morphology. Cells exhibiting severe oxidative distortions, such as echi-
nocytes or acanthocytes, were intentionally excluded from these mea-
surements, as their surface irregularities violate the geometric
boundary conditions required for the mechanical model employed here
(eq 1). It is important to emphasize that the parameter μ derived from
this hydrodynamic dragging method represents an apparent overall
elasticity metric of the entire RBC acting as an integrated structural
unit rather than the intrinsic membrane shear modulus, typically mea-
sured via static or localized point-deformation methods, such as dual-
trap optical stretching.49 The global parameter μ inherently integrates
the coupled contributions of the membrane shear elasticity, local bend-
ing resistance, global cellular geometry, and the viscous effects of inter-
nal cytoplasm. A detailed physical analysis and a step-by-step derivation
of the force-balance equation underlying the calculation of this param-
eter are provided in Supporting Information, Section S2.

2.5. Bending Dynamics Measurements

For each donor (n = 10), 10 RBCs were measured for each sample
(control and subjected to different oxidative agents). In these measure-
ments, the trapping laser power varied from 10 to 50 mW at incre-
ments of 10 mW. For each RBC, we aligned the cell center of
symmetry with the focal spot of the trapping laser beam to ensure
reproducibility of the measurements. Similar to the overall elasticity
measurements described in Section 2.4, bending measurements and
analysis were exclusively applied to RBCs with undistorted morphol-
ogy. Severely deformed cells (echinocytes and acanthocytes) were sys-
tematically omitted from the bending measurements to avoid structural
artifacts caused by altered membrane curvatures.

2.6. ζ-Potential Measurements

The ζ-potential of untreated RBCs (control) and those subjected to
oxidative agents was determined using phase analysis light scattering
(PALS) with a Zetasizer Nano ZS analyzer (Malvern Instruments,
UK). Measurements were carried out at room temperature in a U-
shaped capillary cell (DTS1070).43,50 The ζ-potential was calculated
from the measured electrophoretic mobility (u), using the
Smoluchowski equation:51

ζ= uη=ε (2)

where η is the dynamic viscosity and ε the dielectric permittivity of the
PBS surrounding medium (η = 0.8882 cP and ε = 79).52

3. RESULTS AND DISCUSSION

3.1. Oxidative Stress-Induced Changes in RBC iROS Levels,
Morphology, and ζ-Potential

All three oxidizing agents induced a statistically significant increase
in iROS levels compared to untreated controls (p < 0.01). In con-
trol RBCs, the mean fluorescence intensity (MFI) was 522.5,
whereas exposure to t-BHP and diamide resulted in moderate
increases to 666.9 and 853.6, respectively. PHZ caused a dramatic
elevation in iROS (mean MFI = 7215), an order of magnitude
higher than t-BHP and diamide. (Figure 2). These findings sup-
port the established role of these agents in promoting oxidative
stress in RBCs.23,53

All oxidants induced marked alterations in RBC morphology
(Figure S2). Acanthocyte formation was significantly increased
compared to controls (p < 0.01), rising from 0.93% in
untreated cells (control) to 19.70% in cells treated with
t-BHP, 18.18% with diamide, and 39.34% with PHZ, the latter
exerting the strongest effect (Figure 3A). Similarly, echinocyte
formation was significantly elevated (p < 0.01), from 0% in
D

controls to 2.29% with t-BHP, 2.63% with diamide, and
10.54% with PHZ (Figure 3B). In parallel, all oxidants signifi-
cantly reduced RBC diameter (p < 0.01), indicating profound
structural remodeling of the cell membrane under oxidative
stress (Figure 3C). These morphological changes are in line
with previous reports describing oxidant-induced RBC defor-
mation and support the established role of oxidative stress in
RBC membrane remodeling.54

