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Abstract

The deformability of red blood cells is a mechanical property that is essential
for effective blood microcirculation. Pathological metabolic conditions, par-
ticularly chronic hyperglycemia associated with diabetes, cause these cells to
stiffen, contributing to microvascular complications. This study aims to quan-
tify the impact of glucose exposure on the viscoelastic properties of human eryth-
rocytes using an optical tweezers technique. Healthy erythrocytes were incu-
bated under simulated hyperglycemia conditions for 2 hours. The microbead,
trapped by a laser, was used to indent the red blood cell membrane and meas-
ure force relaxation over time. The results reveal an increase in relaxation time
and a reduction in the viscous component of the membrane. The optical twee-
zers method is thus established as a sensitive and quantitative tool for assessing
mechanical damage to erythrocytes, offering prospects for early diagnosis of
the impact of diabetes on microcirculation.
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1. Introduction

The human Red Blood Cell (RBC) is an anucleated cell characterized by its unique

biconcave shape and extreme deformability [1]. Their ability to deform and cir-
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culate through the finest capillaries is essential for ensuring adequate tissue oxy-
genation [2]. The mechanical properties of the RBC are governed primarily by the
integrity of its membrane cytoskeleton, a network of proteins (spectrin, actin,
ankyrin) that confers its shear resistance and elasticity [3]. An alteration of these
rheological properties is directly linked to numerous hematological and circula-
tory pathologies [4]. Chronic hyperglycemia, a hallmark of diabetes mellitus, is
associated with severe microvascular and macrovascular complications. A key
mechanism in diabetic pathology is the non-enzymatic glycation (Maillard reac-
tion) of proteins, leading to the progressive formation of Advanced Glycation End
products (AGEs). Glycated hemoglobin (HbA1c) is the best-known clinical exam-
ple [5]. Glycation is not limited to cytosolic proteins; it also affects the proteins of
the RBC membrane cytoskeleton [6]. This modification is suspected to cause stiff-
ening of the erythrocyte membrane, reducing the RBC’s ability to deform and
thereby contributing to microcirculatory obstruction and tissue hypoxia [7] [8].
Sugar, in particular, has been identified as a factor that can modify the mechanical
properties of red blood cells, notably through glycation of membrane proteins [9].
Recent studies have shown that glycation of red blood cell membrane proteins can
lead to changes in their deformability and viscosity, which can have significant
implications for human health [10].

The Optical Tweezer is a non-contact, high-precision force manipulation and
measurement technique, ideally suited for characterizing the rheology of single cells
[11]. The specific approach used here employs a rigid microbead trapped by the
laser to indent and probe the RBC membrane. This active microrheology technique
enables high spatial and temporal resolution quantification of the membrane’s vis-
coelastic response, providing precise values for the Shear Modulus (x) and the
Surface Viscosity (7) of the membrane [12].

The main objective of this work is to use a trapped microbead method to pre-
cisely and directly quantify the changes in the shear modulus and surface viscosity
(77) of human RBC:s following in vitro incubation with glucose concentration, sim-
ulating hyperglycemic conditions. These measurements will validate and charac-

terize the biophysical mechanism of stiffening induced by glycation.

2. Material and Methods
2.1. Red Blood Cell and Microbead Samples Preparation

Blood was collected from healthy non-diabetic donors (with a normoglycemia to
better characterize the sample) in anticoagulant (EDTA). RBC Separation and Wash-
ing: RBCs were separated by centrifugation and washed with an isotonic Phos-
phate-Buffered Saline (PBS).

Silica microbeads with a diameter of 3.5 pum were used. They were suspended
in the isotonic buffer. To carry out the experiments, the sample was prepared as
follows: 0.5 pl of blood was suspended in severe hyperglycemia of glucose at 25
mM for two hours, then this solution was incubated with a dilute solution of mi-

crobeads.
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2.2. Optical Tweezers Setup

The optical tweezers experimental device is a complex system that allows measur-
ing the mechanical properties of red blood cells with high precision. It consists of
a diode laser emitting a light beam at a wavelength of 980 nm, a high numerical
aperture microscope objective (NA = 1.4) that focuses the laser beam onto the
measurement chamber, and a specially designed measurement chamber for opti-
cal tweezers experiments that contains the red blood cells and microbeads in sus-
pension. The description of experimental setup has been well detailed in our pre-

vious articles [12].

