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Abstract

This thesis reports on studies of the fundamental interaction dynamics of human red blood cells
(RBC) by optical tweezers (OT) and the application of the OT-based RBC-investigation protocol
in facilitating blood photobiomodulation research at a single-cell level. The motivation for the
present study arises from the scientific and clinical significance of examining RBC interaction
mechanisms as a model for studying general cell interaction in cytological science. Exploring the
phenomenon and mechanism of the photobiomodulation of laser radiation on the rheological
properties of RBC has a great potential in the field of laser blood therapy.

Interaction dynamics and the role of intercellular interaction time and mutual contact in RBC
aggregation and OT-induced disaggregation in autologous plasma are presented as new evidence,
clarifying the RBC interaction mechanism. The rheological alterations of RBC induced by laser
radiation with various irradiation conditions were thoroughly explored at a single-cell level for the
first time to provide a better understanding of the underlying mechanism of photobiomodulation
on blood. This study demonstrated the beneficial effects of low-level laser irradiation by a 450-nm
wavelength with a radiant exposure below 9.5 J/cm2 of improving RBC deformability and
preserving cell shape in a harsh environment. Additionally, irradiated RBC aggregates were easily
destroyed by the external influence (i.e., optical force), which could be the flow shearing force in
a blood vessel and geometrical resistance by vasculature for in vivo conditions.

The current work is important for optimizing the technique of the OT-based RBC evaluation
system. It will contribute to the development of effective approaches for improving blood cell
viability and blood microcirculation based on the reported photobiomodulation effects.

Keywords: cell interaction, deformation, laser biomodulation, light microscopy, low-
level laser radiation, optical tweezers, red blood cells





Zhu, Ruixue, Lasersäteilyn indusoimien veren punasolujen ja hemoreologisten
muutosten vuorovaikutusten erikoispiirteet . 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta
Acta Univ. Oul. C 834, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tässä opinnäytetyössä raportoidaan ihmisen punasolujen (RBC) perustavanlaatuisen vuorovai-
kutusdynamiikan tutkimuksista optisilla pinseteillä (OT) ja OT-pohjaisen RBC-tutkimusproto-
kollan soveltamisesta veren fotobiomodulaatiotutkimuksen helpottamiseksi yksisolutasolla.
Motivaatio nykyiselle tutkimukselle syntyy punasolujen vuorovaikutusmekanismien tutkimisen
tieteellisestä ja kliinisestä merkityksestä mallina yleisen soluvuorovaikutuksen tutkimiseen syto-
logiassa. Kun lasersäteilyn fotobiomodulaation ilmiötä ja mekanismia tutkitaan punasolujen
reologisissa ominaisuuksissa, siinä on paljon potentiaalia laserveriterapian alalla.

Interaktiodynamiikka ja solunvälisen interaktioajan ja keskinäisen kontaktin rooli punasolu-
jen aggregaatiossa ja OT:n aiheuttamassa hajoamisessa autologisessa plasmassa esitetään uute-
na todisteena punasolujen yhteisvaikutusmekanismia selventävänä näyttönä. Punasoluissa tapah-
tuneita, lasersäteilyn erilaisissa valaistusolosuhteissa aiheuttamia reologisia muutoksia tarkastel-
tiin nyt ensimmäistä kertaa perusteellisesti yksittäisten solujen tasolla, minkä seurauksena saatiin
aiempaa parempi ymmärrys veren fotobiomodulaation taustalla olevasta mekanismista. Tutki-
mus havainnollisti matalaenergisen, teholtaan alle 9,5 J/cm2:n säteilyaltistuksen ja aallonpituu-
deltaan 450 nm:n lasersäteilyn hyödylliset vaikutukset punasolujen muodonmuutoksen paranta-
misessa ja solujen kyvyssä säilyttää muotonsa ankarissakin olosuhteissa. Lisäksi säteilytetyt
RBC-aggregaatit tuhoutuivat helposti ulkoisen vaikutuksen vaikutuksesta (optinen voima), joka
voi olla virtauksen leikkausvoima verisuonessa ja geometrinen vastus verisuonissa in vivo -olo-
suhteissa.

Tutkimuksen saavutukset ovat merkittäviä optimoitaessa optiseen pinsettiin perustuvan puna-
solujen arviointijärjestelmän tekniikoita. Raportoitujen fotobiomodulaatio vaikutusten kautta työ
edistää verisolujen elinkelpoisuuden ja veren mikrovirtauksen parantamiseen tähtäävien tehok-
kaiden lähestymistapojen kehittämistä.

Asiasanat: laserbiomodulaatio, matalan tason lasersäteily, muodonmuutos, optiset
pinsetit, punasolut, solujen vuorovaikutus, valomikroskopia
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1 Introduction  

1.1 Background 

The blood circulating in the vascular network plays a vital role in major life 

activities. Blood not only delivers oxygen and important metabolic materials to 

organs and tissues and removes metabolic wastes, but it also participates in immune 

and coagulation reactions, and regulates body temperature (Corrons et al., 2021). 

Red blood cells (RBC) as the most abundant cellular compartment in blood have 

long been of tremendous clinical and scientific interest (Minetti et al., 2013). RBC 

are essential for maintaining the steady concentration of hemoglobin for respiratory 

gas transportation and can be treated as a “model system” for studying most living 

cells (Marossy et al., 2009). The intrinsic and distinctive biophysical properties of 

RBC including membrane deformability and electrical potential greatly contribute 

to blood rheology and possess a non-negligible influence on the circulation system 

at various levels (Marossy et al., 2009).  

The intrinsic cellular property of RBC to reversibly aggregate at stasis or low-

shear conditions is important for regulating blood viscosity and other rheological 

properties of blood flow, tissue perfusion, and properties of major blood cells 

(Meiselman, 2009). The aggregation and disaggregation behaviors that occur in the 

bloodstream vary in different gender and age groups and alters differently in many 

pathophysiological processes including cardiovascular diseases and inflammatory 

and infectious conditions (Samocha-Bonet et al., 2004). Therefore, an in-depth 

understanding of the interaction dynamics of RBC can help reveal the general 

interaction and communication activity among biological tissues/cells (Chien et al., 

1990). The exploration of potential methods capable of modulating RBC 

interaction processes will contribute to the development of effective blood 

microcirculation monitoring and therapeutic approaches.  

Optical tweezers (OT) based on the use of light-created potential well have 

been developed rapidly from a novelty of laser technique to a single-cell level 

versatile tool indispensable in many research fields including biology, medicine, 

nanoengineering, and quantum optics (Ashkin, 2000). With OT, various types of 

RBC studies including deformation, rotation, fixation and transport, and controlled 

interaction, have been achieved and many features of RBC have been explored 

precisely (Xie & Liu, 2021). However, a limited number of studies have been 

performed in RBC dynamic interaction by OT and many aspects of RBC interaction 
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have not yet been disclosed (e.g., factors regulating the RBC interaction and 

methods to control and modify the interaction process).  

Low-level laser (light) therapy (LLLT) or photobiomodulation is the practice 

of inducing therapeutical biological alterations through low-energy irradiation by 

various light sources especially lasers that have been widely applied in clinical 

treatment (Anders et al., 2015). The potential of laser blood therapy in delivering 

therapeutic effects to the whole body through the blood circulation system is 

constantly being explored (Chung et al., 2012). Though many empirical therapeutic 

effects are discovered, and novel devices have been developed for a variety of 

applications, the specific biological mechanism is still obscure (Hamblin & 

Demidova, 2006).  

In this thesis, the effects of intercellular interaction time and contact area (i.e., 

contact history in the aggregation process and initial overlapping in the 

disaggregation process separately) on RBC dis/aggregation dynamics are studied. 

Moreover, rigorous investigation of photobiomodulation effects of laser irradiation 

on the in vitro rheological properties of RBC at a single-cell level brings new 

insight into the understanding of laser-blood modulation mechanism.   

1.2 Objective and research questions 

The main objective of this thesis is to explore the fundamental RBC interaction 

dynamics and to clarify several not well-defined influencing factors with OT, as 

well as to apply the established research protocol in facilitating the laser-blood 

photobiomodulation research at the single-cell level innovatively.  

In the current work, the assessment of RBC spontaneous aggregation at stasis 

from the observation by optical microscopy and the evaluation of RBC aggregation 

force under various interaction conditions by OT were performed. The RBC 

interaction dynamics in the OT-induced disaggregation process were analyzed. In 

particular, the photobiomodulation effects of laser irradiation with various 

irradiation conditions on the rheological properties of RBC, including spontaneous 

aggregation, deformation, and enforced disaggregation, were studied. The 

following research questions were addressed in the present study:  

1. Is there new experimental evidence to clarify the validity of the two existing 

mutually exclusive theoretical models describing the mechanism of the 

different interaction processes of RBC? 
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This research question aims to further clarify the applicability of the existing 

theoretical models to RBC interaction processes with new experimental evidence. 

To answer this research question, the basic dynamic energy changes in RBC 

dis/aggregation need to be measured. The interaction factors that may have 

different influence on RBC dis/aggregation in the prediction of two theoretical 

models (i.e., the bridging and the depletion model) but which are not yet well-

clarified in the existing reports need to be evaluated carefully.  

2. What are the potential photobiomodulation effects of laser irradiation with 

different parameters on the rheological properties of RBC in vitro?  

This research question aims to utilize the established RBC measurement protocol 

by OT in investigating the potential biomodulation effects caused by laser 

irradiation at a single-cell level.  

3. What are the possible mechanisms of the photobiomodulation effect of laser 

irradiation on RBC?  

This research question aims to analyze and extract potential photobiomodulation 

mechanisms at laser blood irradiation based on the experimental observations and 

results with adequate literature review and analysis on the RBC photochemistry 

and photobiology.  

1.3 Outline of the thesis 

This doctoral thesis is divided into six chapters and the main content of each chapter 

is briefly described as below:  

– In Chapter 1 (Introduction), the basic background and the objective and 

motivation of the research are introduced, and the research questions of the 

thesis are outlined.  

– In Chapter 2 (Theoretical foundation), the literature and research foundation of 

the thesis are summarized and presented from three aspects: the physiological 

and clinical research foundation of blood and RBC, the development and 

theories of OT, and the foundation and mechanisms of laser biomodulation 

especially of blood irradiation (Paper Ⅲ and Ⅴ).  

– In Chapter 3 (Materials and methods), the detailed preparation procedure of 

the blood sample, the design of the main experimental setups, and the detailed 

documentation of the measurement methodologies are presented.  
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– In Chapter 4 (Results), the main results and discoveries of the work are 

presented from four aspects: the measurement of RBC aggregation and 

disaggregation dynamics and influencing factors (Paper Ⅳ and Ⅶ), and the 

photobiomodulation of continuous and pulsed laser irradiation on RBC 

delivered by different protocols (Paper Ⅰ, Ⅱ, and Ⅵ).  

– In Chapter 5 (Discussion), a general discussion of the research relating to the 

research questions and implications of the results are presented and future 

research is prospected.  

– In Chapter 6 (Summary), the most important results are summarized and 

conclusions are drawn.  
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2 Theoretical foundation 

2.1 Physiological research foundation of blood and RBC 

2.1.1 Blood composition and functions 

Blood is one of the best-investigated internal fluid circulating through the vascular 

network that feeds the organs and tissues with oxygen and vital metabolic materials 

while removing metabolic waste, especially carbon dioxide (Corrons et al., 2021). 

By circulating white blood cells and transmitting hormones, blood performs 

important immunological and messenger functions (Corrons et al., 2021). The 

coagulation and platelet activation of blood are essential to close off damaged 

vessels and halt the blood when an internal or external wound occurs (Versteeg et 

al., 2013). As a fluid tissue with a volume of 70 ml per kilogram of body weight, 

blood is responsible for the regulation of body temperature (Ashton, 2010).  

As shown in Figure 1, blood is composed of complex cellular compartment 

suspended in plasma. The liquid phase plasma is a compound salt solution 

containing various important water-soluble substances ranging in size from tens to 

millions of Daltons including metabolites (e.g., glucose, cholesterol, lactate, 

creatinine, urea) (Fiehn & Kind, 2007), proteins (serum albumin, transferrin, 

clusterin, fibrinogen, fibronectin, etc.) (Surinova et al., 2011), and electrolytes (e.g., 

K+, Na+, Ca2+, Cl−, Mg2+, Li+) (Corrons et al., 2021). The main cellular 

compartment in blood consists of RBC, or erythrocytes, white blood cells (WBC), 

or leukocytes, and platelets (thrombocytes), among which the most abundant 

(99.9%) are RBC (Ashton, 2010). Blood circulates continuously in the circulation 

system at a speed over a certain limit, which is regulated by the joint action of 

driving pressure generated by the heart, flow resistance due to complex vascular 

geometry, and the rheological properties of blood, as illustrated in Figure 1 

(Marossy et al., 2009).  

As the predominant cellular compartment of blood, the biophysical properties 

of RBC greatly contribute to blood rheology, thus exerting a non-negligible 

influence on the circulation system at various levels (Marossy et al., 2009). The 

important characteristics of RBC, including deformability, surface charge, and 

aggregation and disaggregation behaviors that occur in the bloodstream are 

discussed in detail in this section. 
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Fig. 1. Illustration of blood composition and main factors regulating blood circulation 

in the circulatory system (Marossy et al., 2009).  

2.1.2 Physiological background of RBC research 

There are about 4.2 to 5.5 million (female), 4.5 to 6.3 million (male) RBC per 

microliter of human blood with an average life cycle of approximately 120 days 

(Ashton, 2010; Corrons et al., 2021). Human RBC are enucleated highly flexible 

cells produced from pluripotent haemopoietic cells in the bone marrow and are rich 

in hemoglobin in the cytoplasm (Klinken, 2002). The cell morphology and life 

function are inseparable elements. Scanning electron microscopy (SEM), which 

can construct three-dimensional images, has been a useful supplementary tool for 

exploring the morphological characteristics of RBC as it can provide the evaluation 

of the true cell morphology under normal and pathological conditions. As shown 

by colored SEM images of RBC in Figure 2, mature RBC are in distinct bi-concave 

discoid shape with a disk diameter of about 6.2–8.2 μm. RBC have a thickness of 

2.0–2.5 μm at the thickest point and 0.8–1 μm in the center, a mean cellular volume 

referred to as the mean corpuscular volume (MCV) of 83–98 fL, and a surface area 

of around 140 μm2 (Corrons et al., 2021; Klinken, 2002). The large surface area to 

volume ratio gives RBC the advantage of oxygen storage capacity and ensures their 

fundamental function of gaseous transportation and exchange. The key 

physiological function and life cycle of RBC are closely related to its two main 

components: the cell membrane and the huge amount of hemoglobin wrapped in 

the membrane (Paper Ⅰ).  
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Fig. 2. Colored SEM images revealing the morphological information of RBC. 

As a selective barrier between the cytoplasm and blood plasma, the RBC membrane 

not only plays a vital role in regulating and controlling the cell volume, metabolism, 

and life span of circulating RBC, but is also actively involved in the environmental 

stimuli sensing during the circulation process (Arias & Arias, 2017). The RBC 

membrane resembling most animal membranes is mainly composed of proteins, 

lipids, and carbohydrates as shown in Table 1 (Mohandas & Evans, 1994).  

Table 1. Composition of the RBC membrane with and without water (Mohandas & Evans, 

1994). 

Composition Concentration (w/w) Composition of the dry mass Concentration (w/w) 

Water 19.5%   

Proteins 39.6% Proteins 49.2% 

Lipids 35.1% Phospholipids 32.5% 

Cholesterol 11.1% 

Carbohydrates 5.8% Neutral sugars 4.0% 

Hexosamines 2.0% 

Sialic acids 1.2% 

Structurally, the RBC membrane is a three-layer organization consisting of the 

glycocalyx, the phospholipid bilayer and the cytoskeleton, as shown in Figure 3 

(Gordon-Smith, 2013). The glycocalyx, or pericellular matrix, is a dense covering 

on the exterior surface of the cell membrane formed by polysaccharide chains of 

glycoprotein and glycolipid (Atukorale et al., 2015). The phospholipid bilayer, or 

membrane lipid bilayer, is an extremely thin polar membrane that is rich in 

transmembrane proteins and is mainly composed of amphiphilic phospholipids, 

whose molecule has a hydrophilic “head” and two hydrophobic “tails” derived 

from fatty acids, organized in two layers in a tail-to-tail manner (Mohandas & 

Gallagher, 2008). The transmembrane proteins are responsible for the shape and 
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flexibility of RBC and are asymmetrically arranged among the bilayer (Mohandas 

& Gallagher, 2008). The lipid bilayer that is permeable to oxygen, partially 

permeable to water, but impermeable to most hydrophilic molecules and charged 

ions ideally acts as a barrier to the environment inside and outside RBC and allows 

cells to selectively transport ions through membrane transporter (ion pumps) to 

regulate salt concentration and pH (Goodhead & MacMillan, 2017). The inner shell 

of the red cell membrane, cytoskeleton, is a pseudohexagonal meshwork of proteins 

and is attached to the phospholipid bilayer through the junctional complexes 

formed by the interaction of spectrin, actin, and protein 4.1 (Lux, 2016). The long, 

flexible cytoskeleton protein spectrin contains two parallel chains (α- and β-

spectrin) interconnected through tetramers in a highly ordered arrangement and 

contributes to the red cell deformability (Lux, 2016).  

Fig. 3. Structural organization of RBC membrane. Red cell membrane is rich in proteins 

and some cytoskeleton proteins (protein 2.1 and 4.1) are identified by numbers 

corresponding to their positions on electrophoresis. Spectrin scaffold composed of two 

associated chains (α- and β-spectrin) is attached to the lipid bilayer through junctional 

complex. (Reproduced, with permission, from Gordon-Smith, 2013 © 2013 Elsevier Ltd.). 

The membrane protein, which accounts for nearly half of the membrane mass, is 

an indispensable part of the cell membrane and plays an important role in the 

morphological and functional characteristics of RBC. There are at least ten major 

and over one hundred minor types of membrane proteins, which can be categorized 

into “peripheral proteins” and “integral proteins” according to the ease of 

separation from the cell membrane (Gordon-Smith, 2013). The peripheral proteins 

including spectrins (α- and β-spectrin) are associated with the interior surface of 

the lipid bilayer and are easily detached by ionic and pH strength (Mohandas & 
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Gallagher, 2008). The integral proteins such as glycophorins and band 3 are firmly 

linked to the lipid bilayer through hydrophobic interactions and are hard to remove 

from the cell membrane (Mohandas & Gallagher, 2008). Based on their functional 

characteristics in the membrane ultrastructure, membrane proteins can also be 

divided into three categories: skeletal proteins, integral proteins, and anchoring 

proteins (Steck, 1974). Skeletal proteins (e.g., spectrins, protein 4.1, and actin) 

constitute the cytoskeletal network, integral proteins (e.g., band 3) are mainly in 

the lipid bilayer, while anchoring proteins such as ankyrin (protein 2.1) and protein 

4.9 connect the membrane skeleton and integral proteins. Other important 

membrane proteins include blood type antigens, anion exchange proteins, 

transporter proteins (e.g., water/glucose/gas transporter), etc. (Mohandas & Evans, 

1994).  

Mature RBC are often regarded as sacks of hemoglobin as they are enucleated 

cells free of most cell organelles and thus provide the maximum space for the iron-

containing oxygen-transport cytoplasmic content, which is hemoglobin (Klinken, 

2002). Human hemoglobin, which accounts for 95% of the dry mass of RBC, is a 

tetrameric protein molecule formed by four heme groups and two sets of 

symmetrically paired polypeptide chains (the α- and β-chains) (Scott et al., 2005). 

The basic biophysical properties of hemoglobin are shown in Table 2, detailed 

information can be found in references (Cokelet & Meiselman, 1968; Mohandas & 

Gallagher, 2008). The characteristic absorption spectra of hemoglobin and water 

are demonstrated in Figure 4 (Shen et al., 2013). The main function of hemoglobin 

is oxygen (O2) transportation by reversibly binding to oxygen, while other gaseous 

compounds including carbon monoxide (CO), carbon dioxide (CO2), and nitric 

oxide (NO) are also able to specifically attach to hemoglobin (Schechter, 2008).  