No significant variations were observed in RBC ζ-potential
following treatment with any of the oxidants (Table 1 and
Figure 4). The ζ-potential is critical for proper cell function
and the prevention of aggregation. In control RBCs, the
ζ-potential averaged (−11.31 ± 0.28) mV, consistent with pre-
viously reported RBC values.55 Exposure to t-BHP (−11.5 ±
0.5) mV and diamide (−11.7 ± 0.4) mV produced values that
were not statistically different than controls. PHZ induced a
slight shift to (−11.9 ± 0.3) mV, however, this variation falls
within the experimental error range and is not considered
meaningful. Therefore, transmembrane surface charge is found
relatively resistant to moderate oxidative stress under the con-
trolled ionic conditions of the PBS buffer. However, the screen-
ing effects of plasma proteins and competitive macromolecular
adsorption could potentially modulate the effective net charge,
meaning that future studies are required to investigate the electri-
cal properties of oxidatively stressed RBCs directly within plasma
solution, which closely reflects the physiological circulatory envi-
ronment. The absence of substantial ζ-potential changes, despite
pronounced increases in iROS and clear morphological changes,
suggests that the outer electrokinetic surface of RBCs was not
markedly affected under the present experimental conditions.
This may reflect preferential oxidation of hemoglobin, mem-
brane lipids, and cytoskeletal or membrane-associated
proteins.14,56 however, the glycocalyx and sialic-acid-rich surface
layer that largely determine erythrocyte electrophoretic mobility
remain relatively preserved.57 Additionally, the ζ-potential mea-
surements were carried out in PBS, where ionic strength and
electrostatic screening may reduce sensitivity to subtle surface-
charge changes.58 Unchanged ζ-potential indicates that oxidative
stress can affect RBC mechanics and morphology without caus-
ing corresponding changes in the observed surface charge, not
that overall membrane integrity has been retained.15
https://doi.org/10.1021/acsabm.6c00869
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Figure 3. Violin plots showing the distribution of RBC morphological alterations after treatment with different oxidants (t-BHP, diamide, PHZ),
compared to untreated controls. (A) Percentage of acanthocytes, (B) percentage of echinocytes, and (C) RBC diameter. Statistical significance
between paired groups was determined using the Wilcoxon matched-pairs signed-rank test (**p < 0.01).

Table 1. ζ-Potential of Individual Donor RBCsa

ζ-potential [mV]
donor control t-BHP diamide PHZ

1 −10.1 −9.55 −10.3 −11.3
2 −11.9 −12.4 −10.9 −12.7
3 −12.3 −12.4 −12.3 −12.5
4 −11.5 −10.5 −12.0 −11.9
5 −10.4 −13.4 −10.3 −12.5
6 −12.0 −9.6 −12.7 −10.8
7 −10.7 −9.52 −11.8 −11.9
8 −10.1 −10.6 −9.75 −11.5
9 −12.0 −13.7 −12.5 −10.1
10 −12.1 −12.9 −14.2 −13.7
average value −11.31 ± 0.28 −11.5 ± 0.5 −11.7 ± 0.4 −11.9 ± 0.3

aThe error of each measurement is ± 0.1 mV.

Figure 4. RBC ζ-potential after treatment with oxidants (t-BHP,
diamide, PHZ) compared to untreated controls. Displayed values are
average values extracted in Table 1.
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3.2. Mechanical Properties of RBCs under Oxidative Stress

3.2.1. RBC Elasticity. Individual RBC elasticity under oxida-
tive stress is measured by optical tweezers as described in
Section 2. Each optically trapped RBC is subjected to a controlled
E

flow of the surrounding plasma medium and its elongation for dif-
ferent drag velocities is measured, which leads to the derivation of
cell elasticity. Figure 5A shows representative elongations of an
optically trapped RBC for different plasma drag velocities. For each
RBC, a plot of cell elongation as a function of plasma drag velocity
is created (Figure 5B) and from the slope of this curve and eq 1,
the overall cell elasticity, μ, is obtained. In order to apply eq 1,
the plasma dynamic viscosity, η, is determined independently for
each donor, as described in Section 2.4 (Table S1 and
Figure S3), yielding values consistent with literature findings.36