2.3. Force Measurement and Calibration

This is a classic approach to characterizing the properties of an optical trap. In-
deed, by trapping a microbead and measuring its displacements in the optical trap,
we can use Boltzmann statistics to calculate the trap stiffness. Boltzmann statistics
relate the probability of finding a microbead in a given energy state to the temper-
ature and potential energy of the microbead. In the case of an optical trap, the po-
tential energy is proportional to the distance from the center of the trap, and the
trap stiffness is related to the curvature of the potential energy. By measuring the
displacements of the trapped microbead, we can reconstruct the probability dis-
tribution of the microbead positions and thus determine the trap stiffness (x; in
pN/um) [13] [14]. The trapped force (F) is calculated by the microbead displace-
ment (Ax) from the trap center:

F=K- Ax (1)

2.4. Shear Modulus and Membrane Viscosity Calculation

Each time the contact between the trapped microbead and the RBC increases, the
membrane deformation becomes significant. It is therefore possible to measure the

indentation & using this relationship [15].
5:(1)—,/D2—df) )

where Dis the microbead diameter and d;is the touch diameter between microbead
and RBC in micrometers.

The resultant membrane deformation (&) was recorded by high-speed video mi-
croscopy as a function of time (7). The measured deformation-time curve, &9, was
analyzed using a viscoelastic model to determine the mechanical parameters. Once
the forces are calculated, we can use the Hertz model to analyze the data and de-
termine the mechanical properties of the red blood cell.

The Hertz model is a theoretical model that describes the contact between two
elastic spheres and can be used to describe the interaction between the microbead
and the red blood cell. By fitting the experimental data to the Hertz model, we can
extract the mechanical properties of the red blood cell, such as the elastic modulus

and shear modulus. The elastic stiffness [15] [16]. Eh is given by
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3(1-v7)

E, = ——Z|
"l4.J5-R

where R is the microbead radius, F, the contact force between trapped mi-

F, 3)

crobeadand cell, ¢ theindentationand v thepoissonratio. v=0.5 wasused
for these experiments [16]. In the literature, usually the cortical shear modulus
1, 1is given, rather than the elastic stiffness E). The shear stiffnesses are related
by:
E, h
M)

4)

Membrane viscosity was calculated from the time-dependent deformation curve,
49, by fitting it to a simplified Kelvin-Voigt model [17] (or a similar viscoelastic

representation):
5()=0,,+(6,-0,)e" (5)

The relaxation time (7) was extracted from the fit. The surface siscosity (77) was
then calculated as the product of the shear modulus and the relaxation time (7)
[18]:

n=w, 7 (6)

The membrane viscosity is reported in uN-s/m.

3. Results and Discussion

We worked on two RBCs: RBC; with diameter of 6 ym and RBC, with diameter
of 6.5 pm. For the red blood cell with a diameter of 6 um, a microbead with a
diameter of 3.5 um was optically trapped with a force of 24.52 pN and for the red
blood cell with a diameter of 6.5 pum, the trapping force to trap the microbead was
31.79 pN. By translating the sample holder in horizontal direction, the contact di-
ameter between microbead and RBC increases. Different images from the videos

recorded during each measurement are shown in Figure 1.

Figure 1. Images of RBCs indented at different contact forces: (a) RBC; with diameter of 6
pum and (b) RBC; with diameter of 6.5 pm.
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Under the action of a contact force of 21.20 pN, an indentation of 0.55 um was
measured. We then used the Hertz model to obtain the mechanical properties of
RBCi: (12.34+1.60) uN/m for the elastic modulus and (4.11£0.83) pN/m
for the shear modulus. The mean values of mechanical properties, in particular
elastic modulus and shear modulus were (12.44+1.43) pN/m and
(4.15+0.74) uN/m for RBC..