Table 2. Important parameters reflecting the characteristics of hemoglobin (Cokelet & 

Meiselman, 1968; Mohandas & Gallagher, 2008). 

Hemoglobin concentration of 

normal RBC  

30-35 g/dL Mean cell hemoglobin 

concentration  

33 g/dL 

Molecular weight 64.5 kDa Oxygen-binding capacity 1.34 mL/g 

Hemoglobin viscosity (increases 

with concentration)  

5 cp at 27 g/dL 15 cp at 37 g/dL 45 cp at 40 g/dL 

170 cp at 45 g/dL 650 cp at 50 g/dL  
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Fig. 4. Absorption spectra of hemoglobin (HbO2), deoxyhemoglobin (Hb), and water in 

the ultraviolet to near infrared regions as a function of wavelength. The red area 

indicates the tissue optical window. (Reproduced, with permission, from Shen et al., 

2013 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).  

Blood cell research has long been of tremendous clinical and scientific interest for 

several reasons (Klinken, 2002). Firstly, the in vivo and vitro survival of RBC is 

essential for maintaining the steady concentration of hemoglobin and the basic 

physiological activities of life and is critical in stored blood for transfusion 

purposes (Lion et al., 2010). Secondly, RBC are usually treated as a “model system” 

for studying most single living cells in terms of material properties of the cell 

membrane, conversion of mechanical forces to biological reactions, and theoretical 

modelling of cell geometry (Dao et al., 2003). Lastly, modified/impaired RBC 

properties have been found associated with many pathological conditions including 

anemias, hemolysis, erythrocytosis, and cardiovascular diseases (Porro et al., 2014). 

Studies on RBC under normal and pathological conditions have not only expanded 

our knowledge about disease status but also advanced the development of related 

diagnostics and treatments (Morera & MacKenzie, 2011). Furthermore, benefited 

by optimized engineering strategies, reengineered RBC have demonstrated 

invaluable values and perspectives in biomedical applications (Pierigè et al., 2017). 

Natural human RBC and synthesized RBC-mimicking particles have been widely 

used as carriers for transportation and targeted-delivery of both diagnostic and 

therapeutic agents (Paper Ⅱ).  
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2.1.3 Deformability of RBC 

RBC possess distinctive mechanical properties of rapidly responding to fluid 

stresses, enduring large deformations and distortions, and then resuming a normal 

shape without cell lysis through their approximate 120-day life span in circulation 

(Mohandas & Evans, 1994). Extensive biophysical studies found that cell geometry, 

especially the cell surface to volume ratio, cytoplasmic viscosity, and intrinsic 

membrane viscoelastic property are the three predominant constitutive regulators 

of RBC deformability (Mohandas & Gallagher, 2008). Surface area-to-volume 

ratio is the most important extrinsic factor in deformability of mammalian RBC 

(Evans, 1989). The highly cohesive membrane lipid bilayer greatly opposes area 

dilation, thus imposing a geometric constraint on RBC deformation (Evans, 1983). 

Within this constraint, the RBC can be easily deformed with a constant surface area, 

whereas small area changes are expected when large stresses are imposed and cells 

are in late stages of sphering (Evans, 1989; Zarda et al., 1977).  

RBC cytoplasmic viscosity is dependent on both the cell volume and the 

internal property and concentration of intracellular hemoglobin (Pfafferott et al., 

1985). RBC deformability decreases with the increase of cytoplasmic viscosity, 

which increases sharply with increasing hemoglobin concentration (Scott et al., 

2005). This is manifested during RBC senescence, as the progressively decreased 

volume and surface area of RBC results in increased cytoplasmic viscosity and 

weakened cell deformability (Pfafferott et al., 1985). The formation of Heinz bodies 

composed of damaged hemoglobin due to oxidative stress, inherited mutations, or 

malaria parasite infections may increase RBC rigidity by elevating cytoplasmic 

viscosity (Mohandas & An, 2012; Stuart & Nash, 1990). The loss of intercellular 

cation (K+), which is the main determinant of cytoplasmic water concentration, may 

increase cytoplasmic viscosity due to cell dehydration, thus damaging cell 

deformability (Stuart & Nash, 1990).  

The intrinsic membrane viscoelastic property is determined by the special 

structural arrangement and exquisite interactions among embedded proteins 

(Mohandas & Gallagher, 2008). Certain disease states related to RBC membrane 

disorders that arise from mutations in the cytoskeleton protein network, such as 

hereditary spherocytosis (HS), hereditary elliptocytosis (HE), Southeast Asian 

ovalocytosis (SAO), and hereditary stomatocytosis, often affect the inherent 

deformability of RBC membranes (Mohandas & Gallagher, 2008). Alterations of 

the quantity of membrane proteins and of cross-linking between membrane proteins 

(e.g., spectrins, glycophorins, and band 3 protein) induced by internal and external 
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factors (e.g., free radical attack) can cause significant changes in cell deformability 

(Stuart & Nash, 1990). In particular, the hemoglobin-membrane interactions 

through noncovalent bonding and chemical cross-linking have been studied as a 

main determinant of RBC deformability (Kosmachevskaya et al., 2019). Other 

factors regulating RBC deformability include concentrations of nitric oxide (NO) 

and erythrocyte adenosine triphosphate (ATP), osmolarity, and temperature (Kim 

et al., 2015). Interestingly, both low (as low as 4 ℃) and high (up to 48 ℃) 

temperatures reduce the deformability of RBC, which is relatively stable in the 

range of 25 to 37 ℃ (Kim et al., 2015; Nash & Meiselman, 1985).  

The development of modern technical solutions has enabled the simulation of 

biological forces within the circulation system and facilitated the characterization 

of viscoelastic parameters of RBC to quantitatively describe the cell deformability 

and evaluate the complex deformation in flow conditions (Kim et al., 2015). When 

considered as a 2-dimensional (2D) continuum model, the shape change of the RBC 

membrane can be simplified into three fundamental deformation modes including 

area expansion, shear, and bending, of which the corresponding mechanical elastic 

moduli can be extracted from the in vitro measurement of RBC (Musielak, 2009). 

RBC deformation in microcapillary flows mimicking the in vivo conditions within 

the microvessel is more complicated and is observed to be asymmetric even in the 

symmetric flow, as shown in Figure 5 (Kaoui et al., 2009). The basic biconcave 

disk shape of RBC in a quiescent fluid may transform into a parachute-like 

axisymmetric shape with the increase of the flow velocity and could convert to a 

transient slipper-like asymmetric shape in a complex flow condition (e.g., 

Poiseuille flow with a parabolic velocity field) (McWhirter et al., 2011).  
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Fig. 5. (a) Illustration of RBC deformation within microcirculation. (Adapted, with 

permission, from Corrons et al., 2021 © 2021 Authors, under exclusive license to 

Springer-Verlag GmbH Germany, part of Springer Nature). (b) Illustration of the 

evolution of RBC shape in the plane of maximum flow velocity and cell volume. 

(Reproduced, with permission, from Kaoui et al., 2009 © 2009 The American Physical 

Society).  

The methodologies for investigating RBC deformation can be divided into two 

categories: statistical methods based on a large quantity of cells and accurate 

measurement techniques based on single cells. Well-developed multi-cell methods 

include filtration method, microfluidic filtration, rotational viscometer, laser 

diffractometry, and RBC shape recovery method (McWhirter et al., 2011; 

Tomaiuolo et al., 2009). A typical bulk-cell-filtration method assesses the RBC 

deformability by measuring the transit time required for a sample to pass through 

a polycarbonate filter or microfluidic device with pores of different numbers and 

sizes (McWhirter et al., 2011). Modern single-cell deformation assays include 

micropipette aspiration, atomic force microscopy, optical tweezers (OT), and 

quantitative phase imaging (Kim et al., 2015). Similar to the filtration method in 

principle, micropipette aspiration measures the time taken to suck a single cell into 

a glass micropipette of varied sizes from 1 to 10 μm in diameter (Musielak, 2009). 

In this thesis, OT is the main research method used and will be introduced in detail 

in the following sections.  
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2.1.4 Electrophysiological properties  

Vertebrate RBC are overall negatively charged owing to the existence of abundant 

sialic acid molecules on the exterior surface of the cell membrane capping the 

glycocalyx (Atukorale et al., 2015). The RBC surface electrical charge has been 

evaluated by an electrophoretic mobility test (EMT), in which the cell movement 

in a conductive aqueous buffer medium in an external electric field is monitored, 

and the effective net charge can be calculated with the measured RBC surface area 

(Abramson & Moyer, 1936). As shown in Figure 6, the negative net charge on the 

outer surface of RBC membrane attracts a layer of oppositely charged ions in the 

suspension to be bonded around the interfacial surface (Fernandes et al., 2011). 

This layer formed to neutralize the cell charge is called a compact layer, as it is 

immobile due to a strong electrostatic force. At the shear plane, which is the 

interface between the compact layer and mobile fluid (diffuse layer), exists the 

electric potential generated by the double electrical layer surrounding RBC known 

as zeta potential (Fernandes et al., 2011).  

As the exterior surface of the cell membrane is the first place where the 

interactions with the external environment and exogenous materials happen, the 

surface charge of RBC has a broad impact on RBC activities and reengineering of 

RBC for biomedical applications (Paper Ⅱ). For instance, reduction of surface 

charge on the RBC membrane may decrease RBC labelling efficiency (Seldin et 

al., 1988). Manipulation of the charge of engineered nanomaterials can regulate the 

circulation lifespan and adsorption rate of nano-carriers in the RBC-medicated in 

vivo delivery systems (Paper Ⅱ). The electrostatic repulsive force that could be in 

effect over a distance of 20 nm not only inhibits the excessive clumping of RBC in 

the blood flow, but also affects the interspace between RBC in formed clusters (Jan 

& Chien, 1973). Along with the shedding of sialic acid during cell aging, RBC with 

changed electrical properties are targeted by macrophages and eliminated in the 

spleen, liver, and bone marrow through the reticuloendothelial system (RES) (Y. X. 

Huang et al., 2011).  
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Fig. 6. Illustration of electric charge distribution surrounding a negatively charged RBC. 

(Reproduced under CC BY 4.0 license from Fernandes et al., 2011 © 2011 Authors).  

2.1.5 RBC aggregation and disaggregation 

Phenomenon and definition of RBC aggregation and disaggregation 

Erythrocyte or RBC aggregation is a biological process in which RBC 

spontaneously form a special linear structure termed rouleau (plural: rouleaux) 

resembling a stack of coins through face-to-face attachment due to intercellular 

interactions between RBC (Baskurt & Meiselman, 2013). Under suitable 

conditions of cell concentration, solution properties, available space, etc., large 

two- or three-dimensional aggregates can occur via face-to-edge and edge-to-edge 

joints between basic linear rouleaux (Baskurt & Meiselman, 2013). Figure 7 

illustrates the structure and morphology of RBC aggregates formed in a suspension 

of normal erythrocytes in autologous platelet-free plasma within a two-dimensional 

sample chamber (i.e., a thin space formed between a microscopic slide and a cover 

glass) under static in vitro condition (Paper Ⅲ and Ⅳ). The biological process of 

aggregate formation is defined as RBC aggregation, which is reversible as the 

rouleaux structure can be disengaged by external forces and is restored upon the 

elimination of external forces (Meiselman, 2009). The process of separation and 

releasing cells in aggregates is in turn defined as disaggregation, which is typically 

achieved under the action of external forces applied by blood flow or mechanical 

stress within the circulatory system (Chien et al., 1990; Skalak, 1984).  

The intrinsic cellular property or tendency of RBC to form rouleaux is 

dependent on cell physiochemical characteristics and is termed as RBC 
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aggregability (Meiselman, 2009). Meanwhile, RBC aggregation process and results 

are dependent on both cell-specific features and suspension attributes (Wagner et 

al., 2013). The type, concentration, and molecular weight of “aggregant” such as 

plasma macromolecules (fibrinogen, globulin, albumin, etc.) and high molecular 

weight neutral polymers (dextran, polyethylene glycol (PEG), 

polyvinylpyrrolidone (PVP), etc.) in cell suspension are the main determinants of 

RBC aggregation (Steffen et al., 2013). Without any macromolecules, e.g., in 

protein/polymer-free buffer solutions, RBC do not aggregate (Baskurt & 

Meiselman, 2013). RBC aggregability differs from donor to donor, and adult and 

elder RBC exhibits stronger aggregation than neonatal and younger RBC in the 

same suspending medium (Ermolinskiy et al., 2020; Rampling et al., 2004). RBC 

aggregation is also enhanced by reducing the surface charge with neuraminidase 

enzyme (Jan & Chien, 1973). 

Fig. 7. Illustration of RBC aggregation in autologous plasma observed by a light 

microscopy with a 20× objective. (Adapted, with permission, from Paper V © 2021 

Society of Photo-Optical Instrumentation Engineers [SPIE]).  

Measurements of RBC aggregation  

RBC aggregation can be easily observed by light microscopy as demonstrated in 

Figure 7. Various techniques and different devices including blood film, intravital 

microscopy, high-frequency ultrasound, and optical coherence tomography (OCT), 

have been adopted to evaluate RBC aggregation in varying suspending medium 

and different geometry and flow conditions (Baskurt et al., 2009). The erythrocyte 

sedimentation rate (ESR) test evaluates RBC aggregation by recording the rate 
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(mm/h) at which cells settle to the bottom in a blood sample in a test tube (e.g., 

Westergren tube or Wintrobe hematocrit tube) (Alende-Castro et al., 2019). This is 

one of the oldest methods and is still a routine blood test for inflammation in 

modern clinical practice. However, ESR is a time-consuming (one hour), non-

specific test based on whole blood samples and is highly related to hematocrit. 

Changes both in blood plasma (e.g., increase in protein levels) and in RBC (shape 

disorders such as sickles cells and spherocytosis) have effects on the ESR results.  

Photometric methods combined with microfluidic chips are widely applied in 

RBC aggregometry as the light reflectance (LR) and transmittance (LT) profiles of 

a blood sample alter during the time course of RBC aggregation (Priezzhev et al., 

1999; Shin et al., 2009). The size and structural characteristics of RBC aggregates 

can be estimated qualitatively and quantitatively in a multiple scattering regime by 

diffusing wave spectroscopy (DWS) (Korolevich et al., 2001; Korolevich & 

Meglinsky, 2000; Meglinski et al., 2001). OCT based on low-coherence 

interferometry acquires high-resolution cross-sectional images of a layer of RBC 

suspension to provide efficient real-time monitoring of RBC aggregation (Kirillin 

et al., 2005). Optical methods are considered the most informative approach in 

erythrocyte aggregation examination, as they are capable of providing instant 

evaluation of size, shape, and concentration of formed aggregates (Priezzhev et al., 

1999). Photoacoustic imaging (PAI) is a non-invasive method to examine the 

optical and thermomechanical properties of biological tissues by detecting the 

backscattered broadband ultrasonic signals generated by transient thermoelastic 

expansion following energy absorbing from the illuminating light (Hysi et al., 

2012). The usage of PAI modality in RBC aggregation analysis enables the high-

resolution functional mapping of the in vivo vasculature based on the differentiation 

of the oxygenation state of hemoglobin in addition to the assessment of aggregate 

size (Hysi et al., 2012).  

Clinical significance of RBC aggregation  

RBC aggregation can be regarded as a model system to study the interaction 

mechanism between general biological cells and reveal the dynamic energy balance 

on the cell surfaces (Chien et al., 1990). The phenomenon of RBC aggregation and 

processes associated with RBC clusters are of considerable significance in multiple 

scientific areas including blood rheology, circulatory and cardiovascular 

physiology, and clinical medicine (Baskurt & Meiselman, 2013; Minetti et al., 

2013). The rheological or flow properties of in vivo blood that play significant roles 
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in proper tissue perfusion and level of oxygenation are affected by hematocrit, 

plasma viscosity, temperature, and properties of major blood cells (Meiselman & 

Baskurt, 2003). Normal whole blood is a non-Newtonian fluid whose viscosity (i.e., 

intrinsic resistance to flow) is dependent on the external shear stress or shear rate 

history (Pop et al., 2002). Since RBC aggregates occur spontaneously under low 

external forces or at stasis and can be reversibly dispersed to individual cells under 

high external forces, RBC aggregation and cell deformability become the main 

determinants of blood flow viscosity at low- and high-shear conditions, 

respectively (Meiselman & Baskurt, 2003).  

In the systemic circulation, after the arterial blood flow passes through the 

arterioles, RBC aggregates are dispersed into individual cells by increased flow 

resistance to facilitate the passage of blood through small capillaries and are 

reformed after being collected in venules (Pop et al., 2002; Sheng et al., 1995). On 

the one hand, enhanced RBC aggregation would increase flow resistance in bulk 

flows as the aggregate size is increased (Baskurt, 2008). On the other hand, 

redistribution of blood cellular compartments characterized by RBC axial 

migration to the center of blood vessels or test tubes caused by intensified 

aggregation would generate a cell-poor layer near the vessel or tube walls, thus 

reducing the frictional resistance and blood viscosity in this area (Baskurt, 2008). 

The complexity of the relationship between RBC aggregation and in vivo 

hemodynamics has been well documented (Baskurt & Meiselman, 2013; 

Meiselman & Baskurt, 2003).  

The extant of RBC aggregation differs in different gender and age groups, 

increases in non-pathological conditions such as menstruation, pregnancy, and 

delivery (Alende-Castro et al., 2019). Morbid changes in the human body can 

induce alterations in RBC properties and in the type and concentration of plasma 

proteins that will further affect the RBC aggregation and disaggregation behavior 

(Lademann et al., 2001). Elevated RBC aggregation has been identified to be 

associated with many pathophysiological processes including inflammatory and 

infectious conditions, metabolic disorders (e.g., obesity and diabetes), anemia, and 

kidney failure (Samocha-Bonet et al., 2004). Abnormal RBC aggregation has 

become an important indicator of the development of cardiovascular diseases such 

as hypertension, myocardial ischemia and infarction, cerebral ischemia and stroke, 

atherosclerosis, and circulatory shock (Lominadze et al., 2010; Wu et al., 2018). 

More recently, studies have reported noticeably elevated RBC aggregation by a 

routine ESR test in acute coronavirus infectious disease 2019 (COVID-19) and 
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abnormal sustention of the high level of ESR after the recovery in some cases (Pu 

et al., 2021).  

Therefore, inspection of the RBC aggregation phenomenon and the underlying 

cell interaction mechanism could provide valuable information for a better 

understanding of various physiological and pathological processes and contribute 

to the development of rapid and effective diagnostics and treatment of certain 

diseases.  

Mechanism of RBC interaction  

The concentration, physicochemical properties, and molecular weight of neutral 

polymers have direct effects on the intercellular interaction among RBC and the 

correlations between a reduction of the surface charge or elevation of plasma 

proteins and intensified RBC aggregation have been demonstrated (Neu & 

Meiselman, 2002). A variety of intrinsic factors (e.g., RBC aggregability) and 

cellular environmental conditions including pH and the presence of CO2 on RBC 

aggregation (i.e., the rate of rouleaux formation) have been disclosed quantitatively 

(Cicha et al., 2003). However, the complicated and multifactorial interaction 

mechanism between RBC in aggregation dynamics has not been fully elucidated to 

date. At present, two contradictory mainstream theories, the bridging and depletion 

models, have been well established to clarify the RBC aggregation behavior in 

different suspension medium (e.g., protein or polymer solutions) (Bäumler et al., 

1999). As illustrated in Figure 8(a), the bridging model developed based on the 

non-specific or specific binding of plasma proteins or neutral macromolecules on 

the cell membrane infers that adjacent RBC are cross-linked by the bridges formed 

by the molecules absorbed on both cell surfaces (Chien & Jan, 1973). The depletion 

model developed in the field of colloid chemistry under non-absorbing conditions 

assumes the existence of a depletion layer near a smooth or hairy surface due to the 

loss of configurational entropy of the suspending molecules (Neu & Meiselman, 

2014), as illustrated by the black ellipses surrounding the cell surfaces in Figure 

8(b). When two depletion layers of adjacent surfaces overlap, the reduction of 

osmotic pressure depending on the parallel distance between the two surfaces 

produces an attractive force, resulting in cell aggregation (Neu & Meiselman, 2014).  
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Fig. 8. Illustration of (a) the bridging model and (b) the depletion model for interpreting 

the RBC aggregation micromechanics in presence of protein or polymer 

macromolecules. Black ellipses around RBC illustrate the depletion layers of low-

macromolecule concentration near the cell surfaces. 