The results for RBCs treated with oxidizing agents, as well as con-
trol RBCs, are shown in Figure 5C,D. In Figure 5C, the elasticity
values reported for each case are the average values of 10 donors,
including measurements of ∼10 RBCs for each donor (Table 2).
For the untreated RBC population (control group) employed in
this study, the average overall elasticity is μ = (1.85 ± 0.14) ×
10−4 dyn/cm, which is very similar to the average elasticity of
RBCs treated with t-BHP ((1.95 ± 0.17) × 10−4 dyn/cm).
These results indicate that t-BHP treatment does not induce signif-
icant alterations in RBC membrane elasticity. Diamide results in a
statistically significant increase in overall membrane elasticity (μ =
(2.90 ± 0.22) × 10−4 dyn/cm), p < 0.01, indicating that this agent
induces oxidative cross-linking of cytoskeletal proteins, resulting in
an increased membrane shear modulus and thus membrane stiffen-
ing. This mechanical stiffening is associated in general with
reduced RBC deformability.20 In the case of PHZ, a reliable esti-
mation of membrane elasticity was not possible. The excessive oxi-
dative stress caused by PHZ, which is known to induce haemolytic
injury,18 led to profound structural damage of the RBC membrane
(Figure S4), which not only impaired the ability of the cells to
elongate but also rendered them prone to escape from the optical
trap during plasma flow. To address these limitations in future
studies, either cell handling should be modified, e.g., by attaching
dielectric beads to the cell membrane and using these as trapping
handles, or non-Gaussian trapping beams should be employed.
The elasticity measurements correlate with the magnitude of

intracellular oxidative stress, as determined in Section 3.1.
Indeed, t-BHP induces a moderate increase in iROS, which is
associated with preserved overall RBC elasticity, whereas
diamide induces a higher increase in iROS, accompanied by
increased elasticity. On the other hand, the extreme iROS levels
induced by PHZ lead to severe structural damage, preventing
reliable elasticity quantification. These oxidant-specific mechan-
ical responses likely arise from the distinct biochemical targets
https://doi.org/10.1021/acsabm.6c00869
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Figure 5. (A) Different elongations of an optically trapped RBC for a range of plasma drag velocities from 12.5 to 50 μm/s. The red cross
indicates the focus of the trapping laser beam. (B) Representative plot of a trapped RBC’s elongation as a function of plasma drag velocity.
(C) Overall RBC elasticity after treatment with oxidants (t-BHP and diamide) compared to untreated controls. Reported values are average
for 10 donors and ∼10 RBCs per donor. Statistical significance between paired groups was determined using the Wilcoxon matched-pairs
signed-rank test (**p < 0.01). (D) Violin plots showing the distribution of the overall elasticity values for control RBCs, as well as those
exposed to t-BHP and diamide. Each data point corresponds to the average elasticity value of each donor, for ∼10 RBCs per donor.
Horizontal axes indicate the kernel density distribution of the data.
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Table 2. Overall RBC Elasticity Values for Individual
Donorsa

overall elasticity [×10−4 dyn/cm]

donor control t-BHP diamide

1 1.4 ± 0.3 1.2 ± 0.4 3.2 ± 1.4
2 1.9 ± 0.4 1.8 ± 0.4 1.9 ± 0.4
3 2.0 ± 0.5 1.2 ± 0.3 2.7 ± 0.5
4 1.3 ± 0.2 1.8 ± 0.2 2.2 ± 0.4
5 2.2 ± 0.2 2.8 ± 0.4 2.9 ± 0.5
6 2.5 ± 1.1 2.0 ± 0.4 2.1 ± 0.4
7 1.6 ± 0.4 1.8 ± 0.4 3.9 ± 1.0
8 1.5 ± 0.2 2.6 ± 0.3 2.8 ± 0.6
9 1.7 ± 0.4 2.0 ± 0.3 3.6 ± 0.7
10 2.5 ± 0.6 2.3 ± 0.4 3.6 ± 0.6
# RBCs analyzed 96 101 96
range 1.3–2.5 1.2–2.8 1.9–3.9
average value 1.85 ± 0.14 1.95 ± 0.17 2.90 ± 0.22

aFor each donor and each oxidizing condition, ∼10 RBCs have been
measured.