We also determined the relaxation time and membrane viscosity of red blood
cells. From the time-dependent deformation curve, & 9, by fitting it to a simplified
Kelvin-Voigt model, the relaxation time (7) was extracted from the fit (Figure 2).
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Figure 2. Time-dependent deformation curve, &9).

The relaxation time for the RBC, was ~0.73 s and the surface siscosity (7)
calculated was 7=3 uN-s/m.
Measurements of contact force, indentation, shear modulus, relaxation time

and membrane viscosity were presented in Table 1.

Table 1. Different values of measurements.

Parameters RBC: RBC

Contact force (pN) 21.20 25.00

Indentation (um) 0.55 0.73
Shear modulus (uN/m) 411 +0.83 415+ 0.74

Relaxation time (s) 0.73 0.70
Metbrane viscosity (uN-s/m) 3.00 = 0.60 2.90 + 0.46

The shear moduli obtained in this work are of the same order of magnitude as
the values obtained using the optical tweezers technique, 1.233 uN/m [19] and (2.4
+ 0.4) uN/m [20], but they are higher. These shear moduli are of the same order
of magnitude as those obtained using the micropipette suction method [21] (4 <
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1 < 10 uN/m), but slightly higher than the lowest value.

Since the shear moduli are within the normal range (1.233 to 10 uN/m) [19]-
[24], we can conclude that acute exposure to glucose for 2 hours does not signifi-
cantly alter the elastic stiffness of the membrane. This shows that the permanent
bonds (AGE cross-links) that stiffen the spectrin network and alter elasticity have
not yet had time to form.

Despite normal shear moduli, relaxation times around 0.7 s are abnormally high,
being 3 to 6 times longer than the relaxation time of healthy red blood cells [25]
[26]. The increase in relaxation time and, consequently, membrane viscosity (up
to 3.00 uN-s/m) means that deformation energy is dissipated much more slowly
than in a healthy cell. This increase demonstrates that the early impact of hyper-
glycemia is a loss of dynamic fluidity, altering the ability of red blood cells to re-
organize quickly under stress [26]. Exposure to glucose can induce rapid changes
in surface charges or the arrangement of transmembrane proteins. These changes
can slow down the lateral mobility of the membrane components necessary for
the reorganization of red blood cells during relaxation.

According to previous studies, abnormal red blood cells often have altered me-
chanical properties, which can affect their function and survival in the bloodstream
[22] [25]. For example, sickle red blood cells have increased stiffness due to the
polymerization of hemoglobin S, which makes them more likely to accumulate in
small blood vessels and cause vaso-occlusive crises [24]. The results obtained are
in agreement with those of other studies that have shown that abnormal red blood
cells have altered mechanical properties, such as increased stiffness and viscosity
[26] [27]. For example, a study showed that red blood cells from patients with dia-
betes have increased stiffness and reduced deformability, which can contribute to

the vascular complications associated with this disease [28].

4. Conclusion

In conclusion, the results obtained suggest that the mechanical properties of the
studied red blood cells are altered, which could have implications for the function
and survival of these cells in the bloodstream. Further studies are needed to un-
derstand the underlying mechanisms of these alterations and to develop new ther-
apeutic approaches to treat diseases associated with red blood cells. We note that
the small sample size (N = 2 RBCs) limits the scope of this study. In future work,
we will analyze a large number of cells from several donors in order to validate these

preliminary results.

Author Contributions

P. Yale, A. A.-B. N’Guessan, G.-O. Regnima conceived and designed the experi-
ments; P. Yale, A. A.-B. N’Guessan performed the experiments; P. Yale analyzed
the data; P. Yale wrote the paper. P. Yale, H. J. K. Loukou, J.-M. E. Konin, M. A.

Kouacou and J. T. Zoueu revised the paper.

DOI: 10.4236/jbm.2025.1312029

391 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.1312029

P.Yale etal.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this paper.