Regardless of the interaction mechanism, RBC aggregation and disaggregation are 

a dynamic equilibrium process of the forces between the cell surfaces. Surface 

bridging force (Fb) (in bridging model) or osmotic stress (Fd) (in depletion model), 

electrostatic repulsive force (Fe), hydrodynamic force (e.g., shear force, Fs), and 

cell deformation force (especially in disaggregation process, Fm) are involved 

(Bäumler et al., 1999; Y. Liu & Liu, 2006). The net force of aggregation (Fa) is 

expressed as 

 𝐹 𝐹 𝐹 𝐹 𝐹 . (1) 

In the depletion model, the total interaction energy (WT) evenly distributed on the 

cell surface can be calculated as the sum of depletion (osmotic) interaction energy 

(WD) and electrostatic interaction energy (WE) given by (Neu & Meiselman, 2002)  

 𝑊 𝑊 𝑊 . (2) 

In soft surfaces such as the RBC membrane, there is an “attached polymer layer” 

(e.g., RBC glycocalyx), which can be partially or fully penetrated by free molecules 

in a liquid environment (Vincent et al., 1986). The thickness of such an attached 

polymer layer is denoted by δ and related to the physicochemical properties of the 

soft surface (Neu & Meiselman, 2002). The penetration depth of free molecules 

into the attached polymer layer is dependent on the polymer characteristics 

including type, size, and molecular weight, and is denoted by p (Neu & Meiselman, 

2002). The depletion interaction energy (WD) as a function of the depletion layer 

thickness (Δ) and the parallel distance (d) between adjacent cell surfaces can then 

be given by (Vincent et al., 1986) 
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 𝑊 2Π Δ 𝛿 𝑝 , (3) 

where Π is the osmotic pressure term related to the chemical properties of the 

suspension and can be calculated by (Neu & Meiselman, 2002) 

 Π , (4) 

where v1 represents the molecular volume of the solvent, and μ1 and μ1
0 represent 

the chemical potential of the solvent in the solution with and without polymer, 

respectively. The depletion layer thickness (Δ) in the Equation (3) can be derived 

from an analytical approach based on a model of a hard flat surface in a non-

absorptive polymer solution (Vincent, 1990).  

The negative charge on RBC surfaces and the zeta potential formed on the 

shear plane result in electrostatic repulsion between adjacent RBC (Abramson & 

Moyer, 1936; Jan & Chien, 1973). The zeta potential (ξ) can be calculated by the 

Helmholtz-Smoluchowski equation as (Jan & Chien, 1973)  

 𝜉 360𝜋𝜂 𝑢 𝐷⁄ , (5) 

where ηo and D denote the viscosity and the dielectric constant of the fluid medium 

in which RBC are suspended, and u denotes the RBC electrophoretic mobility. 

Based on the distribution of electric double layer near the cell surface, the 

electrostatic potential between two adjacent cells (Ψ) can be calculated as the 

superposition of the electric potential of single cells, which can be obtained by 

solving the Poisson-Boltzmann equation (Jan & Chien, 1973; Neu & Meiselman, 

2002). For two parallel cells with a separation distance of d, the electrostatic 

potential can be expressed as a function of surface charge density (ρ) (Jan & Chien, 

1973). The electrostatic free energy between two adjacent cells can then be 

calculated based on an isothermal charging process as (Neu & Meiselman, 2002)  

 𝐸 Ψ 𝜌,𝑥 𝑑𝜌𝑑𝑥. (6) 

Therefore, the electrostatic interaction energy (WE) in the Equation (2) can be given 

by (Neu & Meiselman, 2002) 

 𝑊
sin 𝜅𝛿 𝑒 𝑒                                      𝑑 2𝛿
𝜏 𝑒 1 sinh 𝜏 sinh 𝜅𝛿 𝑒  𝑑 2𝛿

, (7) 

where ρ and δ are the surface charge density and thickness of attached polymer 

layer (i.e., RBC glycocalyx), respectively. ε and ε0 are the relative permittivity of 
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the fluid medium and the vacuum permittivity, κ is the Debye-Huckel function, τ1 

and τ2 denote the equations of (κδ−κd) and (2κδ−κd), respectively.  

The mechanism of the bridging model is dominant in the cell disaggregation, 

and experimental studies have shown that the adhesive energy density (wB) 

increases with the peeling extent of the conjugated area in an aggregated cell-pair 

(Chien & Jan, 1973). This corroborates the notion that the cross-bridging proteins 

attached to both cells can laterally migrate to the conjugated area while decreasing 

the intercellular contact (Tozeren et al., 1989). Based on the classical Young 

equation applied to the peeling of two adhesive interfaces, the energy density 

required to break the unit-conjugated area can be calculated by (Tozeren et al., 1989)  

 𝑤 𝑇 1 cos𝜙 𝑇 1 cos𝜙 , (8) 

where Tc
1 and Tc

2 are membrane tensions of the two surfaces along the meridional 

direction, and ϕ1 and ϕ2 are the angles the two cells make with the contact surface. 

The membrane tensions can be evaluated experimentally by the equilibrium 

between the conjugated cells and the applied external peeling force (Tozeren et al., 

1989). When two interacting cells are of the same type with similar characteristics, 

Equation (8) can be calculated by (Tozeren et al., 1989) 

 𝑤 2𝑇 1 cos𝜙 2𝑚 𝑘 𝑇 𝑏 1 𝑏 𝐴 𝐴⁄⁄ , (9) 

where mo is the density of initial cross-bridges per unit surface area before adhesion, 

b is the binding affinity, and (kBT = 4.11 × 10−21 J) is the energy scaling factor as a 

product of Boltzmann constant and the absolute temperature, Ac is the conjugated 

area between two cells and Ao is the cell surface area (Tozeren et al., 1989). 

Expression (9) can also be written as 

 . (10) 

It can be seen from the Equation (10) that the reciprocal of the interaction energy 

density is a linear function of the conjugated area. Therefore, the most significant 

difference between the two interaction mechanisms is that the depletion interaction 

energy is uniformly distributed over the conjugated area between two surfaces and 

changes linearly with the contact area. In contrast, the bridging adhesive energy is 

unevenly distributed over the conjugated area and increases with the decreasing of 

the conjugated area.  

In conclusion, like other colloidal particles, depletion layers near the surface 

of biological cells (e.g., RBC) in suspensions of macromolecules commonly exist 

(Bäumler et al., 1999). In the presence of a variety of charged protein molecules 
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(such as in blood plasma), there are specific or non-specific adsorption of 

macromolecules on the surface of cell membranes, making the interaction 

mechanism between RBC more complex than in suspensions of neutral polymers 

(Lee, Danilina, et al., 2016; Skalak & Chien, 1983). The aggregation of RBC is 

generally considered to be dominated by the depletion mechanism, with the 

bridging mechanism involved (Bäumler et al., 1999; Lee, Kinnunen, et al., 2016). 

In contrast, the bridging mechanism predominates in RBC disaggregation process 

(Buxbaum et al., 1982; Lee, Wagner, et al., 2017). In the biological process of RBC-

endothelial cells (EC) adhesion, the attractive force mediated by the depletion 

mechanism brings cells in close proximity sufficient to promote the formation of 

stronger specific bridging (Neu & Meiselman, 2014). Therefore, the two 

mechanisms are equally important and often coexist and complement each other.  

2.2 Optical tweezers 

2.2.1 Development of optical manipulation 

The discovery of light pressure, or the observation of the forces exerted by light on 

an irradiated surface, can be traced back to Kepler’s observation of the orientation 

of a comet’s dust tail in the early 17th century. Until the late 19th century, the 

existence of light pressure was theoretically predicted by the Maxwell’s theory of 

light propagation based on the understanding that light as an electromagnetic wave 

has both energy and momentum (Poynting, 1883). After years of experimental 

exploration, the phenomenon of light pressure was finally experimentally observed 

in the early 20th century (Lebedev, 1901). With the well-establishment of lasers 

capable of carrying amplified optical field, the prototype of modern research on 

particle manipulation by light pressure was pioneered by Nobel laureate-Arthur 

Ashkin (1922–2020) in 1970 (Ashkin, 1970).  

In early-stage studies, relatively transparent particles were suspended in 

relatively transparent media to minimize the temperature gradient induced by light 

absorption and the corresponding radiometric forces, and to diminish the 

perturbation of gravity (Ashkin, 1970). Gradually, the application of light pressure 

has developed from the particle acceleration by a single beam and the particle 

confinement by counteracted two beams, to the dielectric particle trapping by the 

gradient force of a single beam (Ashkin et al., 1986). Subsequently, the possibility 

of optical trapping of biological particles by highly focused laser beams was 
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demonstrated and opened up a new era in the study of living organisms by the laser 

trapping tool termed “optical tweezers” (Ashkin & Dziedzic, 1989a). By forming 

an infrared light potential well in the observation plane of a high-resolution 

microscope with a high numerical aperture objective, the simultaneous observation 

and free manipulation of a single living cell have been realized without optical 

damage (Ashkin & Dziedzic, 1989a). The actualization of internal organelle 

manipulation inside living animal and plant cells has enabled the investigation of 

cytoplasmic properties and intercellular surgery, which greatly enhances the 

application prospects of the “optical tweezers” (OT) in biological sciences (Ashkin 

& Dziedzic, 1989b). Since then, as a single-cell level, non-invasive versatile tool 

that can be easily combined with other techniques such as microscope, 

spectroscope, and microfluidics, OT has been developed rapidly in a wide range of 

biological applications (Svoboda & Block, 1994). Good theoretical models on the 

gradient light force have been derived based on the ray optics, dipole approximation, 

and electromagnetic theories (Ashkin & Dziedzic, 1989a; Svoboda & Block, 1994).  

Modern OT have been developed with different trapping modalities and 

characteristics with a large degree of manipulation freedom (Ashkin, 2000). 

Objects of different shapes, sizes (from hundreds of angstroms (Å) to hundreds of 

micrometers (μm)), and types (e.g., atoms, nanoparticles, and biological cells and 

organelles), as shown in Figure 9, can be trapped by OT (Jones et al., 2015). OT 

have made revolutionary and far-reaching contributions in the fields of single-

molecule analytical biophysics, cell sorting, cell assembling and organizing, opto-

injection, and laser scissors/scalpels (Ashok & Dholakia, 2012). Biological 

sciences have been greatly advanced by OT and half of the 2018 Nobel Prize in 

Physics was awarded to Arthur Ashkin, the pioneer of OT technology. The optical 

trapping regime (i.e., Rayleigh regime, intermediate regime, and geometrical optics 

regime), as shown in Figure 9, is usually identified by the size parameter given by 

(Jones et al., 2015) 

 𝑘 𝑎
/

𝑎, (11) 

where km is the wavenumber of light in the medium around the trapped particle, a 

is the characteristic size parameter of the particle (e.g., radius of a spherical 

particle), λ0 is the wavelength of trapping light in vacuum, and nm is the refractive 

index of the medium. Generally, kma>>1 corresponds to the geometric optics 

regime and ray optics are valid, especially for large particles, while kma<<1 

corresponds to the Rayleigh regime, where a particle can be regarded as a dipole 



41 

with homogeneous electromagnetic fields inside (Jones et al., 2015). |np ∕nm|kma, 

where np is the refractive index of the trapped particle, should be considered when 

np is high or complex (e.g., plasmonic nanoparticles) (Talebi-Moghaddam et al., 

2019).  

Fig. 9. Optical trapping regimes (i.e., Rayleigh regime, intermediate regime, and 

geometrical optics regime) and typical objects of different sizes that can be captured 

by OT. (Reproduced, with permission, from Jones et al., 2015 © 2015 Philip H. Jones, 

Onofrio M. Marago and Giovanni Volpe).  

By means of direct trapping or indirect manipulation of biological cells through 

membrane-attached “handles” (e.g., microspheres and nanoparticles), the 

biophysical properties of the cell membrane including the surface tension and 

elastic moduli have been revealed by OT (Nussenzveig, 2018). Fluorescence 

microscopic observations of biological objects under the control of OT by wide-

field total internal reflection fluorescence (TIRF) microscopy have improved the 

understanding of DNA/protein conformational dynamics such as DNA network 

formation, mitosis and meiosis, and DNA unwinding activity (Hashemi Shabestari 

et al., 2017). In recent years, OT have realized the manipulation of different cells 

and injected nanoparticles in living organisms (e.g., in a transparent zebrafish), 
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thereby enabling the study of the in vivo biophysical and biochemical properties of 

cells and their interactions with microenvironment (Johansen et al., 2016).  

2.2.2 Theory of optical trapping 

When light hits the surface of a transparent object, some light is reflected off the 

object surface while some is refracted through the interface at a certain angle into 

the object. Photons are massless elementary particles of lights that exhibit wave-

particle duality and move at the speed of light c in vacuum. Photons of vacuum 

wavelength λ0 carry momentum p and energy u that are related by u=|p|c and can 

be separately expressed by (Milonni & Boyd, 2010) 

 𝑢 ħ𝜔 ℎ𝑣  (12) 

and 

 𝒑 ℏ𝒌 𝒖, (13) 

where ℏ=h/2π is the reduced Planck constant and h=6.626×10−34 (J∙s) is the Planck 

constant, k is the wave vector that can be written as the product of wave number 

k=2π/λ0 and wave direction vector û. As a result of the momentum change of light 

due to a series of actions (e.g., reflection, refraction, absorption, and re-radiation) 

in the light-object interaction, the object also experiences changes of momentum 

due to conservation of momentum and undergoes a force according to Newton’s 

second law (Paper Ⅳ). Detailed and accurate evaluation and calculation of the 

optical trapping behavior depends on the type of trapping beam (e.g., Gaussian, 

Hermite-Gaussian, and Laguerre-Gaussian beams) and the size and properties of 

particles (Ashkin, 1992; Ranha Neves & Cesar, 2019). For particles in the Rayleigh 

regime, the approach of dipole approximation is effective for particles up to a 

hundred nanometers in size (Cox et al., 2002; Harada & Asakura, 1996). Ray optics 

theory works reasonably well in the opposite limit, geometric optics regime 

(Ashkin, 1992; Nieminen et al., 2014). For analysis of optical forces on particles in 

the intermediate regime that have comparable dimensions to the wavelength, a 

complete wave optics model based on electromagnetic scattering theory is required 

(Čižmár et al., 2010; Knöner et al., 2006). In this thesis, the focus is placed on the 

Ray optics theory as the object to be studied, i.e., RBC, is in the geometric optics 

regime.  
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Ray optics  

The optical trapping of particles in the geometric optics regime, i.e., spatial 

confinement of dielectric particles by focused light beam in a conventional OT, can 

be qualitatively understood with a lens model, in which a trapped particle (e.g., an 

RBC) is regarded as a weak positive lens (Nieminen et al., 2014). The momentum 

changes in the transmitted light beam and the corresponding light force acts on the 

particle, as illustrated in Figure 10, indicate the tendency to confine a particle to the 

focus of the trapping beam (Paper Ⅳ). Quantitative analysis of the optical force 

can be obtained by detailed examination of the trajectory and momentum change 

of each light ray in light-particle interaction.  

Fig. 10. Qualitative illustration of optical trapping of a particle in the geometric optics 

regime that is placed (a) at the focus, (b) before the focus, (c) after the focus, and (d) 

transversely deviated from the focus. F indicates the net force applied to the particle by 

the diffracted light beams and ∆p indicates the momentum change in each beam. 

(Reproduced under CC BY 4.0 license from Paper IV © 2020 Authors).  

For a single light ray with power P that is completely reflected by a non-absorbing 

flat surface from normal incidence, N=P/u photons are carried past a fixed point 

per unit of time (second), where u is the energy per photon (Milonni & Boyd, 2010). 

The momentum change of each photon is twice its initial momentum −2p and the 

total momentum change of the light ray per unit of time can be expressed as 

−2(P/c)û. Therefore, the surface gains the same amount of momentum in the initial 

ray direction û and is subjected to a light force of 2(P/c)û, which is the maximum 

optical force that can be obtained from a single ray (Jones et al., 2015). In the case 

of non-normal incidence of a light ray on a non-planar surface, reflected and 

refracted rays are calculated separately to obtain the net momentum change and 

corresponding optical force. If the direction and power of the incident, reflected, 
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and refracted (transmitted) rays are denoted by ri, rr, and rt, and Pi, Pr, and Pt, 

respectively, the optical force applied to the surface by one scattering event of the 

light ray can be expressed by (Callegari et al., 2015) 

 𝑭 , /
𝒓

/
𝒓

/
𝒓 , (14) 

where ni, nr, and nt are the refractive indices of the corresponding medium and ri, 

rr , and rt  are the direction vectors. The light propagation during light-particle 

interaction follows the law of reflection and the Snell’s law stated by 

 𝜃 𝜃  (15) 

and 

 𝑛 sin𝜃 𝑛 sin𝜃 , (16) 

where θi is the incident angle between ri and the normal direction of the incident 

surface at the incident point, θr and θt are the angles of reflection and transmission, 

respectively. The fraction of incident beam power (intensity) that is reflected off 

and refracted into the object are termed the reflectance R and the transmittance T 

(or reflection and transmission coefficients) respectively and are related to the 

polarization of the incident ray (Callegari et al., 2015). According to the Fresnel 

equations, the reflectance and the transmittance can be expressed for s-polarized 

(Rs and Ts) and p-polarized (Rp and Tp) light component separately as 

 𝑅 , (17) 

 

 𝑅 , (18) 

 

 𝑇
| |

, (19) 

and 

 𝑇
| |

. (20) 
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According to the law of conservation of energy, it is straightforward that Rs+Ts=1 

and Rp+Tp=1. For unpolarized and circularly polarized light, the power in the p- 

and s-polarization component is equal, and the effective reflectance Reff and 

transmittance Teff can be obtained as 

 𝑅  (21) 

and 

 𝑇 . (22) 

For general situations with multiple scattering events, as shown in Figure 11, the 

incident ray ri of power Pi transfers into the reflected ray rr,0 of power Pr,0 and the 

transmitted ray rt,0 of power Pt,0. The ray rt,0 propagates within the object until it 

hits the inner surface and gets partially reflected to rr,1 within the object and 

partially refracted out of the object as rt,1. The ray rr,1 keeps propagating and 

undergoes another scattering event following the same rules, and the scattering 

event continues until the energy of light is exhausted. Theoretically, infinite 

scattering can occur, but usually the energy of light dissipates virtually within 10 

scattering events (Jones et al., 2015). Therefore, the optical force Fray induced by 

the net momentum change of a single incident ray on a spherical particle can be 

written as (Jones et al., 2015) 

 𝑭 𝒓 , 𝒓 , ∑ , 𝒓 , , (23) 

where ri, rr,0 and rt,n are the direction vectors of the incident, first reflected, and 

(n+1)th transmitted rays, respectively. For the situation in Figure 11, the optical 

force Fray can be divided into a scattering component Fray,s along the light 

propagating direction ri  and a gradient component Fray,g perpendicular to the ri 

direction, i.e., r⊥, and can be expressed by (Callegari et al., 2015) 

 𝑭 𝑭 , 𝑭 , 𝐹 , 𝒓 𝐹 , 𝒓 . (24) 

The dimensionless conversion efficiency of the momentum of the incident ray to 

the optical force (time rate of momentum change) per unit of time can be defined 

as trapping efficiency Qray expressed by 

 𝑄
⁄

𝐹 . (25) 

The scattering and gradient trapping efficiency (Qray,s and Qray,g) and their 

relationship can be written as (Ashkin, 1992; Callegari et al., 2015) 



46 

 𝑄 , 𝐹 , 1 𝑅 cos 2𝜃 𝑇 , (26) 

 

 𝑄 , 𝐹 , 𝑅 sin 2𝜃 𝑇 , (27) 

and 

 𝑄 𝑄 , 𝑄 , . (28) 

Fig. 11. Trajectory of a ray incident on a spherical particle in water (radius: 1 μm, 

refractive index: 1.50) with 10 scattering events and the resulting optical force (Fray). 