Figure 6. (A) Time lapse of an untreated RBC’s relative movement
with respect to the trapping laser beam. The red dashed circle indicates
the boundary of the cell in the surrounding medium (plasma). The red
cross marks the focus of the trapping laser beam, while the black dot
indicates the cell’s center of symmetry. Irradiation by the laser beam
starts at t = 0. (B) Time lapse of an untreated RBC bending in the
optical tweezer. The white arrow indicates the polarization of the trap-
ping laser beam (incident trapping laser power of 10 mW).
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of each oxidant. t-BHP mainly promotes lipid peroxidation,
hemoglobin degradation, and secondary membrane-protein oxi-
dation,59,60 resulting in mild remodeling without measurable
mechanical impairment in morphologically preserved RBCs.
Diamide oxidizes erythrocyte membrane sulfhydryl groups and
promotes spectrin/cytoskeletal cross-linking,20,61 explaining the
increased apparent overall elasticity and slightly elevated bending
modulus. In contrast, PHZ induces hemoglobin oxidation/
denaturation, Heinz body formation, band 3 clustering, and
membrane destabilization,62−64 leading to severe morphological
distortion and unstable trapping that prevent reliable bending
modulus estimation. Therefore, the observed RBC mechanical
phenotypes appear to reflect the specific biochemical target of
oxidative injury rather than oxidative burden alone.

3.2.2. RBC Bending. Owing to the elastic nature of the
RBC membrane, the cells start to bend when they are subjected
to gradient optical forces in an optical tweezer system.9,65

Indeed, in Figure 5A the cell is already folded due to the forces
induced by the trapping laser beam, as opposed to an RBC at
rest, such as the one shown in Figure S4A. The bending process
can be separated into two phases. Initially, the cell exhibits a rel-
ative displacement with respect to the focus of the trapping
laser beam. When the focus of the trapping laser beam is posi-
tioned to the left of the cell’s center of symmetry, the cell shifts
to the right (Figure 6A), and vice versa. This behavior is similar
to the application of an off-center force on a rigid object: when
the optical gradient force is applied asymmetrically with respect
to the cell’s center of symmetry, it generates an effective torque,
leading to a displacement of the cell away from the beam focus.
Following displacement, RBCs undergo bending due to the
optical forces exerted by the laser beam, which deform their
flexible membrane. Once the bending process is complete, the
cell aligns its major symmetry axis with the polarization direc-
tion of the trapping laser beam (Figure 6B).66 In the experi-
ments performed in this work, the bending behavior of
untreated control RBCs and RBCs treated with t-BHP and
diamide is similar. In contrast, RBCs treated with PHZ often
exhibit highly irregular deformation behavior instead of well-
defined bending, characterized by shape collapse and compres-
sion, random deformation patterns, and variations from cell to
G

cell, likely due to severe membrane damage and loss of symme-
try (Figure S5).
We observe that the bending time, Tbend, decreases with

increasing trapping laser power, P. Figure 7A shows a represen-
tative graph of bending time as a function of the trapping laser
power for the control group and for RBCs exposed to t-BHP
and diamide, for one donor. The highly irregular behavior of
PHZ-treated cells prohibits the extraction of bending dynamics.
The bending time is measured from the moment of the opening
of the laser shutter until the cell is completely bent. In all cases,
bending time decreases with laser power until it reaches a pla-
teau, such that further increase in laser power does not induce
significantly faster bending. We model this behavior with the
following equation:

Tbend =
A

P− Pmin
+Tthr (3)

where, Tthr represents the minimum bending time of the RBCs,
which is not further reduced by increasing the laser power, A is
a fitting parameter, and Pmin is the minimum trapping laser
power required for a RBC to bend. Fitting, for each donor, data
sets similar to the ones shown in Figure 7A with eq 3, allows us
to estimate Pmin. Knowing Pmin, the bending modulus, kc, can
be estimated from the following equation:67

kc =
fPmins
c

(4)