References

(1]

(2]

(9]

(10]

(11]

(12]

[13]

[14]

(15]

(16]

Evans, E.A. and Skalak, R. (1980) Mechanics and Thermodynamics of Biomembranes.
CRC Press.

Rabbani, N. and Thornalley, P.J. (2018) Glycation and Its Role in Vascular Disease.
Journal of Clinical and Experimental Pharmacology, 8, 555-566.

Guck, J., An, W., Schinkinger, S. and Wottawah, S. (2007) Optical Stretcher for the
Mechanical Characterization of Individual Cells. Methods in Cell Biology, 83, 167-
190.

Schlieper, D., et al. (2010) Measurement of Red Blood Cell Membrane Viscosity with
a High-Speed Optical Tweezers. Applied Physics Letters, 96, Article 253703.

Shin, S., Ku, Y. and Singh, M. (2007) Erythrocyte Deformability and Its Related Clin-
ical Diseases. Biorheology, 44, 63-78.

Vlassara, H., Valinsky, J., Brownlee, M., et al (1994) Advanced Glycosylation End-
Products on Erythrocyte Surface Induce a Pro-Inflammatory State. The Journal of
Biological Chemistry, 269, 23157-23164.

Waheed, 1., et al. (2014) Effect of Non-Enzymatic Glycosylation on Mechanical Prop-
erties of Red Blood Cells: A Molecular Dynamics Simulation Study. Biophysical Jour-
nal, 106, 481-487.

Hochmuth, R M., et al (1996) Viscoelastic Response of the Red Cell Membrane to
Independent Variation of Membrane Shear Stress and Shear Strain. Biophysical Jour-

nal, 70, 1144-1153.

Santos-Silva, A., et al (2020). Glycation of Red Blood Cell Membrane Proteins and
Its Impact on Cell Function. Journal of Proteomics, 212, Article 103746.

Tomaiuolo, G., et al (2016) Red Blood Cell Deformation and Flow in Capillaries.
Annual Review of Biomedical Engineering, 18, 399-419.

Kis, J.A., Strey, H. and Sackmann, E. (1996) Micro-Rheology of Erythrocyte Skele-
tons. Nature, 383, 29-30.

Yale, P., Kouacou, M.A., Konin, J.E., Megnassan, E. and Zoueu, J.T. (2021) Lateral
Deformation of Human Red Blood Cells by Optical Tweezers. Micromachines, 12,
Article 1024. https://doi.org/10.3390/mi12091024

Osterman, N. (2010) Tweezpal—Optical Tweezers Analysis and Calibration Software.
Computer Physics Communications, 181, 1911-1916.
https://doi.org/10.1016/j.cpc.2010.07.024

Jun, Y., Tripathy, S.K., Narayanareddy, B.R.J., Mattson-Hoss, M.K. and Gross, S.P.
(2014) Calibration of Optical Tweezers for in Vivo Force Measurements: How Do
Different Approaches Compare? Biophysical Journal, 107, 1474-1484.
https://doi.org/10.1016/j.bpj.2014.07.033

Yale, P., Konin, J.E., Kouacou, M.A. and Zoueu, J.T. (2018) New Detector Sensitivity
Calibration and the Calculation of the Interaction Force between Particles Using an
Optical Tweezer. Micromachines, 9, Article 425. https://doi.org/10.3390/mi9090425

Nawaz, S., Sanchez, P., Bodensiek, K., Li, S., Simons, M. and Schaap, I.A.T. (2012)
Cell Visco-Elasticity Measured with AFM and Optical Trapping at Sub-Micrometer
Deformations. PLOS ONE, 7, e45297. https://doi.org/10.1371/journal.pone.0045297

DOI: 10.4236/jbm.2025.1312029

392 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.1312029
https://doi.org/10.3390/mi12091024
https://doi.org/10.1016/j.cpc.2010.07.024
https://doi.org/10.1016/j.bpj.2014.07.033
https://doi.org/10.3390/mi9090425
https://doi.org/10.1371/journal.pone.0045297

P.Yale et al.