Medium refractive index: 1.33. Figure plotted with MATLAB by using “Optical Tweezers 

in Geometric Optics (OTGO)” source codes provided by Callegari et al. (2015).  

With the understanding of optical force generated by a single light ray in the light-

particle interaction, the optical trapping force in an OT on a particle generated by a 

focused light beam consisting of a bunch of light rays can be theoretically 

calculated as a sum of forces applied by each single ray. As illustrated in Figure 12, 

a paraxial light beam that can be regarded as a bunch of parallel rays {rp
m} along 

the optical axis (z) is transformed by a convex lens with a focal length f into a set 

of focused rays {rf
m}. The relative position of a spherical particle to the beam focus 

determines the incident point and incident angle of each ray on the particle, which 

further determines the trajectory and momentum change of each ray.  
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Fig. 12. Ray trajectories of a focused paraxial light beam plotted with COMSOL. The 

focus length of the lens is f and the incident and focused light rays are denoted by {rp
m} 

and {rf
m} separately.  

According to the abundant theoretical works, the total optical force acting on the 

particle placed at point C=[x,y,z] near the beam focus O=[0,0,0] can be expressed 

based on the Equation (23) as (Callegari et al., 2015; Nieminen et al., 2014)  

 𝑭 ∑ 𝑭 ∑ 𝒓 𝒓 , ∑ , 𝒓 , .(29) 

The force component along each axis is almost linearly correlated to the 

displacement of the particle from the equilibrium position within a relatively small 

range. If the equilibrium position (FC=0) of a particle in a focused light field is 

denoted by [xeq, yeq, zeq], then the following relationships can be obtained (Callegari 

et al., 2015) 

 

𝐹 , 𝜅 𝑥 𝑥
𝐹 , 𝜅 𝑦 𝑦
𝐹 , 𝜅 𝑧 𝑧

, (30) 

where κx, κy, and κz denote trapping stiffness or spring constant in each direction. 

Additionally, the relationship between the trapping efficiencies and particle 

displacements can be calculated based on the Equations (25)–(28) and plotted in 

MATLAB as shown in Figure 13 with the open access codes “OTGO” provided by 

Callegari et al. (2015). The longitudinal direction denotes the optical axis z where 

x=y=0, and the transversal direction denotes the axis x (or y) where y=z=0 (or 

x=z=0). When the particle is spherical and the trapping beam is non-polarized or 

circularly polarized, κx and κy are equal due to symmetry of the optical force in the 

transverse plane (Knöner et al., 2006; Milonni & Boyd, 2010). Note that in the 

longitudinal direction, both the scattering and gradient force are directed along the 
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z axis, and the gradient trapping efficiency Qg reverses its sign at z=0 while the 

scattering trapping efficiency Qs is always positive. As shown in Figures 13(a) and 

(c), the equilibrium position is slightly below the beam focus along the optical axis 

in the longitudinal direction, as a negative gradient force is required to compensate 

for the positive scattering force. Figure 14 illustrates the MATLAB simulation 

results of an intensity profile of a focused Gaussian beam and the trapping of a 

spherical particle from an off-focus position to the equilibrium position.  

In particular, the simulation results of particle radius of 1 μm and 6 μm shown 

in Figure 13 demonstrate that the maximum trapping efficiency/restoring force is 

independent of particle size and appears at a distance of about one particle-radius. 

This could be easily understood in the transversal direction by the optical force of 

a single ray on a particle deviated from the optical axis as shown in Figure 15. The 

incident angle increases from 18 deg to 88 deg to simulate different relative 

transverse positions of the particle to the light ray.  

Fig. 13. Trapping efficiencies of a paraxial Gaussian beam on a spherical particle 

(radius: 1 μm [(a), (b)], and 6 μm [(c), (d)], refractive index: 1.5) in a medium with 

refractive index of 1.33 in longitudinal and transversal directions. The focal length and 

numerical aperture of the lens are set to be 10 μm and 1.3 respectively. Figure plotted 

with MATLAB by using “OTGO” source codes provided by Callegari et al. (2015).  
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Fig. 14. (a) Intensity profile of a focused Gaussian beam. (b) A spherical particle placed 

off the focus. (c) The particle is pulled to the equilibrium position slightly after the focus 

along the optical axis under the action of optical force. Figure plotted with MATLAB by 

using “OTGO” source codes provided by Callegari et al. (2015).  

Fig. 15. Trajectories of a single ray incident on a spherical particle (radius: 1 μm, 

refractive index: 1.50, medium refractive index: 1.33) that underwent 6 scattering events 

and the resulting optical force corresponding to different incident angles. Figure plotted 

with MATLAB by using “OTGO” source codes provided by Callegari et al. (2015).  
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2.2.3 Advanced optical trapping systems 

Time sharing optical tweezers and wavefront engineering 

Based on the conventional single-beam OT, various types of trapping modalities 

and multi-functional OT coupled with other technologies have been developed and 

matured with the expansion of application fields. Multi-beam OT can be easily 

achieved by introducing multiple trapping beams or by scanning techniques, which 

can rapidly scan one trapping beam among different spatial positions through 

various time-sharing methods (McGloin, 2006). Typical effective and flexible time-

sharing devices for creating multiple traps include mirror-based mechanical 

deflectors, acousto-optic deflectors (AOD), and electro-optic deflectors (EOD) 

(Römer & Bechtold, 2014). AOD and EOD exhibiting high deflection velocities 

are based on an optically transparent material with a changeable refractive index 

under external sound wave or electric field, thus acting like an optical grating that 

diffract a light beam travelling through it (Römer & Bechtold, 2014). Additionally, 

with the help of spatial light modulators (SLM), holographic phase plates, and 

phase modulators, the wavefront of an input beam can be arbitrarily shaped to 

obtain various complex trapping geometries with independent control of each 

single trap (Curtis et al., 2002). Holography is a wavefront recording and re-

constructing technique based on holograms, which is the interference pattern of a 

reference light and a light wave from an object (Korda et al., 2002). The wave 

pattern as from a diffractive optical element (DOE) can be reconstructed from a 

simple Gaussian beam incident at a specific angle and used as trapping waves for 

holographic optical tweezers (HOT) (Bhebhe et al., 2018). At present, a computer-

generated hologram based on basic algorisms (e.g., Gerchberg-Saxton algorithm, 

superposition of gratings and lenses algorithm, and adaptive-adaptive algorithm) 

that does not need the existence of actual objects is the most popular method for 

HOT (Bhebhe et al., 2018). The biggest advantage of HOT is that large-scale 

optical trapping arrays with on-demand customization of the optical force at 

specific locations within a single trap can be realized (Bhebhe et al., 2018).  

Furthermore, higher-order non-Gaussian beams with highly interesting 

transverse beam profiles generated by encoded holograms or by utilizing 

specialized optical components have aroused great research interest in creating 

extended potential landscapes (Woerdemann et al., 2013). In particular, Hermite–

Gaussian (HG) beams, Laguerre–Gaussian (LG) beams, and non-diffracting beams 

have been extensively studied for optical micro-manipulating applications 



51 

including alignment of non-spherical particles by HG beams and three-dimensional 

off-axis trapping by LG beam (Otsu et al., 2015; Woerdemann et al., 2013). 

Nondiffracting beams including Bessel beams, standing wave beams, Mathieu 

beams, and Airy beams, are characterized by maintained transverse profile during 

propagation and useful for simultaneous trapping in multiple planes (Woerdemann 

et al., 2013; Zhao et al., 2016). Finally, with helical LG beams (also known as 

vortex beams) and higher-order modes of Bessel beams, optical orbital angular 

momentum can be transferred from light to objects to achieve rotational control 

with OT (Barnett et al., 2017).  

Optical fiber tweezers 

The conventional OT based on microscope with high-numerical aperture objectives 

have a complex, expensive, and fragile lens system, and the particle manipulation 

is spatially constricted by the system structure and size. Flexible, portable, and 

inexpensive optical fibers as an effective optical waveguide are widely used in the 

field of optical communication and optical sensing (Zhu et al., 2017). Special-

purpose fibers designed with specific light transmission requirements including 

polarization-maintaining fiber and photonic-crystal fiber have been developed and 

various precision fiber-end-face processing techniques are matured (Rodrigues 

Ribeiro et al., 2015). Therefore, the objective-lens-free, miniaturized, and low-cost 

fiber-based optical trapping and manipulation systems (OFT) have become a new 

development trend. The trapping intensity of early OFT was limited by the 

numerical aperture of the fiber (Ti et al., 2017). The development of optical fiber 

micro-fabrication technologies has not only enabled stable three-dimensional (3D) 

optical trapping in OFT, but also realized multiple forms of manipulation of 

captured particles based on the transmission of different modes of trapping light 

waves (Ti et al., 2017; Xin & Li, 2019). Based on fabrication methods including 

polishing, thermal pulling, chemical etching, focused ion beam milling, and high-

resolution laser micro-machining, various types of single-mode fibers such as 

subwavelength-diameter optical fibers (SDF), tapered optical fibers (TF), and 

optical fiber rings have been applied in OFT (Xin & Li, 2019). Both photothermal-

based and gradient-force-based mechanisms, single-fiber-based and dual-fiber-

based modes are utilized in OFT (Rodrigues Ribeiro et al., 2015; Xin & Li, 2019).  
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Spectroscopic optical tweezers  

Besides the development in various trapping modalities and geometries, further 

improvement in the field of OT includes the integration of spectroscopic functions 

to trapping and manipulation platforms. OT are capable of object manipulation and 

precise mechanical measurement, and spectroscopic methods enable targeted 

labelling and tracking. The combination of OT and spectroscopic methods have 

resulted in the development of fluorescence, photoluminescence, and Raman 

tweezers that have opened up the world for simultaneous manipulation, mechanical 

measurement, microscopic imaging, and functional and conformational analysis 

(Robertson-Anderson, 2018).  

Spectroscopic optical tweezers (SOT) typically incorporate two sets of 

trapping and probing beams and additional detection optics (Bustamante et al., 

2021). In biological applications, trapping is usually performed by near-infrared 

light falling within the biological window to reduce potential photodamage (Paper 

Ⅳ). Excitation in SOT is usually carried out by visible light, and sometimes 

trapping light can act as the excitation light at the same time to simplify the system 

(Ojeda et al., 2006). The combination of fluorescence microscope and OT, also 

known as “fleezers”, usually tracks and maps the fluorescent-labelled target 

molecules under the applied tension of OT to study the mechanical response of a 

biological system (Ma et al., 2019; Robertson-Anderson, 2018).  

Varieties of high-sensitivity, high-resolution, low-background-noise fluorescence 

microscopy techniques have been implemented in combination with OT to enable 

the in-depth studies of complex biological phenomena (Bustamante et al., 2021). 

Such techniques include wide-field fluorescence microscopy (WFM), total internal 

reflection fluorescence microscopy (TIRF), and stimulated emission depletion 

microscopy (STED) (Bustamante et al., 2021; Ma et al., 2019). The non-linear 

stress response of actin networks, the DNA unwinding mechanism, the dynamics 

of motor proteins, and the role of ATP hydrolysis in mechanical motion have been 

explored by fleezers (Ma et al., 2019; Robertson-Anderson, 2018). On the other 

hand, spectral signals by Raman scattering are based on the vibrations of chemical 

bonds under the inelastic interaction of light and molecules and do not require 

external labelling (W. E. Huang et al., 2009). Raman tweezers are attractive as they 

provide real-time intrinsic profiles of trapped objects under study, including 

information on types, structure, molecular conformation, and physiological states 

(Ojeda et al., 2006). With Raman tweezers, the identification, classification, and 

characterization of native biological objects and processes including RBC, yeast 
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cells, liposomal membranes, and activation of T cells can be performed without the 

risk of physicochemical destruction due to pre-treatment (W. E. Huang et al., 2009; 

Ojeda et al., 2006). Furthermore, the combined use of SOT and microfluidic 

perfusion chamber enables real-time measurement of time-varying properties of 

nonequilibrium systems, such as biological motors and enzymes, in response to 

changing suspending environments (Robertson-Anderson, 2018).  

Near-field optical tweezers  

The nature of diffraction of light waves makes the focusing of light and the smallest 

particle size (~250 nm) that can be efficiently trapped in conventional OT systems 

constricted by the Abbe diffraction limit (Bouloumis & Nic Chormaic, 2020; Kwak 

et al., 2004). Due to Abbe diffraction limit, the best-focused light spot is described 

by the Airy pattern, which is a series of light and dark concentric rings with a bright 

central region (e.g., Airy disk), instead of a geometric point (Rivera-Ortega & Pico-

Gonzalez, 2016). The diameter of the Airy disk (L), or the size restriction of the 

focal region of an optical system can be described by (Rivera-Ortega & Pico-

Gonzalez, 2016) 

 𝐿 2.44 𝑓, (31) 

where λ denotes the light wavelength in medium, D and f denote the diameter of 

the aperture and the focal length of the optical system. The diffraction-limited 

resolution d (i.e., the minimum distance between two resolvable points) of an 

optical system can then be expressed by (Rivera-Ortega & Pico-Gonzalez, 2016) 

 𝑑 , (32) 

where NA denotes the numerical aperture of the system depending on the refractive 

index of the medium and semi convergence angle of light (Edrei & Scarcelli, 2020).  

Overcoming the diffraction limit has a revolutionary influence in many fields 

of optical science and technology including super-resolution microscopy, optical 

trapping and manipulation, light delivery, and photomedicine (Edrei & Scarcelli, 

2020). Scientist have coped with the challenge to realize efficient trapping and 

manipulation of nanoparticles and subwavelength cells beyond the diffraction limit 

by near-field optical trapping devices (Bouloumis & Nic Chormaic, 2020). 

Currently, several approaches to achieve near-field optical trapping have been 

proposed based on the total-internal-reflection (TIR) induced evanescent fields 
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produced by planar waveguiding devices, optical resonators, and plasmonics 

(Erickson et al., 2011).  

An evanescent field is a nonuniform electromagnetic field whose energy is 

spatially concentrated near the source and decays exponentially away from the 

source. Planar waveguides including solid-core waveguides made of silicon nitride 

or ion-exchange doped glasses and advanced “liquid-core” waveguides made of 

photonic crystal fibers confine and transmit light with TIR (Erickson et al., 2011). 

The force exerted by the evanescent field at the interface of the waveguide and the 

medium is capable of attracting particles to the waveguide surface and optically 

transporting them along the light propagation direction as shown in Figure 16(a) 

(Schmidt et al., 2007). Alternatively, trapping with planar micro-ring resonators has 

been introduced to provide enhanced optical force and additional capability for 

physical property (e.g., refractive index, size, and absorption) analysis of captured 

particles (Lin et al., 2010). As shown in Figure 16(b), when the light injected into 

the bus waveguide encounters the ring resonator alongside the waveguide, a portion 

of the light will be evanescently coupled into the ring and circulated within it (Lin 

et al., 2010). When certain conditions are met, the incident light in the bus 

waveguide and the circulating light in the resonator are in phase and interfere 

constructively, resonantly amplifying the optical field within the ring resonator 

(Mandal et al., 2010). Such conditions include cases when the length of the ring is 

an integral multiple of the effective light wavelength in the ring. Single or multiple 

particles can be trapped and revolve around the resonator surface at a controllable 

speed depending on incident light intensity and finesse of the resonator (Lin et al., 

2010; Mandal et al., 2010).  

Plasmonic tweezers utilize surface plasmon polaritons (SPP), which are a type 

of coherent electron oscillations accompanied by electromagnetic waves 

propagating along metal-dielectric interfaces, to enhance the trapping force of an 

incident evanescent field (Juan et al., 2011; Kotb et al., 2017). The stimulated SPP 

waves are highly confined to a subwavelength scale perpendicular to the interface, 

and the resultant optical field correspondingly has an enhanced strong gradient 

(Kotb et al., 2017). Currently, techniques including surface plasmon resonance 

(SPR) and localized surface plasmon resonance (LSPR) have been utilized to 

enhance trapping forces in 2D and 3D plasmonic tweezers (Erickson et al., 2011). 

A patterned incident light for illuminating a uniform metallic film or a patterned 

metal surface is required to provide extra field-confines for stable trapping at 

predefined in-plane sites (Erickson et al., 2011; Juan et al., 2011). A typical setup 

of plasmonic tweezers for polystyrene-beads trapping in a colloidal suspension is 
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shown in Figure 16(c). A gold pattern lithographically fabricated on a glass surface 

is illuminated by an unfocused linearly polarized laser beam incident at the 

resonance angle under total internal reflection to excite SPPs (Righini et al., 2007).  

In particular, in recent years, a non-evanescent, intense, jet-like propagating 

beam termed “photonic nanojet (PNJ)” that can be focused to a minimum full-width 

at half-maximum (FWHM) beam-width below the diffraction limit has been 

identified and utilized for a wide range of applications (Heifetz et al., 2009). PNJ 

emerges from the “shadow-side” surface of a lossless dielectric microelement (e.g., 

microcylinder and microsphere) with sizes much larger than the illuminating 

wavelength upon illumination by a plane wave (Darafsheh, 2021). By fabricating 

and binding a 2D-array of micro-lenses on a flat end-face of a fiber probe, a portable 

and flexible parallel PNJ-array, as shown in Figure 16(d), can be implemented. The 

PNJ-array is useful for the selective detection and trapping of nanoparticles with 

an average diameter of 190 nm and Escherichia coli (E. coli) cells (average 2.6 μm 

in length with about 400 nm in diameter) (Li et al., 2016).  

Fig. 16. Schematics of several near-field trapping configurations. (a) Optical waveguide 

trapping and transport of dielectric particles in a pressure-driven cross-flow condition. 

(Reproduced, with permission, from Schmidt et al., 2007 © 2007 Optical Society of 

America [OSA]). (b) A planar micro-ring cavity trapping system. (Reproduced, with 

permission, from Lin et al., 2010 © 2010 American Chemical Society). (c) A surface 

plasmon trapping configuration. (Reproduced, with permission, from Righini et al., 2007 

© 2007 Nature Publishing Group). (d) A parallel PNJ array assembled on an optical fiber 

probe for nanoparticle and cell detection and trapping. (Reproduced, with permission, 

from Li et al., 2016 © 2016 American Chemical Society).  
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2.2.4 Optical tweezers in studies of RBC 

In view of the tremendous scientific and clinical research significance of RBC 

described in Chapter 2.1, RBC have been one of the most important biological 

objects that have been extensively studied by various OT systems. However, there 

are still many unknown features of RBC to be further explored. Current studies of 

RBC based on OT have been summarized and analyzed in the review article 

“Optical tweezers in studies of red blood cells” (Paper Ⅳ). In this section, the 

application of OT in studies of the main characteristics of RBC including 

deformation, interaction, electrical properties, and compositional and functional 

properties are expounded.  

RBC have no nucleus and organelles and they are filled with hemoglobin at a 

certain saturated concentration. The refractive index, size, and rigidity of RBC are 

typically related to the physiological and pathological state of the cell membrane 

and the enclosed hemoglobin (Ghosh et al., 2006). For instance, the refractive index 

of mature healthy RBC measured with a 632.8-nm illumination is in the range of 

1.37–1.42 (Zhang et al., 2017). Typically, RBC exhibit a relatively uniform 

refractive index distribution throughout the cytoplasm, whereas the refractive index 

distribution in infected or anemic RBC is non-homogeneous (Zhang et al., 2017). 

Therefore, quantitative characterization of RBC with OT could improve the quick 

diagnosis and understanding of the microcirculation system in various 

pathophysiological conditions (Xie & Liu, 2021).  

Various types of RBC studies including deformation, rotation, fixation and 

transport, and controlled interaction, have been achieved with versatile OT for a 

wide variety of applications such as cell characterization, biosensing, and 

biomedicine (Paper Ⅱ and Ⅳ). As shown in Figure 17(a), quantitative analysis of 

RBC deformation mechanism can be achieved by stretching a single cell with 

several trapping beams via silica beads attached to the cell membrane at preset 

locations (Lim et al., 2004). The elongation of RBC under specific forces or the 

recovery time of deformed cells to return to normal shape can be recorded to extract 

the viscoelastic response and elastic coefficients of the cell membrane (Lim et al., 

2004; Yoon et al., 2008). Alternatively, one site on an RBC can be fixed on a glass 

slide as shown in Figure 17(b), and OT can directly act on the cell surface without 

the usage of silica beads (Xie & Liu, 2021).  