where, s is the spot size of the trapping laser beam at the focal
point, f is the difference in the refractive index of the RBC
and the surrounding plasma solution (nRBC = 1.4,68 nplasma =
1.351),69 and c is the speed of light. The spot size produced
by the objective lens in the optical tweezer setup is calculated
as s = 542 nm by the equation s = 2λ/(πΝΑ).70 The results
https://doi.org/10.1021/acsabm.6c00869
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Figure 7. (A) Representative graph of the bending time of optically trapped RBCs from one donor, either control or treated with oxidative agents, as
a function of incident trapping laser power. Solid lines correspond to data fits with eq 3. (B) Bending modulus after treatment with oxidants (t-BHP
and diamide) compared to untreated controls. Statistical significance between unpaired groups was determined using the Mann-Whitney test (p <
0.0728). Reported values are average for 10 donors and ∼10 RBCs per donor. (C) Violin plots showing the distribution of the bending modulus
values for control RBCs, as well as those exposed to t-BHP and diamide. Horizontal axes indicate the kernel density distribution of the data.
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for each donor are shown in Table 3, as average values of mea-
surements on ∼10 RBCs for each case (Section 2.5). The aver-
age bending modulus of untreated RBCs was measured as
(5.2 ± 0.6) × 10−19 J, while RBCs exposed to t-BHP showed
a similar average value of (4.7 ± 0.8) × 10−19 J. In contrast, cells
treated with diamide exhibited a higher average modulus of
(6.19 ± 0.28) × 10−19 J (Figure 7B,C). These trends mirror
the overall elasticity results: t-BHP produces minimal changes
in both bending modulus and overall elasticity, whereas
diamide-treated cells exhibit a modest increase in both para-
meters, consistent with stiffening of the RBC membrane.18

Treatment with PHZ induces severe morphological distortions,
localized membrane wrinkling, and extensive shape collapse
across the cell population. When subjected to optical gradient
forces, these aberrant cells exhibit highly irregular, non-
reproducible deformation (Figure S5). This unstable behavior
arises because the asymmetric geometries of deformed cells
and PHZ-induced intracellular aggregates disrupt the optical
H

equilibrium. Consequently, the PHZ-treated group does not
satisfy the conditions for applying standard optical bending
equations and this subpopulation was excluded from the quan-
titative bending analysis.

4. CONCLUSIONS

This work demonstrates that oxidative stress exerts distinct and
agent-specific effects on the morphology and mechanics of
RBCs. All three employed oxidants (t-BHP, diamide, and
PHZ) significantly increase intracellular ROS levels and induce
morphological alterations, including acanthocytosis, echinocy-
tosis, and reduce cell diameter, consistent with oxidative mem-
brane remodeling. Despite these structural changes, ζ-potential
remains largely unaffected, indicating that transmembrane sur-
face charge is relatively resistant to moderate oxidative stress
in a standard buffered solution, whereas it remains an open
question whether this surface charge preservation persists in
https://doi.org/10.1021/acsabm.6c00869
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Table 3. Bending Modulus, kc, of Individual Donors
a

kc [×10
−19 Joule]

donor control t-BHP diamide

1 7.32
2 7.17 1.44 5.05
3 5.49
4 4.22 6.19 6.91
5 3.73 6.72 6.11
6 5.61 5.83 5.40
7 3.72 6.73
8 3.55 2.26
9 4.97 6.73
10 6.57 7.08
# RBCs analyzed 96 96 99
range 3.55−7.32 1.44−6.72 5.05−7.08
average value 5.2 ± 0.6 4.7 ± 0.8 6.19 ± 0.28

aFor each donor and each oxidizing condition, ∼10 RBCs have been
measured.
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physiological conditions for RBCs. Mechanical probing using
optical tweezers reveals that t-BHP exposure does not signifi-
cantly alter overall elasticity or bending modulus compared with
controls, confirming that mild oxidative stress preserves RBC
mechanical properties. Diamide treatment, however, enhances
overall elasticity and slightly increases bending modulus, sug-
gesting that cross-linking of cytoskeletal proteins may stiffen
certain membrane components. On the other hand, PHZ causes
severe oxidative injury, manifested by extreme iROS accumula-
tion accompanied by loss of trapping stability, which reflect a
profound disruption of the membrane-cytoskeleton complex.
Importantly, the values measured for untreated cells were con-
sistent with literature reports for healthy RBCs, validating the
accuracy of this approach. Taken together, these results highlight
the power of optical trapping, combined with ζ-potential mea-
surements, to provide mechanistic insights into how oxidative
stress modulates RBC biophysical properties. By simulating path-
ological and aging-related damage in a controlled setting, this inte-
grative methodology offers a valuable framework for advancing
our understanding of RBC biomechanics in health and disease.
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