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

Casula, G. and Carcione, J. (1992) Generalized Mechanical Model Analogies of Linear
Viscoelastic Behaviour. Bollettino di Geofisica Teorica ed Applicata, 34, 235-256.

Keshavarzi, E., Vahedpour, M., Alavi, S. and Najafi, B. (2004) High-Frequency Shear
Modulus and Relaxation Time of Soft-Sphere and Lennard-Jones Fluids. International
Journal of Thermophysics, 25, 1747-1762.
https://doi.org/10.1007/s10765-004-7733-6

Yu, L., He, Y., Chiou, A. and Sheng, Y. (2011) Deformation of Biconcave Red Blood
Cell in the Dual-Beam Optical Tweezers. Proceedings of the2011 COMSOL Confer-
ence, Boston, 13-15 October 2011.

Evans, E.A. (1973) New Membrane Concept Applied to the Analysis of Fluid Shear-
and Micropipette-Deformed Red Blood Cells. Biophysical Journal, 13, 941-954.
https://doi.org/10.1016/s0006-3495(73)86036-9

Hénon, S., Lenormand, G., Richert, A. and Gallet, F. (1999) A New Determination of
the Shear Modulus of the Human Erythrocyte Membrane Using Optical Tweezers. Bi-
ophysical Journal, 76, 1145-1151. https://doi.org/10.1016/s0006-3495(99)77279-6

Tomaiuolo, G. (2014) Biomechanical Properties of Red Blood Cells in Health and
Disease towards Microfluidics. Biomicrofluidics, 8, Article 051501.
https://doi.org/10.1063/1.4895755

Yale, P., N’guessan, A.A., Konin, ].M.E., Kouacou, M.A. and Zoueu, J.T. (2025) Hu-
man Red Blood Cell Stretching Using Optical Tweezers. Open Journal of Applied
Sciences, 15, 1050-1057. https://doi.org/10.4236/0japps.2025.154073

Nash, G.B., et al (1984) Abnormalities of Shape and Membrane Deformability in
Sickle Cells. British Journal of Haematology, 56, 251-259.

Diez-Silva, M., Dao, M., Han, J., Lim, C. and Suresh, S. (2010) Shape and Biomechan-
ical Characteristics of Human Red Blood Cells in Health and Disease. MRS Bulletin,
35, 382-388. https://doi.org/10.1557/mrs2010.571

Chien, S. (1987) Red Cell Deformability and Its Relevance to Blood Flow. Annual
Review of Physiology, 49, 177-192.
https://doi.org/10.1146/annurev.ph.49.030187.001141

Baskurt, O.K., Hardeman, M.R. and Rampling, M.W. (2007) Handbook of Hemorhe-
ology and Hemodynamics (Vol. 69). IOS Press.

Shin, S., Ku, Y., Babu, N. and Singh, M. (2007) Erythrocyte Deformability and Its Var-
iation in Diabetes Mellitus. The Indian Journal of Experimental Biology, 45, 121-128.

DOI: 10.4236/jbm.2025.1312029

393 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.1312029
https://doi.org/10.1007/s10765-004-7733-6
https://doi.org/10.1016/s0006-3495(73)86036-9
https://doi.org/10.1016/s0006-3495(99)77279-6
https://doi.org/10.1063/1.4895755
https://doi.org/10.4236/ojapps.2025.154073
https://doi.org/10.1557/mrs2010.571
https://doi.org/10.1146/annurev.ph.49.030187.001141

	Impact of Sugar on the Mechanical Properties of Red Blood Cells Assessed by Optical Tweezers 
	Abstract
	Keywords
	1. Introduction
	2. Material and Methods
	2.1. Red Blood Cell and Microbead Samples Preparation
	2.2. Optical Tweezers Setup
	2.3. Force Measurement and Calibration
	2.4. Shear Modulus and Membrane Viscosity Calculation

	3. Results and Discussion
	4. Conclusion
	Author Contributions
	Conflicts of Interest
	References