In addition to static cell characterization, the dynamic interaction process 

between RBC has also been extensively studied by OT under different suspending 

environments in static or flow conditions (Lee, Kinnunen, et al., 2016; Lee, 
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Muravyov, et al., 2017). As shown in Figure 17(c), typically, the extent of mutual 

contact between RBC is under precise control of individual trapping beams, and 

the influence of multiple factors on the interaction kinetics such as the strength of 

interaction and the time course of aggregation can be measured (Semenov et al., 

2019). With such methods, enhanced RBC aggregation and increased RBC 

aggregation force have been monitored in the development of several multifactor 

diseases including system lupus erythematosus (SLE) (Khokhlova, 2012). 

Important cell-specific and cell-nonspecific factors regulating RBC interaction 

have been quantitatively identified (Ben-Ami et al., 2003; Lee, Kinnunen, et al., 

2016).  

With the evanescent trapping field, nanoparticles and biological cells including 

RBC can be bi-directionally transported along the desired direction in vivo as 

illustrated in Figure 17(d) (X. Liu et al., 2019). In particular, infrared OT have been 

used for non-contact RBC trapping in superficial capillaries (about 40 µm beneath 

the skin surface) in living mice (Zhong et al., 2013). The trapped RBC artificially 

produce blood clots that temporarily block capillaries as shown in Figure 17(e). 

The formed clots can be subsequently broken up and removed under the action of 

OT to restore the blood flow in a blocked vessel (Zhong et al., 2013). It has been 

reported that with linearly polarized trapping light in an isotonic solution, 

plasmodium-infected RBC (iRBC) automatically rotate at a speed dependent on the 

trapping power and the degree of infection, whereas healthy RBC do not 

(Dharmadhikari et al., 2004). On the contrary, in a hypertonic buffer solution, 

healthy RBC show self-rotation at a much more rapid speed than iRBC in a linearly 

polarized OT due to increased rigidity of iRBC (Mohanty et al., 2004). Rotation 

phenomenon of RBC has been further explored as micromotor and cellular rockers 

for biomedical applications including in vivo drug delivery (Mohi et al., 2021). 

Optical folding and rotation of RBC can be achieved utilizing a dual-mode 

polarized single-beam OT with different polarization states on distinct principal 

axes (Mohi et al., 2021). Figure 17(f) demonstrates a fiber-optic spanner based on 

two counterpropagating beams delivered by optical fibers with lateral offset (Black 

& Mohanty, 2012; Li et al., 2019).  
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Fig. 17. Multifunctional manipulation of RBC with versatile OT. (a) Optical stretching of 

single RBC by double-beam OT. (b) Optical stretching by single trapping beam. (c) OT 

induced cell separation. (d) RBC transportation. (e) Blood flow halting by in vivo RBC 

trapping. (f) Optical rotation of RBC. (Adapted, with permission, from Xie & Liu, 2021 © 

2021 Wiley-VCH GmbH).  

2.3 Laser biomodulation 

2.3.1 Foundation and mechanisms of laser photobiomodulation 

Low-level laser (light) therapy (LLLT) or photobiomodulation refers to the practice 

of inducing therapeutical biological alterations through low-energy irradiation by 

various light sources especially lasers in clinical treatment (Anders et al., 2015). 

LLLT has been rapidly developed following the first discoveries of accelerating fur 

growth and stimulating proliferative healing of mechanically induced wounds in 

mice by low-dose irradiation exposure by a ruby laser in the late 20th century 

(Mester et al., 1971). The abundant natural photosensitive substances exist in living 

cells, including various chromophores and components of the electron transport 

chain, has led to the rapid development of photobiomodulation research (Hu et al., 

2020). Various types of noncoherent illuminating devices including light-emitting 

diodes (LED), organic LED (OLED), and broadband light sources (e.g., tungsten-

halogen lamp) can be used in LLLT (Anders et al., 2015). Coherent lasers such as 

solid-state lasers (e.g., ruby laser at 694.3 nm), gas lasers (e.g., He-Ne laser at 632.8 
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nm and argon laser at 488 and 514 nm), semiconductor lasers, and fiber lasers are 

the most widely used as irradiation sources in modern LLLT (Farivar et al., 2014).  

Numerous reports of laser biomodulation effects indicate that the effective and 

optimal irradiation modalities vary widely from case to case (Chung et al., 2012). 

The same irradiation energy of the same wavelength from a laser operated at 

different powers for different times could cause diametrically opposite effects 

(Lopes et al., 2009). Therefore, accurate recording of the irradiation source and the 

dose parameters is of great importance in such studies (Jenkins & Carroll, 2011). 

Typically, information about the irradiation device, important irradiation 

parameters, and case-specific treatment parameters as listed in Table 3 are 

necessary for standardized information presentation in studies of LLLT (Jenkins & 

Carroll, 2011).  

Low-level lasers with operating wavelength from 300 to 10600 nm, operated 

at 0.001 to 0.1 W power output range, with pulse frequency from 0 (i.e., continuous 

mode) to 5000 Hz have been utilized for different kinds of LLLT applications 

(Farivar et al., 2014). A relatively narrow spectral range from 650 to 1100 nm 

within the optical window is most often selected because of reduced tissue 

absorption to achieve proper penetration depth in biological tissue (Y. Y. Huang et 

al., 2011). However, recent studies have indicated the potential therapeutic effects 

of blue (400–500 nm) and green (495–570 nm) lights in reducing inflammation in 

superficial tissues, limiting bacterial growth, improving cellulite appearance, and 

reducing tissue swelling (Serrage et al., 2019).  

Table 3. Required information about irradiation source and dose parameters in LLLT. 

Irradiation parameters for pulsed irradiation source are marked with an asterisk 

(Jenkins & Carroll, 2011).  

Irradiation device Irradiation parameters Treatment parameters 

Emitter type (e.g., LED, 

ruby/argon/He-Ne laser) 

Operating mode (e.g., 

continuous/pulsed wave) 

Beam spot size at target (cm2) 

Manufacturer Wavelength (nm) Sample irradiance (mW/cm2) 

Model identifier Polarization Radiant energy (J) 

Number of Emitters *Pulse on/off duration (s) Exposure duration (s) 

Spatial arrangement of the irradiation 

system 

*Frequency (Hz) Area irradiated (cm2) 

Beam delivery system (e.g., via 

optical fibers or free air) 

Beam profile (e.g., Gaussian or 

flat-top) 

Irradiation method (e.g., 

transdermal or intravenous) 

 *Energy per pulse (J) Radiant exposure (J/cm2) 

 *Peak/average power (mW)  
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Photobiomodulation effects have been extensively explored in wound healing, pain 

relieving, tissue repairing, and tissue death prevention (Kharkwal et al., 2011). 

LLLT has also been found useful in relieving inflammation and other symptoms of 

chronic joint disease (e.g., rheumatoid arthritis), and modulating the human brain 

(e.g., neurorehabilitation and treatment of neurological disorders) (Chung et al., 

2012; Hamblin & Demidova, 2006). The precise underlying mechanisms have been 

an intriguing topic in photomedicine and have not been fully understood (Chung et 

al., 2012). What is certain is that LLLT does not involve thermal or ablative 

mechanisms, but rather induces a series of photochemical and photobiological 

events (Farivar et al., 2014; Y. Y. Huang et al., 2011). Photons of irradiating light 

are absorbed by electronic absorption bands of molecular photo-acceptors known 

as chromophores, resulting in irradiation energy conversion through photochemical 

reactions into chemical or biological energy (Chung et al., 2012). Basic 

photochemical and photo-biophysical mechanisms can be grouped into four aspects, 

ATP production, NO releasing, reactive oxygen species (ROS) production, and 

induction of transcription factors (Chung et al., 2012). Mitochondria appear to be 

an important target in LLLT, and upregulated mitochondrial respiration results in 

promoted production of ATP and other mitochondrial products including 

ribonucleic acid (RNA), nicotinamide adenine dinucleotide hydride (NADH), and 

protein (Chung et al., 2012). By matching the effective irradiation wavelength in 

LLLT to the absorption spectra of chromophores within mitochondria, cytochrome 

c oxidase (CCO), a transmembrane protein complex, has been confirmed as the 

target of reaction (Y. Y. Huang et al., 2011). Photodissociation of NO from CCO 

could be the reason for respiration rate elevation and prevention of NO-induced 

cell death by LLLT (Farivar et al., 2014). The level of ROS, which is a natural by-

product of oxygen metabolism, is also increased in LLLT, further activating 

transcription factors that trigger protein synthesis and downstream effects (Chung 

et al., 2012).  

2.3.2 Laser irradiation of blood 

LLLT induced increasing of ATP, molecular electronic excited state, and proton 

gradient could lead to an enhancement in the activities of antiporter membrane 

proteins such as Na+/H+ and Ca2+/Na+ exchangers, and of ATP-driven ion carriers 

including Na+/K+ ATPase and Ca2+ pumps (Hamblin & Demidova, 2006). 

Consequently, biological processes regulated by Ca2+ including intercellular 

adhesion of RBC and blood clots formation can be affected by LLLT (Hamblin & 
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Demidova, 2006; Steffen et al., 2011). Primarily developed in Asia and Russia, 

laser blood irradiation therapy has been explored with an expectation to bring the 

therapeutic effects to the whole body through the blood circulation system (Chung 

et al., 2012). The potential of laser blood therapy in improving blood flow and its 

transport activity, as well as in cardiovascular diseases is constantly being explored 

(Chung et al., 2012; Esmaiel et al., in press). Although the specific biological 

mechanism is still obscure, and many therapeutic effects are empirical, novel 

devices have been developed for a variety of applications (Chung et al., 2012). 

Figures 18(a) and (b) illustrate an intravenous blood irradiation system by 

delivering therapeutic light through an optical fiber embedded in a cannula that is 

inserted into a vein (Chung et al., 2012). Manufacturers such as Laserneedle GmbH 

(Glienicke, Germany) and HairMax (Boca Raton, US), have introduced medical 

devices for LLLT including the laser acupuncture system, as shown in Figures 18(c) 

and (d), and laser comb and laser cap.  

Due to vasodilation induced by LLLT-enhanced ATP and NO release, the 

temporal diameter of a blood vessel under irradiation will increase, resulting in 

lower pressure and a decreased blood flow velocity (Tomaz de Magalhães et al., 

2016). Additionally, RBC deformation is regulated by NO and ATP level, and 

external stimuli such as oxygen stress and mechanical stress will in turn induce ATP 

release from RBC, thus it can be speculated that LLLT will affect the RBC 

deformability (Wan et al., 2011). Specifically, RBC deformation is an energy-

driven activity, and LLLT could enhance the activity of energy-producing enzymes 

in the membrane glycolysis and improve the RBC deformability with proper 

irradiation doses (Luo et al., 2015). Some studies attribute the improvement of cell 

deformability to the disconnection of membrane-binding hemoglobin (Hbm) from 

the cell membrane due to intensified vibration energy of photon-excited Hbm (Mi 

et al., 2004). The ESR has been reported to be reduced by LLLT, especially of RBC 

suspended in irradiated plasma (Al-Musawi et al., 2016). It is assumed that the 

LLLT alters plasma protein compositions and induces a higher RBC membrane 

charge, resulting in the reduced size of RBC aggregates and decreased ESR in 

irradiated blood samples (Al-Musawi et al., 2016; Korolevich et al., 2004).  
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Fig. 18. Some examples of laser therapy devices for blood irradiation. (a and b) 

Intravenous or intravascular blood irradiation. (c and d) Laserneedle acupuncture 

system. (Adapted, with permission, from Chung et al., 2012 © 2011 Biomedical 

Engineering Society).  

Studies of transcutaneous laser irradiation have demonstrated that light energy 

absorbed by oxyhemoglobin (HbO2) could induce oxygen (O2) dissociation and 

instantaneously increase local O2 concentration (Gisbrecht & Mamilov, 2015). The 

O2 extraction effectiveness depends on irradiation wavelength and intensity and 

reaches its maximum of around 5% drop in RBC oxygen saturation (SpO2) at 530-, 

600-, and 850-nm wavelength (Gisbrecht & Mamilov, 2015). Moreover, protecting 

effect of LLLT in the red-to-near-infrared (R/NIR) spectral range has been proven 

in aspects of increasing shelf-life of stored blood from 35 days to 42 days and 

reducing blood trauma during extracorporeal circulation (Ibrahim, 2020; Walski et 

al., 2018). Some main discoveries of LLLT on RBC peculiarities are briefly 

summarized in Table 4.  

It is important to note that the effects of LLLT are strongly dependent on both 

the irradiation conditions and case-specific factors (e.g., individual susceptibility) 

(Hamblin & Demidova, 2006; Korolevich et al., 2004). Additionally, a biphasic 

dose response in LLLT has been well established stating that irradiation exceeding 

certain limits will weaken the therapeutic effect and even cause adverse outcomes 

(Hamblin & Demidova, 2006). Therefore, contradictory observations are possible 

and standardized experimental description needs to be improved (Y. Y. Huang et 
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al., 2011). In conclusion, the LLLT of blood has a great potential for treating hyper-

viscosity, poor-deformability related situations, and instant tissue-oxygen 

improvement. However, appropriate and efficient irradiation approaches remain to 

be explored, and more research is required to reveal the underlying RBC 

photobiomodulation mechanisms. 

Table 4. Summary of LLLT effects on RBC peculiarities. 

Basic irradiation conditions Observed effects References 

Multiple wavelengths in the 400-940 nm 

spectrum range, with corresponding irradiance 

varies from 50 mW/cm2 for λ = 405 nm to 125 

mW/cm2 for λ = 940 nm 

Wavelength and intensity dependent O2 

dissociation from RBC HbO2 

Gisbrecht & 

Mamilov 

(2015) 

He-Ne laser (continuous wave, 632.8 nm, 8 

mW, 8-mm beam spot diameter), 5-min 

irradiation 

The deformability of RBCs was decreased 

by 30%. Antagonistic effect of LLLT and 

epinephrine on RBC deformation  

Yova et al. 

(1994) 

He-Ne (λ = 632.8 nm), GaAlAs (λ = 780 nm) 

and GaAs (λ = 904 nm) lasers, 16-mm beam 

diameter, 5-, 15-, and 30-min irradiation  

RBC deformability is not changed by laser 

radiation in this study 

Spodaryk 

(2001) 

DPSS laser (continuous wave, 589 nm, 50 

mW), with radiant exposure of 15, 22.5, and 

33.5 J/cm2 

RBC suspension viscosity was 

significantly decreased with maximum 

effect at 22.5 J/cm2. RBC deformability 

was increased with the exposure time 

Esmaiel et al. 

(in press) 

He-Ne laser (continuous wave, 632.8 nm, 30 

mW, 4–5 mm beam spot diameter), 60-min 

irradiation 

Pathological parameters including high 

ESR, poor deformability, and hyper-

viscosity were improved  

Mi et al. 

(2004) 

DPSS laser (continuous wave, 405, 589 and 

780 nm, 10 mW), with radiant exposure of 36, 

54, 72 and 90 J/cm2  

ESR of healthy blood was decreased with 

maximum effect achieved with 72 J/cm2 

dose by 405-nm Wavelength 

Al-Musawi et 

al. (2016) 

He-Ne laser (continuous wave, 632.8 nm, 30 

mW, 2-mm beam spot diameter), with radiant 

exposure of 0.198 J/cm3 

Shelf-life and viability of whole blood was 

increased by 20%  

Ibrahim 

(2020) 
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3 Materials and methods 

3.1 Blood sample preparation 

3.1.1 Ethical issues 

As the single-cell level measurement by OT is very sensitive to external influences, 

the blood samples utilized in the present study were donated by a healthy female 

volunteer (age 28) to avoid possible unwanted donor-specific variations. The oral 

consent of the volunteer to participate in the research was obtained on the premise 

of informing her of the content and purpose of the experiments. The handling and 

measurements with human blood samples are performed under ethical permissions 

from the Finnish Red Cross as documented in Table 5.  

Table 5. Permits and statements of blood imaging studies. 

Ethics committee Permit or statement number Date of issue 

Finnish Red Cross 18/2016 09 March 2017 

Finnish Red Cross 59/2017 02 November 2018 

Finnish Red Cross 11/2019 23 February 2020 

Finnish Red Cross 7/2021 14 June 2021 

3.1.2 Blood plasma preparation and storage  

The preparation process of stored platelet-free plasma used in this study is 

schematically illustrated in Figure 19.  

Fig. 19. Illustration of blood plasma preparation and storage. 
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Fresh whole blood samples obtained by venipuncture were collected in 

ethylenediaminetetraacetic acid (EDTA) tubes at a Nordlab clinic (Oulu, Finland). 

Blood plasma and cell components can be preliminarily separated by centrifugation 

using the Centrifuge CompactStar CS4 (VWR, USA) at 5600 revolutions per 

minute (RPM) for 10 min. The upper-layer plasma can be carefully obtained with 

a micropipette and centrifuged again under the same conditions. The supernatant 

platelet-free plasma can then be carefully collected and stored in a fridge (1–6 ℃) 

for up to 2 months.  

3.1.3 Preparation of fresh blood samples 

The experimental samples were made by diluting fresh RBC in stored autologous 

platelet-free plasma, as shown in Figure 20. Fresh blood droplets (about 10 μl) 

obtained by a fingertip prick were diluted in 1X Dulbecco’s phosphate buffered 

saline (DPBS, pH 7.4) (about 1 ml). The RBC suspension was then centrifuged at 

5600 RPM for 10 min. About 1 μl of sedimented RBC was collected carefully with 

a micropipette and re-suspended in 100 μl of platelet-free plasma to make low-

concentration RBC suspension (hematocrit<1%). The highly diluted RBC sample 

(about 20–30 μl) was then injected into the sample chamber made by attaching a 

cover glass (170 μm thick) to a microscope slide with double-sided tapes (100 μm 

thick) at two edges. The other two open sides of the sample chamber were sealed 

with Vaseline to avoid the disturbance of evaporation and airflow within the sample 

chamber. The sample chamber was then taken and placed in a gentle manner to 

ensure that it was kept in a horizontal direction.  

Fig. 20. Fresh blood sample prepared and injected into a sample chamber (with inner 

thickness of about 70–80 μm) made of a microscope slide and a cover glass.  
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3.2 Dual-beam optical tweezers   

3.2.1 Experimental setup   

An in-house-made dual-beam polarized optical tweezers (OT) system is the main 

research method for RBC investigation at a single-cell level in this thesis. A 

schematic diagram of the OT consisting of a trapping system and an observation 

and recording system is shown in Figure 21(a). The most important elements for 

the trapping system are an infrared trapping laser source (single-mode Nd:YAG 

laser, 1064 nm, 350 mW, Leadlight Technology ILML3IF-300, China), a water 

immersion microscopic objective (Olympus LUMPlanFl 100×, Japan) with a high 

numerical aperture (NA=1.00), polarizing beam splitters, and half-wave plates (λ/2 

plates). The trapping is achieved by the intensity gradient of the optical field of the 

highly focused Gaussian beam formed by the objective. The combined usage of 

half-wave plates and polarizing beam splitters makes it possible to obtain two 

orthogonally polarized trapping channels with the trapping power of each channel 

adjustable. In OT measurements, the trapping power of both trapping beams can be 

adjusted simultaneously in proportion to the preset ratio (e.g., 50:50). The trapping 

activities can be real-time observed and recorded through a CMOS camera 

(lPixelink PL-B621M, Ottawa, Ontario, Canada). As shown by the microscopic 

image in Figure 21(b), the beam focal spot is about 1.7 ± 0.1 μm in diameter. 

Fig. 21. (a) Schematic illustration of the experimental setup of the dual-beam OT 

system. (Adapted under CC BY 4.0 license from Paper III and IV © 2019, 2020 Authors). 

(b) Beam focal spot recorded by the CMOS cameral. 
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3.2.2 Trapping of RBC   

Trapping and alignment of RBC in a polarized OT 

As shown in Figure 22, the process of the trapping of an individual RBC after the 

height of the microscopic objective was adjusted to make the RBC lying on the 

lower surface of the sample chamber in the focal plane was performed as follows: 

1. Place the focal spot of a trapping beam on the edge of an RBC (Figure 22(a)). 

2. Wait until the RBC is lifted by one side due to the applied optical force (Figure 

22(b)). 

3. Slowly lift the trapped RBC to the middle of the sample chamber (about 40 μm 

from the surface of the microscopic slide) by moving the objective upwards 

(Figure 22(c)).  

The time required to lift an RBC (step 3) is directly related to the trapping power 

applied and usually takes a few seconds. By carrying out measurements in the 

middle of the sample chamber (step 4), the influence of the upper and lower glass 

surfaces and other cells lying on the lower slide surface on the trapped RBC can be 

avoided as much as possible.  

Fig. 22. Schematic illustration of the process of optical trapping of an individual RBC 

by one trapping beam. (a) The trapping beam focus is placed near an RBC. (b) The cell 

is lifted by one side due to the applied optical force. (c) The cell is lifted by the trapping 

beam. 

It is observed that a stably trapped RBC in a linearly polarized optical trap is aligned 

to the polarization direction as shown in Figure 23. This alignment phenomenon 

has been reported also in other studies (Dharmadhikari et al., 2004). As the two 

individual trapping beams in our OT system are orthogonally polarized, 

microscopic images (top view) of cell trapping as shown in Figure 23(b), can be 
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observed. The corresponding side view image as shown in Figure 23(a) can be 

derived.  

Fig. 23. Schematic illustration of the stable trapping of two individual RBC within the 

sample chamber by the dual-beam OT. (a) Side-view illustration of trapping of RBC 

within the sample chamber. (b) Colored top-view microscopic image recorded by the 

CMOS camera. 

Considerations of potential damage of RBC by optical trapping  

Potential thermal and non-thermal damage of optically trapped biological objects 

including RBC by tapping lasers is well summarized in the review article “Optical 

tweezers in studies of red blood cells” (Paper Ⅳ). The temperature rise caused by 

optical trapping is often considered to be linearly related to the trapping power (Y. 

Liu et al., 1995). For RBC trapping by near-infrared (NIR, 750–1400 nm) lasers 

with a trapping power of no more than 100 mW, the expected temperature increase 

is generally no higher than 1.0 ℃ (Y. Liu et al., 1995). In our experiments, the 

optical power of each beam is less than 90 mW, and the temperature change of the 

upper surface of the sample chamber after measurement for up to 3 h with OT is no 

more than 0.5 ℃.  

3.2.3 Force calibration 

The Stoke’s calibration method is used in the present study to characterize the 

optical force applied to a trapped RBC in the experimental environment, i.e., 

autologous plasma (Paper Ⅲ). The trapping force in each beam was experimentally 

quantified by matching the optical force Ftrap at a given power with the viscous drag 

force Fv at a certain flow velocity as shown in Figures 24(a) and (b). The flow is 
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generated by moving the micro-resolution two-dimensional motorized sample 

stage (Standa 8MTF, Lithuania) at a fixed speed in the horizontal direction. The 

moving speed is adjusted by the control software of the motorized stage. The 

viscous drag force can be calculated by Stoke’s law as (Lee, Wagner, et al., 2017) 

 𝐹 6𝜋𝜂𝑅𝑣𝐾 (33) 

and 

 𝐾
⁄

⁄
, (34) 

where η is the viscosity coefficient of the medium (plasma, 1.30 mPas) and R is the 

effective radius of RBC (i.e., the radius of an equal-volume sphere of RBC, about 

2.7 μm). K is a corrective factor for non-spherical shape of RBC (i.e., prolate 

ellipsoid), while β is the ratio of the major axis a to the minor axis b of the ellipsoid. 

The optical trapping force in each trapping beam that is linearly correlated with the 

laser power can then be obtained as the calculated viscous drag force when the cell 

is just able to escape the trap in the flow condition. The obtained calibration results 

of the optical forces in the two trapping beams corresponding to a trapping power 

in a range of 30–70 mW was shown in Figure 24(c).  

Fig. 24. Schematic illustration of the calibration process of the optical trapping force 

directly applied to a single RBC. (a) A trapped cell is subjected to an optical trapping 

force (Ftrap) and a viscous dragging force (Fv1) by the medium moving with the sample 

stage at a velocity v1. (b) The RBC escapes the trap when the dragging force, which 

increases with the stage moving velocity, exceeds the optical trapping force. (c) The 

calibration result of the optical trapping force is linearly correlated with the laser power. 

(Reproduced under CC BY 4.0 license from Paper I © 2022 Authors).  
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3.3 Optical microscopy 

The morphology of RBC and aggregates in the sample chamber were observed by 

a conventional upright optical microscopy (Nikon Eclipse LV100DA-U, Japan) in 

the bright-field mode with a 20× microscopic objective. Figure 25(a) shows a part 

of the microscopic image obtained by the supplementary NIS-Elements Advanced 

Research Imaging Software. The images can be processed by the same software to 

automatically count and calculate the areas of manually outlined RBC aggregates. 

Alternatively, the function of “Analyze Particles” of the ImageJ software can be 

used to automatically identify, count, and calculate the areas of RBC aggregates 

with a preset scale, as shown in Figure 25(b). 

Fig. 25. Illustration of (a) a part of a typical microscopic image of an RBC suspension 

sample in autologous plasma obtained by a 20× objective, and (b) the result of the image 

processing by ImageJ software to count the number and calculate the area values of 

RBC aggregates.  

3.4 Laser irradiation systems 

3.4.1 Continuous diode laser irradiation system 

The continuous laser irradiation system consisting of a wide-beam diode laser (450 

nm and 520 nm, 100 mW, Oxlasers, China) and a triangular-shaped prism with light 

transmission efficiency (Pout/Pin) of about 90% for both 450- and 520-nm 

wavelength is schematically illustrated by Figure 26(a). The beam diameter, or the 

irradiated sample area, was measured to be about 11 mm, as shown in Figure 26(b). 

According to the First Law of Photochemistry, photon absorption by molecular 

photoreceptors or chromophores is the premise of photochemical reaction (Y. Y. 
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Huang et al., 2011). In the present study, wide-beam diode lasers were adopted to 

provide a relatively precise evaluation on the radiant exposure within the sample 

chamber. The available laser wavelength of 450 nm close to the highest absorption 

peak of the targeted photoreceptor (i.e., hemoglobin) according to the hemoglobin 

absorption spectra as shown in Figure 26(c) was adopted. Although not perfectly 

matching the hemoglobin absorption peak, 450-nm lasers are widely available at 

reasonable cost. The 520-nm wavelength, which can be absorbed by hemoglobin 

but has a lower absorption coefficient than the 450-nm wavelength, was selected 

for comparison.  

Traditionally, red and NIR lights have been widely applied therapeutically as 

they have a better penetration depth through tissue, which is critical for transdermal 

irradiation protocol (Serrage et al., 2019). However, blue and green lights (<600 

nm) are widely investigated in blood photobiomodulation studies as they have 

higher hemoglobin absorption coefficients compared with red or NIR lights, as 

shown in Figure 26(c). Beneficial effects of wavelengths with high tissue 

absorption can be introduced through intravenous blood irradiation (Chung et al., 

2012). Besides, even when specific parts of the human body are irradiated from 

outside, a good portion of blue and green light (50% or more) can reach blood 

capillary loops in skin located in the papillary dermis (upper part of dermis) at depth 

of ca. 100 microns.  

The irradiation power Pout was evaluated to have less than 0.4% and 5% 

fluctuations during a 3-h operation at room temperature (23 ± 1 ℃) for 450- and 

520-nm lasers, respectively. The absorption by the transparent cover glass of the 

sample chamber was ignored and the temperature drift on the surface of cover glass 

was less than 0.3 ℃ after 4 h of irradiation with a laser power of 50 mW by both 

wavelengths. The radiant exposure or fluence He defined as the radiant energy Qe 

delivered to per unit of irradiated area A by a given laser beam with a given radiant 

power or flux Φe for a certain irradiation time t can be written as 

 𝐻
∙

∙
, (35) 

where r=5.5 mm is the radius of the circular irradiation area determined by the 

cross-section of the irradiation beam, as shown in Figure 26(b).  
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Fig. 26. (a) Schematic layout of the continuous laser irradiation system consists of a 

diode laser with a wide beam and a triangular prism with a light transmission efficiency 

(Pout/Pin) of about 90%. (b) Laser beam diameter measured as 11 mm. (c) Absorption 

spectra of hemoglobin and deoxyhemoglobin (HbO2 and Hb), with blue and green 

vertical lines indicating the irradiation wavelengths (450 and 520 nm). (Reproduced 

under CC BY 4.0 license from Paper I © 2022 Authors).  

3.4.2 Pulsed He-Ne laser irradiation system 

The pulsed laser irradiation system made up of a narrow-beam He-Ne irradiation 

laser (633 nm, 4 mW, JDS Uniphase 1507P-0, USA) with a beam spot diameter of 

0.48 mm, a laser beam chopper system (Thorlabs MC2000B, USA), and a high 

reflectivity mirror is schematically illustrated by Figure 27. The MC2000B optical 

chopper system with replaceable chopper blades MC1F10/15/30/60/100 can 

modulate a continuous beam into a pulsed square-wave beam with a pulse 

repetition frequency of up to 10 kHz. In our study, the pulse frequency f was 

modulated in a range of 25 Hz to 10 kHz with a step size of 25 Hz. The actual 

irradiation time t on a sample given by a pulsed laser beam with frequency f during 

a certain total laser operation time tl can be calculated as t=tl/f, and the actual radiant 

exposure or fluence can then be derived from Equation (35) as  

 𝐻
∙

∙

∙

∙ ∙
, (36) 

where r=0.24 mm is determined by the He-Ne laser beam. The modulated pulsed 

irradiation beam was directed to the trapped RBC within the sample chamber 

placed on the sample stage of the OT system, as shown in Figure 27. After each 

irradiation and measurement by OT, the motorized sample stage was moved to a 
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new position to ensure non-irradiated RBC to be trapped and irradiated for the next 

measurement.  

Fig. 27. Schematic layout of the pulsed laser irradiation system composed of a He-Ne 

laser and an optical chopper module.  

3.5 Measurements of RBC interaction dynamics by OT 

3.5.1 Aggregation measurements and analysis 

RBC aggregation is a spontaneous interaction activity between cells at stasis or 

low-shear conditions (Lee, Danilina, et al., 2016). Therefore, the RBC aggregation 

force was measured as the RBC mutual attracting force by matching it with an 

optical trapping force prohibiting RBC clumping. The measurement procedure of 

RBC aggregation is schematically illustrated by the colored experimental 

micrograph series in Figure 28 and it comprises the following steps:  

1. Two RBC were trapped separately by two beams with strong power (about 50–

60 mW in each beam) and an overlap was formed between them under the 

control of OT (Figure 28(a)). 

2. After maintaining this contact state for a certain time, the laser power was 

gradually decreased, and the trapping position was carefully adjusted to ensure 

a constant contact area between RBC (Figure 28(b)). 

3. The RBC escaped from a trap and clumped together when trapping force was 

decreased to slightly less than intercellular attracting force. The trapping force 

was registered at this moment as RBC aggregation force (Figure 28(c) and (d)). 

4. The measurement was repeated several times with different initial overlapping 

areas between RBC. 
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Fig. 28. Schematic illustration of the measurement procedure of RBC aggregation 

dynamics. The trapping positions are denoted by the circles with red crosses. Fa 

denotes the inter-cell interaction force and Fl and Fr denote the optical force in the left 

and right trap separately. Fl’ and Fr’ denote the decreased optical forces.  

3.5.2 Disaggregation measurement and analysis 

RBC disaggregation is an enforced activity that separates cells from attaching to 

each other at high-shear conditions generated by small vessels or blood flow (Lee, 

Kinnunen, et al., 2016). RBC disaggregation force is defined as the required 

external force to separate RBC aggregates into individual cells. In the present study, 

the RBC disaggregation kinetics were studied by evaluating the separation/peeling 

extent (i.e., reduction of interaction area) of a pair of attached RBC under a certain 

optical pulling force. The measurement procedure in an OT-induced RBC 

disaggregation process is schematically illustrated by the colored experimental 

micrograph series in Figure 29 and it comprises the following steps:  

1. Two RBC were trapped separately by two beams with a preset power and an 

overlap was formed between them under the control of OT (Figure 29(a)).  

2. After maintaining this contact state for a certain time, the movable (right) beam 

was slowly moved away from the central (left) beam (Figure 29(b)).  

3. The RBC escape from a trap and clump together when the mutual attracting 

force between RBC exceeded the trapping force. The residual overlapping area 

between RBC right before cell escape was registered (Figure 29(c) and (d)). 

4. The measurement was repeated several times with different trapping powers.  
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Fig. 29. Schematic illustration of the measurement procedure of RBC disaggregation 

dynamics. The trapping positions are denoted by the circles with red crosses. Fd 

denotes the inter-cell interaction force in the disaggregation process. Fl and Fr denote 

the optical force in the left and right trap separately.  

3.6 Measurement of RBC deformation by OT 

Red blood cells are highly flexible and their mechanical properties can be explored 

with OT. In the present study, one-dimensional linear stretching of an individual 

RBC by OT acting at two diametrically opposite sides of an RBC was studied, as 

illustrated by the colored experimental micrograph series in Figure 30. The 

measurement procedure comprises the following steps:  

1. An individual RBC was stably trapped by the central beam (Figure 30(a)).  

2. The trapped cell was placed in the horizontal direction under the action of the 

movable beam and the original cell length do was recorded. (Figure 30(b)).  

3. The trapped RBC was linearly stretched by slowly moving the movable beam 

in the horizontal direction until the cell resilience dragged the cell out of the 

tap (Figure 30(c)). The maximum cell elongation da was recorded. 

4. The measurement was repeated several times with different trapping powers.  
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Fig. 30. Schematic illustration of the measurement procedure of one-dimensional 

deformability of RBC. The trapping positions are denoted by the circles with red 

crosses. The marked do and da denote the cell length before and after stretching. 

(Reproduced under CC BY 4.0 license from Paper I © 2022 Authors).  

3.7 Data processing 

In the present study, all measurements were performed at room temperature (23 ± 

1 ℃) within 3 h after fingertip blood collection. The measurements with OT were 

performed by manually adjusting the beam positions and powers. Each 

measurement was repeated at least five times and standard deviations were 

calculated and reflected in the plotted results. The main sources of errors could be 

the individual difference between RBC, the operation error, and the environmental 

disturbance. The free software VirtualDub and ImageJ were used for experimental 

video and image processing. The Mann-Whitney U test was used to detect the 

statistical significance of the difference between the results.  
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4 Results 

This chapter represents the main results of the experimental data related to the 

proposed research questions obtained with research methods described in the 

previous chapter. Section 4.1 reports the measurements of RBC aggregation from 

the observation of RBC aggregation at stasis by optical microscopy and the 

evaluation of RBC aggregation force by OT. The effects of intercellular interaction 

time and contact history on the measured RBC aggregation force were analyzed 

quantitatively.  

Section 4.2 describes the measurement of RBC disaggregation dynamics in 

terms of the cell-to-cell interaction energy density involved in the OT-induced 

disaggregation process. The influence of cell mutual contact time and initial contact 

area on the interaction energy in the disaggregation process were discussed 

separately.  

Section 4.3 focuses on the measurements of photobiomodulation effects of 

continuous laser irradiation on rheological properties of RBC including 

spontaneous aggregation, deformation, and enforced disaggregation. A special 

evaluation of a protecting effect of laser irradiation on the shape of RBC under 

adverse condition is presented.  

Section 4.4 describes an innovative evaluation of the photobiomodulation 

effect of pulsed laser irradiation mainly on the RBC aggregation process.  

4.1 RBC aggregation measurements 

4.1.1 RBC aggregation in autologous plasma 

Measurements by conventional optical microscopy   

Optical microscope is a commonly used instrument for magnified visualization of 

biological objects. The detailed shape and size information of individual RBC and 

RBC aggregates can be obtained easily with conventional light microscopy. 

Spontaneous aggregation of RBC in autologous plasma, with a hematocrit value of 

around 1%, at stasis within a sample chamber for up to 9 h was observed and 

recorded, as shown in Figure 31. It can be seen intuitively from Figure 31 that RBC 

gradually formed aggregates or rouleaux through face-to-face, face-to-edge, or 

edge-to-edge attaching with time. The size and number of RBC-aggregates 
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increased over time, while the morphological characteristics remained unchanged 

as individual RBC were nearly circular and the edges of rouleaux were clear. 

Fig. 31. Microscopic images of RBC suspension in autologous plasma (hematocrit≈1%) 

within a sample chamber for up to 9 h at stasis recorded by light microscopy.  

At least 20 microscopic images after a different resting period of the sample for up 

to 180 min were recorded and statistically analyzed. The counts of the total number 

of all cell elements (i.e., individual RBC and rouleaux) and of RBC aggregates 

(rouleaux) solely in all 20 images are shown in Figure 32(a). The changing trend 

reflects the appearance of a large number of RBC aggregates. Individual RBC were 

more involved in the formation of aggregates, so the total number of cell elements 

is reduced dramatically. On the other hand, the formed rouleaux attracted individual 

cells or adjacent rouleaux to form larger aggregates, making the increase of the 

number of aggregates relatively slow. Spontaneous aggregation of RBC can then 

be quantitatively analyzed by counting the relative number of aggregates (i.e., 

population) in all 20 images after different resting period by a certain area interval 

(20 μm2). The areas of RBC aggregates were obtained with the method introduced 
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in Chapter 3.3. As shown in Figure 32(b), the lognormal distribution curves show 

that the main distribution of aggregate size develops from a smaller area to a larger 

area with a wider distribution range.  

Fig. 32. Quantitative analysis of spontaneous aggregation of RBC suspended in 

autologous plasma for up to 180 min. (a) The counts of all cell elements (i.e., individual 

RBC and rouleaux) and of RBC-aggregates solely in all 20 microscopic images after 

different standing time. (b) The area distribution plotting of RBC-aggregates in all 20 

images after different standing time. (Reproduced under CC BY 4.0 license from Paper 

I © 2022 Authors).  

Measurements by OT 

RBC aggregation force at the piconewton (10−12 N) level can be measured directly 

with OT with the procedure described in Chapter 3.5.1. Similar studies have been 

performed before (Lee, Danilina, et al., 2016; Lee, Kinnunen, et al., 2016). The 

present study first verified the measured RBC aggregation force in previous reports 

and took the obtained results as the basis for the subsequent measurements and 
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analysis. In the evaluation of RBC interaction dynamics, the mutual interaction area 

between RBC in a two-cell-rouleau has to be assessed in the first place. As shown 

in Figure 33(a), the upper image is a colored microscopic image of the real 

observation of a rouleau formed under the control of OT. The cell diameters dl and 

dr and the linear interaction length x can be measured. The overlapping area (Si) 

between two RBC can be estimated as the sum of two segments enveloped by two 

arcs as shown in Figure 33(a). The relative overlapping Si/S0, where S0 is the 

approximate area of a single RBC can then be calculated as 

 
∑ ⁄ ∙ ∙  ,

⁄ ⁄
. (37) 

The measured RBC aggregation can then be plotted versus the relative interaction 

area between RBC, as shown in Figure 33(b). A total of 100 pairs of RBC were 

measured and the results were linearly fitted with an R-Square (R2) value of 0.575. 

As the obtained data scattered within a relatively large zone around the fitting line, 

a statistical verification of feasibility of the linear fitting was performed with Origin, 

as shown in Figure 34. It can be seen that the residuals of the measured force have 

constant variance to the predicted variable and the deviation is normally distributed. 

Therefore, a linear relationship between RBC aggregation force and interaction 

area exists. The aggregation force increases in a range of 2 pN to 4.5 pN with the 

increase of the relative overlapping area in a range of about 20% to 60%.  

Fig. 33. (a) Illustration of the calculation of RBC interaction area through cell diameters 

(dl=2rl and dr=2rr) and the linear interaction length x. (b) RBC aggregation force 

measured with OT in a range of 2 to 4.5 pN depending on the relative interaction area. 

(Adapted under CC BY 4.0 license from Paper I © 2022 Authors).  



83 

Fig. 34. Feasibility verification of linear fitting of RBC aggregation force. (Adapted under 

CC BY 4.0 license from Paper I © 2022 Authors).  

4.1.2 Influence of interaction time on RBC aggregation 

The experimentally measured relationship between the RBC aggregation force and 

cell-to-cell interaction area was compared with theoretical models. The depletion 

model with the osmotic stress proportional to the contact area as the main driving 

force for cell interaction is more suitable for describing the RBC aggregation 

process. In the depletion model, important determinants are the thickness of 

“attached polymer layer” of the cell membrane, the penetration depth of free 

molecules in the suspension into the membrane of the attached polymer layer, and 

the parallel distance between cells (Neu & Meiselman, 2002). The interaction time 

between cells, on the contrary, is not an important factor influencing the 

intercellular force corresponding to a certain interaction area. The influence of 

interaction time on the measured RBC aggregation force was experimentally 

verified, as shown in Figure 35. A relative overlapping area between two RBC of 

about 40% was maintained under the control of OT for up to 300 s before the 

aggregation force was measured. The measured aggregation force was about 3.0 ± 
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0.7 pN, with no significant difference among the results measured for different 

periods of interaction. 

Fig. 35. Aggregation force corresponding to a 40% relative overlapping measured after 

maintaining different cell-contact time from 20 s to 300 s. (Adapted, with permission, 

from Paper VII © 2019 SPIE-OSA).  

4.1.3 Influence of interaction area history on RBC aggregation 

According to the depletion layer prediction, the contact history between two cells 

does not affect the aggregation force measured under the same interaction 

conditions. This prediction was experimentally verified, as shown in Figure 36. A 

30% and a 50% overlapping was formed between two RBC by slowly increasing 

the mutual contact from no overlapping (group A) and by gradually decreasing the 

cell contact from an almost 80% relative overlapping (group B) separately. The 

measured aggregation force was about 2.8 ± 0.2 pN (group A) and 2.8 ± 0.1 pN 

(group B) for a 30% overlapping and about 3.6 ± 0.1 pN (group A) and 3.5 ± 0.1 

pN (group B) for a 50% overlapping. The result verified the insignificant influence 

of the contact history on RBC aggregation dynamics.  
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Fig. 36. Aggregation force corresponding to a 30% and a 50% relative overlapping 

formed by gradually increasing (group A) or decreasing (group B) the cell contact area 

to the preset area. 20 pairs of RBC were tested for each case.  

4.2 RBC disaggregation measurements 

4.2.1 RBC disaggregation in autologous plasma 

For RBC disaggregation measurements, it is necessary to clarify the used and 

measured optical force in the current experiments and the RBC disaggregation 

force. RBC disaggregation force is the external force required to detach cells apart 

from a rouleau that can be measured with OT by testing the minimum force applied 

to detach cells from an aggregate. In the present study, the optical force was applied 

to peel the attached cells to an extent when the intercellular interaction force 

exceeded the optical force and pulled the RBC out of the trap as described in detail 

in the Chapter 3.5.2. The work done by the intercellular force was equal to the work 

done by the optical force during the enforced decrease of the cell contact. With 

known applied forces and extracted reduction in the contacting area, the interaction 

energy, and the interaction energy density relative to the remaining contact area can 

be calculated. The experimentally measured results of the RBC interaction energy 

density versus the remaining contact area between the RBC with a reciprocal fitting 

curve are plotted in Figure 37. The relative initial overlapping between the two cells 

was around 80% and the cells were kept in contact for 40 s throughout the 

measurements. At least 5 pairs of RBC were measured for each data point in three 

independent measurement group to verify the consistency of the results.  
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As shown in Figure 37, the interaction energy density increased with the 

decrease of the remained cell overlapping in a range of 2.0 aJ/μm2 to 9.5 aJ/μm2, 

which is consistent with the prediction of the bridging model. The results verified 

conclusions in previous studies (Lee, Danilina, et al., 2016; Lee, Kinnunen, et al., 

2016). Furthermore, the characteristic parameter of the bridging model, the cross-

bridges density m0 in the Equation (9), was calculated from the reciprocal fitting 

equation of about 1/4260 nm−2. The result is within the range of 1/2500 to 1/5100 

nm−2 derived from the observation by scanning electron microscopy (SEM) 

(Avsievich et al., 2018).  

Fig. 37. The relationship between the RBC interaction energy density measured in the 

process of enforce peeling of two attached cells as a function of the maintained relative 

contact area. A reciprocal fitting was applied to the experimental data. (Adapted under 

CC BY 4.0 license from Paper III © 2019 Authors).  

4.2.2 Influence of interaction time on RBC disaggregation 

The potential influence of mutual interaction time between two RBC on the 

disaggregation process was evaluated by OT and the results are shown in Figure 

38. Different from the RBC aggregation, the mutual contact time shows a relatively 

great impact on the disaggregation process. It can be seen from Figure 38(a) that 

the longer the cell contact time, the lower the peeling extent of an RBC aggregate 

can be achieved by a fixed optical force. Specifically, the relative area of the 

remained overlapping between two RBC after a disaggregation action by a fixed 

optical force increased with mutual cell interaction time in an approximate 
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logarithmic relationship. As shown in Figure 38(b), this impact is more pronounced 

within 100 s of interaction time. As a conclusion, intercellular contact time should 

be specially considered in measurement of RBC disaggregation process, especially 

when analyzing the effects of external factors on the RBC disaggregation. It is 

important to control and record the mutual interaction time in precise RBC 

disaggregation measurement especially at a single-cell level.  

Fig. 38. The influence of interaction time on the peeling extent of a pair of RBC with an 

initial relative interaction of 80% by a constant optical force of about 9.2 pN. (a) Different 

peeling extent illustrated by the microscopic images of experimental observation. (b) 

Quantitative results of maintained relative area. (Adapted under CC BY 4.0 license from 

Paper III © 2019 Authors).  

The measurement of influence of mutual interaction time on RBC disaggregation 

was repeated with a larger and a smaller trapping force of 12.5 pN and 5.4 pN 

separately. It can be seen from Figure 39 that this effect is negligible in the 

measurement with 5.4 pN force, while maintaining the same manner in the 

measurement with 12.5 pN force but is less pronounced compared to the 

measurement with 9.2 pN force. This phenomenon can be understood considering 

the relationship between the intercellular interaction energy (WB) and the energy 

exerted by the applied optical force (Wo). When WB>Wo, the mutual contact 

between RBC can be hardly decreased, therefore the influence of interaction time 

is hard to be measured. When WB<Wo, the optical force is sufficient to overcome 

the effects caused by the interaction time to a certain extent making the measured 

influence less pronounced. It can be imagined that the influence of cell interaction 
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time will not be measurable when using a sufficiently strong optical force that can 

easily separate an RBC aggregate.  

Fig. 39. The results of maintained relative area between two attached RBC with a relative 

initial overlapping of about 80% after a disaggregation action measured by three 

different optical forces. (Adapted, with permission, from Paper VI © 2020 OSA & 

Authors). 

The results reveal that the interaction energy (density) increases over time, which 

further indicates the time-dependent formation of the cross-bridges connecting 

adjacent RBC in the bridging model. Theoretically, it has been pointed out that the 

macromolecules in the suspending medium already adsorbed on surfaces of 

individual cells are further absorbed onto the surfaces of adjacent cells and thus 

cross-link two or several cells (Meiselman, 2009). The number density of the cross-

bridges is a function of time (Tozeren et al., 1989). Our results prove the validity 

of the bridging model as the RBC disaggregation mechanism and experimentally 

clarifies the approximate logarithmic time-dependence of the formation of cross-

bridges.  

4.2.3 Influence of initial interaction area on RBC disaggregation 

According to the bridging model, the initial contact has a direct effect on the RBC 

disaggregation. Previous studies have roughly measured a stronger disaggregation 

force at a larger initial contact area (Lee, Danilina, et al., 2016). In the present study, 

an accurate evaluation of the effect of initial contact was performed, as shown in 

Figure 40. The relationships between the RBC interaction energy density and the 
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relative contact area were measured in two groups with a 60% and 80% initial 

overlapping separately. As shown in Figure 40, an increase in the initial contact 

area results in an almost proportional increase in the interaction energy density 

along the remaining relative contact area.  

Fig. 40. The results of measurement of RBC interaction energy density in 

disaggregation process with a relative initial cell overlapping of 60% and 80%. (Adapted 

under CC BY 4.0 license from Paper III © 2019 Authors). 

4.3 Photobiomodulation by continuous laser irradiation 

The above results have shown that OT is a convenient and effective tool for 

investigating the biophysical properties of RBC. As introduced in Chapter 2.3, the 

photobiomodulation of light has been widely known and has been tremendously 

utilized for therapeutic practices. The positive modulation effect of low-intensity 

laser irradiation on whole blood samples has been reported, but the specific 

mechanism and target of laser-blood interaction remain to be explored. In the 

present study, the potential hemorheological alterations of RBC suspended in 

autologous plasma by laser radiation with different parameters were studied. The 

radiant energy and radiant exposure or fluence can be calculated as introduced in 

Chapter 3.4.1.  
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4.3.1 Photobiomodulation on RBC spontaneous aggregation 

Measurements facilitated by conventional optical microscopy   

In order to choose proper radiation parameters (i.e., wavelength, power, and time 

of irradiation), the potential influence of laser irradiation on the morphology of 

blood samples and the spontaneous aggregation process at stasis were evaluated by 

optical microscopy in the first place. Irradiation with parameters of a laser 

wavelength of 450 nm and 520 nm, an output power of up to 50 mW, and an 

irradiation time of up to 180 min were tested. From direct observations with a 20 × 

objective, there was no obvious change in cell morphology even in the samples 

subjected to the longest exposure (180 min) to the 520-nm laser at the highest 

power (50 mW). However, the apparent morphological change, as illustrated in 

Figure 41(b), was observed by replacing the irradiation wavelength with 450 nm. 

Compared to normal cell morphology, as illustrated in Figure 41(a), such 

morphological change was characterized by the shrinking and spiky changes of 

individual RBC and uneven boundaries of RBC-aggregates. Specifically, a 

morphological change began to appear under the following irradiation conditions: 

450-nm laser light with 30- or 50-mW output power for 90-min irradiation and 450-

nm laser light with 15-mW output power for 180-min irradiation. Therefore, laser 

irradiation by 450-nm laser light will cause morphological changes when radiant 

exposure exceeds 170.5 J/cm2. 

Fig. 41. Illustration of (a) a general microscopic observation of blood sample 

morphology, and (b) the type of morphological change in the sample induced by laser 

irradiation with certain parameters. (Reproduced under CC BY 4.0 license from Paper I 

© 2022 Authors).  
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Additionally, quantitative information of total counts and area distributions of RBC 

aggregates were analyzed for different irradiation conditions, as shown in Figures 

42 and 43. Figure 42 shows that, for the tested irradiation conditions, the increase 

in the number of spontaneously formed RBC aggregates was accelerated by laser 

irradiation. In the samples irradiated by the 450 nm laser, the accelerated increase 

in the number of RBC aggregates became apparent at 9.5 J/cm2 radiant exposure.  

Fig. 42. Normalized histograms of the total number of RBC-aggregates in 20 recorded 

microscopic images in the control and different irradiated samples. (Reproduced under 

CC BY 4.0 license from Paper I © 2022 Authors).  

In the samples irradiated by the 520 nm laser, this increase became significant at a 

higher radiant exposure (about 284.1 J/cm2). Meanwhile, the lognormal distribution 

of the sizes of spontaneously formed RBC aggregates appeared to expand to the 

large area zone after laser irradiation, as shown in Figure 43, denoting an increase 

in the size of formed aggregates. Similarly, this effect became significant at a 

radiant exposure of 9.5 and 568.2 J/cm2 in the 450 and 520 nm laser irradiation 
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groups separately. The phenomenon of promoting RBC aggregation is considered 

an adverse effect of laser irradiation and is generally avoided in laser blood 

irradiation. Therefore, evaluation of the acceleration effect among different 

irradiation conditions requires further measurements and is out of the scope of the 

present study. The experimental results show that compared with the 520-nm 

irradiation laser, the 450-nm laser is more likely to induce changes in the irradiated 

blood samples. In addition, limited by the measurement time (about 5 min to collect 

at least 20 images), the effect of laser irradiation within 30 min on RBC 

spontaneous aggregation is hard to be evaluated by conventional light microscopy. 

Therefore, the subsequent research on laser biomodulation was mainly conducted 

within the radiant exposure of 9.5 J/cm2 by 450 nm wavelength at a single-cell level 

using OT. 

Fig. 43. The normalized comparison of the averaged size and the lognormal distribution 

of areas of spontaneously formed RBC aggregates in the control and different irradiated 

samples. (Adapted under CC BY 4.0 license from Paper I © 2022 Authors).  
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Measurements by OT  

The RBC aggregation force in the blood samples after irradiation were measured 

and compared with the results in the control sample, as shown in Figures 44 and 

45. Figures 44 and 45 show that the RBC aggregation force measured in both the 

high-radiant-exposure (over 56.8 J/cm2) samples and the low-radiant-exposure 

(below 9.5 J/cm2) samples was not significantly different from that in the control 

group. The measurements in the low-radiant-exposure samples were performed 

only with a relative cell-interaction area of 40% to simplify the experimental 

procedure.  

Fig. 44. RBC aggregation force measured with different cell contact areas in several 

irradiated samples compared with the control (black dots) sample. (Adapted under CC 

BY 4.0 license from Paper I © 2022 Authors).  
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Fig. 45. RBC aggregation force measured at around 40% relative cell contact area in 

several irradiated samples compared with the control (black dots) sample. (Adapted 

under CC BY 4.0 license from Paper I © 2022 Authors).  

4.3.2 Photobiomodulation effect on RBC deformation 

As introduced in Chapter 2.3.1, photobiomodulation relies on a series of 

photochemical and photobiological reactions during light-tissue interactions. 

According to the First Law of Photochemistry, a possible photochemical reaction 

occurs only if the photons are absorbed by molecular photo-acceptors or 

chromophores (Y. Y. Huang et al., 2011). As can be seen from the results in Chapter 

4.3.1, the morphological change was triggered only by 450-nm wavelength 

irradiation. Referring to the absorption spectra of hemoglobin, as shown in Figure 

4, the strongest absorption peak appears around 400 nm. Therefore, hemoglobin 

might be the target site of photon absorption and possible biomodulation is more 

likely to be observed at irradiation with a 450-nm wavelength than with a 520-nm 

wavelength. The subsequent assessments within the radiant exposure of 9.5 J/cm2 

were conducted with the 450-nm laser.  

The deformation measurements were performed with the method introduced in 

Chapter 3.6 and the relative elongation was calculated as the ratio of length change 

(da−d0) to initial cell length (d0) as (|da−d0|/d0)%. Three irradiation durations (5 min, 

15 min, and 30 min) corresponding to radiant exposures of 1.6 J/cm2, 4.7 J/cm2, 

and 9.5 J/cm2 by the 450-nm laser operated at 5 mW were adopted. The measured 

relative elongation in three irradiation groups was compared with the control group, 

as shown in Figure 46. As a result, the one-dimensional linear deformability of 
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RBC was improved by a laser of 450 nm, 5 mW for both 15- and 30-min irradiation. 

The improvement was not significant in the 5-min irradiation sample as the 

standard deviations in the measured results are relatively large.  

Fig. 46. Experimental results of maximum relative elongation of individual RBC 

achieved by certain optical pulling force in the control and irradiated samples. The solid 

lines represent linear fitting and the data not considered in the linear fit are connected 

by dashed lines. (Reproduced under CC BY 4.0 license from Paper I © 2022 Authors). 

4.3.3 Photobiomodulation on RBC disaggregation 

In the present study, the potential effect of laser irradiation on the RBC 

disaggregation process was assessed by the possibility of separating an RBC 

doublet with an optical force slightly smaller than the disaggregation force. The 4.9 

pN and 5.9 pN forces that were able to peel two attached cells from a 60% or an 

80% initial overlap to a very small conjugating area were experimentally selected 

respectively. The cell separation occurred in a low percentage among at least 10 

pairs of tested cells by the selected optical force. The direct experimental 

observation of the effect of laser irradiation and the statistical results of the number 

of cell-pairs that can be separated are shown in Figures 47 and 48. As shown in 

Figure 47, the average relative linear overlap from direct microscopic observation 

lr=(x/dl+x/dr)/2 was utilized to evaluate the contact extent between two RBC.  
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Fig. 47. Schematic illustration of the laser irradiation effect on deceasing the remaining 

contact between two RBC in a disaggregation process by an optical force slightly 

smaller than the RBC disaggregation force (a, c, and d). The initial relative linear overlap 

lr of (a) 60% and (b) 80% were tested. (e) The situation of total separation of RBC could 

occur. (Adapted under CC BY 4.0 license from Paper I © 2022 Authors).  

As shown in Figure 48, the percentage of tested cell pairs that were separated under 

the same measurement conditions was increased after laser irradiation by 450 nm, 

5 mW with radiant exposure of 1.6 J/cm2 (5-min irradiation), 4.7 J/cm2 (15-min 

irradiation), and 9.5 J/cm2 (30-min irradiation). In both measurement groups with 

an initial linear overlap of 60% and 80%, the most efficient radiant exposure was 

found to be 4.7 J/cm2 in the current experiment. Meanwhile, in the 80% initial linear 

overlap group, the laser irradiation induced biphasic dose response as the 

percentage of separation dropped back to a normal level as in the control group 

when the radiant dose increased to 9.5 J/cm2. The results indicate that the laser 

irradiation treatment could make aggregated RBC easier separated by external 

forces, which could be the shear force in a blood flow and the geometrical 

resistance by vasculature. 
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Fig. 48. The percentage of pairs of RBC that were successfully separated in at least 10 

pairs of cells by the preset optical force corresponding to different initial overlapping 

areas. (Adapted under CC BY 4.0 license from Paper I © 2022 Authors).  

4.3.4 Protecting effect of LLLR on RBC under severe conditions 

As introduced in Chapter 2.3.2, laser irradiation in R/NIR spectral region can 

improve whole-blood viability in extracorporeal circulation and blood storage for 

transfusion purpose (Ibrahim, 2020; Walski et al., 2018). In the present study, RBC 

distortion (shrinking and spiky changes) and irregular large-aggregate formation 

were observed, as shown in Figure 49 (control), when suspending fresh RBC in a 

long-stored (5-month storage in a fridge at 1–6 ℃) autologous plasma. The 

phenomenon might be caused by the elevated osmotic pressure in long-term stored 

plasma (Ratcliffe et al., 1986).  

As an attempt to test the protective effect of laser irradiation on RBC, the 

irradiation conditions used in the previous experiments (450-nm, 5-mW laser 

irradiation for 0–30 min) were applied to the RBC suspension in long-stored plasma. 

An illustration of the direct experimental observation was shown in Figure 49 in 

the “irradiated” group. It is obvious that more intact individual RBC with near-

round shapes marked in red were observed in the irradiated samples after different 

irradiation times compared to the observation in the control sample. This 

observation is quantitatively demonstrated in Figure 50 by counting the number of 

total cell elements (including individual RBC and aggregates) and of intact 

individual RBC in all recorded micrographs. In both the control and irradiated 

samples, the total number of cell elements and intact RBC decreased over time, 
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whereas the decreasing trend was slowed by laser irradiation. In addition, the 

appearance of large abnormal aggregates in the 30-min control group was 

significantly attenuated in the 30-min irradiated group. Therefore, a protecting 

effect of laser irradiation by 450-nm, 5-mW laser with radiant dose of 1.6–9.5 J/cm2 

in preserving intact near-round cell shape and preventing the formation of large 

abnormal aggregates was demonstrated.  

Fig. 49. Illustration of the observed phenomenon of cell distortion in long-stored 

autologous plasma by colored microscopic images obtained by the 100 × objective of 

the OT system. Laser irradiation was applied with a 450-nm, 5-mW laser light with a 

radiant dose of 1.6 J/cm2 (5-min irradiation), 4.7 J/cm2 (15-min irradiation), and 9.5 J/cm2 

(30-min irradiation). Intact individual RBC in near-circular shapes are highlighted in red. 

(Reproduced under CC BY 4.0 license from Paper I © 2022 Authors).  

Fig. 50. Statistical results of the total number of cell elements and of intact individual 

RBC in 10 recorded micrographs at different standing/resting or irradiation time in the 

control and irradiated samples. (Reproduced under CC BY 4.0 license from Paper I © 

2022 Authors). 
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4.4 Photobiomodulation of pulsed laser irradiation 

The results in Chapter 4.3.1 show that high-level laser irradiation (above 9.5 J/cm2 

radiant exposure) can promote RBC spontaneous aggregation behavior with 450-

nm laser light being more efficient than 520-nm laser light. The RBC aggregation 

force was not influenced by laser irradiation regardless of whether the wavelength 

used is near the hemoglobin absorption peak or not. On the other hand, as can be 

seen from Chapter 4.3.1, the measurement of RBC aggregation force was 

performed in RBC aggregates formed by individual irradiated RBC by OT after the 

laser exposure of the samples. In the current chapter, a bold and innovative attempt 

was made to explore whether laser irradiation directly applied to non-irradiated cell 

pairs formed and controlled by OT affects cell interaction dynamics differently for 

the first time. Considering the complexity of the time dependence of the 

disaggregation process as introduced in the Chapter 4.2.2, the preliminary 

experiment focused on the RBC aggregation measurement.  

Specifically, an RBC doublet was formed by OT with sufficiently high trapping 

power, and then the relative overlapping between the two cells was kept constant 

while a narrow laser beam was directly introduced to the controlled cell pair. The 

aggregation force in the cell pair was measured immediately once the irradiation 

stopped. Then, the observation/measurement area was moved to a new site within 

the sample chamber outside the irradiated area to repeat the experiment until 

enough data (for at least 50 pairs of RBC) were obtained. Depending on available 

lasers, a narrow beam (0.48 mm in diameter) He-Ne laser with a wavelength of 633 

nm (power output 4 mW) was used in the experiments.  

Considering the radiant exposure, a maximum irradiation time of 180 s 

(maximum radiant exposure of 397.9 J/cm2) was set. It was observed that RBC 

aggregation force measured in this way was unaffected by continuous laser 

irradiation and by optical chopper-modulated pulsed irradiation with a pulse 

frequency in the range of 25–10000 Hz (25 Hz step size) for up to 198.9 J/cm2 for 

a maximum of 180 s irradiation with only one exception. The measured RBC 

aggregation force decreased by almost 30% after being irradiated by pulsed 

irradiation at 225 Hz for 120 s (radiant exposure of 132.6 J/cm2), as shown in Figure 

51. This decrease is dependent on the relative overlapping in the cell-pairs and is 

more prominent when the mutual contact between the cells was relatively small. 

As shown in Figure 51, the two points corresponding to negative forces enclosed 

by a blue rectangle indicate the situation when the two cells did not clump together 



100 

even the applied optical force was eliminated. No cell distortion induced by the 

irradiation laser was observed throughout the pulsed laser irradiation measurement.  

Fig. 51. The results of RBC aggregation measurement in the control (black squares) and 

pulsed laser (633 nm, 4 mW, 225 Hz pulsed frequency for 120 s irradiation) irradiated 

sample (red dots) with linear fitting lines. (Adapted under CC BY 4.0 license from Paper 

III © 2019 Authors).  
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5 Discussion 

This chapter discusses the experimental observations and the obtained results, as 

well as their implications and significance in scientific research and potential 

practical applications. The limitations of the current experimental methods and 

results and prospects for future research are presented.  

5.1 General discussion 

The main objective of this work includes two aspects: exploration of the 

fundamental interaction mechanism of human RBC by OT and the application of 

such research protocol in facilitating the laser-blood photobiomodulation research 

at the single-cell level. Specifically, this work attempts to further explore and 

establish experimental evidence revealing RBC interaction dynamics on the basis 

of verifying the limited previous related work in the field. With the established 

methodology, laser biomodulation of RBC rheological properties and the 

underlying mechanism were further explored. The motivation for the current 

research arose from the importance of RBC interaction model in cytological 

research and the clinical significance of RBC rheological monitoring and 

modulation approaches for diagnosis and treatment of various diseases involving 

abnormal RBC behaviors. Exploring the phenomenon and the mechanism of laser-

RBC interaction has a great potential in the field of laser blood therapy.  

The factors that may affect the RBC interaction dynamics mainly explored in 

this work are the mutual interaction time and the contact area (i.e., contact history 

in the aggregation process and initial overlapping in the disaggregation process 

separately) between two RBC under investigation. The reason for choosing these 

two factors is that their influence on cell interaction is differently predicted by the 

two existing theoretical models (i.e., the bridging and the depletion model), but 

have not been well clarified in the existing research literature.  

Photon absorption by cellular photoreceptors or chromophores is a prerequisite 

for the excitation of photochemical or photobiological reactions during 

photobiomodulation according to the first law of photochemistry (Y. Y. Huang et 

al., 2011). Blood proteins have a light absorption band at around 280 nm and a 

fluorescence band at around 330 nm, and hemoglobin has four absorption peaks in 

the visible range at about 350, 410, 580, and 620 nm (Zalesskaya & Sambor, 2005). 

Therefore, the wavelength for applying continuous laser irradiation treatment was 

selected to be 450 nm and hemoglobin was considered the targeted photoreceptor. 
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Among the four absorption peaks of hemoglobin, the absorption intensity decreases 

towards the longer wavelength. A 520-nm laser was also used in some 

measurements of the effects of continuous laser irradiation for comparison. The 

experimental investigation of the laser biomodulation effect mainly focused on 

continuous irradiation protocol.  

Therefore, the following main research questions were investigated and 

addressed in the presented doctoral study:  

1. Is there new experimental evidence to clarify the validity of the two existing 

mutually exclusive theoretical models in describing the mechanism of the 

different interaction processes of RBC?  

At present, the depletion model is mostly used to explain the RBC aggregation 

mechanism while the bridging model is widely used for describing RBC 

disaggregation process (Chapter 2.1.5). This is supported by the present study. 

Meanwhile, the measured RBC aggregation force in a range of 2–4.5 pN 

corresponding to a relative cell overlapping of about 20–60%, and the RBC 

interaction energy density in a range of 2.0–9.5 aJ/μm2 corresponding to an 80% 

relative initial overlapping are in good agreement with previous studies by OT and 

SEM. However, the recording of the control of mutual cell interaction time in 

measurements with OT in the existing literature is ambiguous.  

In the present study, the influence of mutual cell interaction time on RBC 

aggregation and disaggregation dynamics were experimentally manifested 

(Chapters 4.1.2 and 4.2.2). The cell contact time was proved to affect the RBC 

disaggregation dynamics by increasing cell interaction strength (or difficulty in 

peeling attached cells) with time in an approximate logarithmic relationship. The 

result validates the prediction in the bridging model that the formation of the cross-

bridges connecting RBC in contact is time-dependent, and thus provides new 

evidence that the RBC disaggregation is governed by the bridging mechanism.  

On the other hand, the depletion model predicts that the cell interaction energy 

density is uniformly dispersed per unit of the contact area regardless of contact 

history (Neu & Meiselman, 2002). However, the bridging model assumes that the 

cross-bridges that connect two cells are able to migrate towards the remaining 

contact area in disaggregation process, causing an increase in interaction energy 

density during area reduction (Tozeren et al., 1989). The influence of the contact 

history on RBC aggregation and of initial overlapping on RBC disaggregation were 

tested separately. It is demonstrated that the disaggregation interaction energy 

density increases with the decrease in the remained cell overlapping following a 
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reciprocal relationship (Chapter 4.2.1). More importantly, the present study 

demonstrates that an increase in the initial contact area results in an almost equal 

increase in the disaggregation interaction energy density corresponding to a certain 

remaining area at different remaining areas (Chapter 4.2.3). This discovery reveals 

that although the migration of the cross-bridges could cause the uneven distribution 

of the energy density over the contact area, the initially formed cross-bridges are 

uniformly distributed per unit of the contact area, which could be further proved by 

SEM observations (Avsievich et al., 2018).  

2. What are the potential photobiomodulation effects of laser irradiation with 

different parameters on the rheological attributes of RBC in vitro?    

At present, most of the relevant studies are based on the traditional cell analyzing 

methods that reflect the overall performance of a large number of cells. In the 

present study, photobiomodulation effects on RBC rheological properties were 

examined at the single-cell level (Chapter 4.3 and 4.4). The main discoveries 

include the adverse effect on cell morphology and aggregation by relatively high-

level continuous laser irradiation (over 170.5 J/cm2 and over 9.5 J/cm2 respectively) 

and positive improvement in cell deformability, disaggregability, and cell-shape 

preserving by low-level irradiation (below 9.5 J/cm2). In addition, no thermal or 

non-thermal damages including morphological changes and RBC lysis were 

observed for the low-level laser irradiation below 9.5 J/cm2.  

Specifically, high laser radiant exposure over 170.5 J/cm2 by a 450-nm 

wavelength continuous laser triggers irreversible morphology changes of RBC and 

aggregates with enhanced echinocyte formation. Continuous laser irradiation by 

both 450- and 520-nm wavelengths at an exposure of over 9.5 J/cm2 can speed up 

spontaneous aggregate-formation at stasis without changing the RBC aggregation 

forces. The one-dimensional linear deformability of RBC was improved by the 

450-nm laser with 5-mW output power for both 15- and 30-min irradiation (4.7 

J/cm2 and 9.5 J/cm2 radiant dose respectively). Irradiation by the same laser with a 

radiant exposure of 1.6 J/cm2, 4.7 J/cm2, and 9.5 J/cm2, with 4.7 J/cm2 to be the 

most efficient, makes RBC aggregates easily destroyed by external forces, which 

is the optical force in the experiment. The external forces include flow shear force 

in a blood vessel and geometrical resistance by vasculature for in vivo conditions. 

Additionally, such continuous irradiation conditions improve RBC resilience 

against harsh environments in long-stored blood plasma in terms of preserving 

intact near-round cell shape.  
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Additionally, whether pulsed laser irradiation directly applied to an RBC 

doublet with certain overlap controlled by OT throughout the irradiation process 

affects cell interaction dynamics differently was explored innovatively. 

Interestingly, among all tested conditions with a He-Ne irradiation laser (633 nm, 

4 mW, 0.48 mm beam diameter, 0–10000 Hz chopper-modulated pulse frequency), 

a drop in RBC aggregation force by almost 30% was observed when irradiated with 

a 225 Hz pulse frequency for 120 s (total radiant dose 132.6 J/cm2). This decrease 

is more prominent (almost 40%) with smaller relative cell contact (below 20%) and 

is less observable (almost 10%) with greater cell contact area (above 50%) in the 

current result. No morphological change was observed in the samples irradiated by 

the He-Ne laser for up to 397.9 J/cm2 radiant exposure.  

3. What are the possible mechanisms of the photobiomodulation effect of laser 

irradiation on RBC?  

In the present study, hemoglobin is considered the main targeted photoreceptor in 

continuous laser irradiation measurement. It is experimentally demonstrated by the 

phenomenon of cell distortion, which was only observed in 450-nm irradiated 

groups. The enhancement of RBC spontaneous aggregation appeared at a lower 

radiant dose in the 450-nm irradiated groups (9.5 J/cm2) than in the 520-nm 

irradiated groups (284.1 J/cm2). The photon absorption by a special type of 

membrane-binding hemoglobin (Hb-m) may cause detachment of Hb-m from RBC 

membrane by increased vibrational activity of the electrostatic bonds connecting 

Hb-m and the cell membrane. The decrease in membrane-attached Hb leads to an 

increase in RBC deformability as the result of laser irradiation (Snyder et al., 1985). 

Moreover, the detachment of Hb-m from the cell membrane might also be induced 

by the increased oxidative stress in the suspending plasma following laser 

irradiation (De-Souza da Fonseca et al., 2012).  

The bridging mechanism of RBC disaggregation indicates that the interaction 

strength between RBC in disaggregation is dependent on the number density of the 

bridges formed by adsorption of macromolecules to cell membranes (Chapter 

2.1.5). Specifically, macromolecules in the RBC suspending medium that are 

already adsorbed on individual cells are further attached onto the surfaces of 

adjacent cells and thus bind two or several cells together (Meiselman, 2009). It has 

been proved that the electrophoretic mobility of irradiated blood was increased by 

laser irradiation due to the reduced amount of membrane attached plasma proteins 

(Al-Musawi et al., 2016). Therefore, photon absorption induced alterations in 

plasma proteins, especially in main “aggregant” macromolecules such as albumin 
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and fibrinogen, could cause disturbance in their membrane attaching activities 

(Siposan & Lukacs, 2001). As a result, decreased stability or decreased number 

density of the formed “cross-bridges” could lead to the easier separation of RBC 

aggregates after irradiation.  

In the depletion model, the main determinant of inter-cell interaction is the 

properties of the formed depletion layers of low-macromolecule concentration near 

the cell surfaces. Therefore, the RBC aggregation force is greatly influenced by the 

type, concentration, and state of motion of macromolecules (protein molecules) in 

the suspending medium. The 120-s laser irradiation by a 633-nm wavelength with 

a particular pulse frequency of 225 Hz (radiant exposure of 132.6 J/cm2) might 

have perturbed the Brownian motion of the protein molecules in the suspending 

plasma (Di-Rienzo et al., 2014; Yanagida et al., 2007). The formation or the 

stability of the depletion layers could be affected, resulting in a decrease in osmotic 

pressure and the measured RBC aggregation force. The morphological 

transformation of RBC characterized by enhanced formation of echinocytes in 

long-stored plasma (five-month storage in a fridge at 1–6 ℃) could be due to the 

increased osmolarity (Ratcliffe et al., 1986). With LLLR, biomodulation of plasma 

proteins and oxygen detachment from HbO2 might alleviate this situation to some 

degree and protect the cell shape.  

5.2 Implications of the results 

The control and reporting of mutual cell interaction time are usually ambiguous in 

relevant studies in the field. However, the result of the present study revealed the 

time-dependent stabilization of the interaction strength in RBC disaggregation 

measurement. This emphasizes the importance of the control and recording of cell 

interaction time for improving the reproducibility of results and the comparability 

among different studies.    

At present, in the majority of existing experimental studies on laser-blood 

irradiation, only the supernatant sample within a small beam spot was irradiated, 

or additional mechanical stirring/shaking was applied (Siposan & Lukacs, 2000; 

Yova et al., 1994). The utilization of broad-beam lasers (11 mm in diameter) in the 

present study allows better evaluation of the actual irradiation dose (exposure) and 

the rheological responses of RBC directly exposed to laser irradiation. The 

photobiomodulation and hemorheological alterations in RBC peculiarities were 

thoroughly examined at a single-cell level for the first time. The results provide 

new insights into the understanding of the mechanism of photobiostimulation of 
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RBC by laser irradiation. This study will contribute to the development of better 

treatment for clinical problems involving abnormally increased RBC aggregation 

and rigidity in the future. It can be predicted that the beneficial biomodulation effect 

of RBC by laser irradiation has a great application potential in improving blood 

microcirculation and protecting blood viability both in vivo and in vitro. 

5.3 Future research 

In the current work, two main aspects of research on the fundamental interaction 

mechanism of human RBC by OT and on the photobiomodulation on rheological 

properties of RBC have been elucidated. However, the present study has certain 

limitations:  

1. Limitation on blood samples: although a large number of cells were measured 

for each experiment to obtain the mean values and standard deviations, only 

one volunteer was invited to participate to avoid individual difference. 

2. Limitation on measurement accuracy: the measurement by OT was performed 

by manipulating the trapping beam positions manually via beam directing 

mirrors. As the cell contact time is proved to be an important factor in RBC 

disaggregation in the present study, an error could be introduced due to 

difference in measurement procedure among different studies. 

3. Limitation on irradiation conditions for photobiomodulation measurements: in 

the present study, an extensive evaluation of various irradiation conditions of 

the 450-nm laser was performed. However, not enough comparisons of 

different wavelengths were performed.  

Consequently, future research in the following proposed directions could address 

the above mentioned research limitations and further expand the research content:  

1. Comparative experiments involving more volunteers in different gender and 

age groups can be conducted. 

2. Automated OT manipulation platform based on a motorized controller can be 

designed for different RBC measurements. 

3. Numerous reports of laser photobiomodulation effects indicate that the 

effective and optimal irradiation modalities vary widely from case to case. 

Therefore, more irradiation conditions can be tested with OT to systematically 

understand possible photobiomodulation effects on RBC at a single-cell level. 
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4. Further exploration of the photobiomodulation mechanism on blood rheology 

can be carried out through various novel experimental designs employing 

various wavelengths within visible and NIR spectra. Separate irradiation of 

blood cells and plasma, and irradiation with corresponding peak-absorption 

wavelengths of specific photoreceptors, could facilitate the identification of 

photoreceptors in laser irradiation of blood. Furthermore, irradiation of blood 

samples with different physiological and pathological conditions will help 

establish case-specific and efficient laser-irradiated treatment regimens. 

5. Further clarification on the dependence of irradiation effects on the radiant 

fluence will also be the subject of future research.  
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6 Summary 

In this doctoral thesis, the RBC interaction dynamics in autologous platelet-free 

plasma were further explored in spontaneous aggregation and OT-induced 

disaggregation process respectively. New experimental evidence revealing RBC 

interaction mechanism and influencing factors were established on the basis of 

verifying the limited previous related work in the field. It is demonstrated that RBC 

aggregation force linearly correlated to the relative cell overlapping is independent 

of cell interaction time and contact history. On the other hand, RBC interaction 

energy density increases reciprocally with the decrease in the remaining cell 

overlapping area in an OT-induced disaggregation process and shows a large 

dependence on the mutual interaction time and initial contact area. Specifically, the 

interaction strength increases significantly in the first 100 s and gradually reaches 

a stable level with cell contact time following a logarithmic relationship. An 

increase in the initial contact area induced an almost proportional increase in the 

RBC interaction energy density along the remaining contact area. All evidence 

points to the applicability of the depletion model to RBC aggregation process and 

the bridging model to RBC disaggregation dynamics. The time-dependent 

formation of the “cross-bridges” between two adjacent RBC and the uniform 

distribution of the initial “cross-bridges” on the contact area were verified.  

Furthermore, biomodulation and rheological alterations of RBC induced by 

laser radiation with various irradiation conditions and the underlying mechanism 

were explored with the established methodology of RBC-examination with OT. 

Adverse effects on triggering irreversible morphology changes of RBC and 

aggregates and enhancing spontaneous RBC aggregation need to be avoided with 

450-nm irradiation for over 170.5 J/cm2 radiant exposure. Intriguingly, low-level 

continuous laser irradiation with radiant exposure below 9.5 J/cm2 by 450-nm 

wavelength was found to have beneficial photobiomodulation effects on 

rheological properties of RBC. RBC linear deformability was increased by about 

25% by 4.7- and 9.5-J/cm2 radiant dose. The irradiated RBC aggregates are easily 

destroyed by external influence with radiant fluence of 1.6, 4.7, and 9.5 J/cm2, with 

4.7 J/cm2 to be the most efficient, reflecting the well-known biphasic dose-response 

phenomenon in photobiomodulation. Additionally, the protecting effect of low-

level laser irradiation on improving RBC resilience against harsh environment in 

long-stored blood plasma in preserving intact near-round cell shape was revealed. 

The results demonstrate a great potential of low-level laser radiation in improving 

RBC viability in terms of extracorporeal circulation and blood storage for 
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transfusion purpose and treating clinical problems involving enhanced RBC 

aggregation and rigidity. These discoveries are of high importance for clinical 

practice. The proposed OT-based method not only evaluated the hemorheological 

alterations induced by laser irradiation at the single-cell level for the first time, but 

also realized the accurate estimation of the actual radiant exposure.  

In conclusion, the in-depth understanding of the RBC interaction mechanism 

will help to reveal the general interaction activity among various types of 

complicated cells and tissues. The development of fast, efficient, and convenient 

RBC evaluation system based on OT will contribute to the improvement of early-

stage diagnostics of diseases involving alterations in specific blood properties. 

Furthermore, photobiomodulation provides a potentially effective approach for 

therapeutic purposes including improving blood microcirculation and treatment in 

cardiovascular diseases.   
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