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Abstract

Nanomaterials are an essential part of modern life due to their extensive use in industrial and
commercial products and future personalized medicine. In recent years, new nanoparticles (NPs)
have been introduced in bioimaging, diagnostics, drug delivery, and therapy. Along with the
production growth of NPs, concerns about NPs safety for human health have been raised. As blood
is an inevitable target for NP-based pharmaceutics at systemic NP-based drug administration, the
investigation of the poorly understood effects of NPs on blood properties is of high demand.

The present thesis focuses on the assessment of commercial and novel synthesized NPs
towards the haemorheological properties of the main blood cellular component — red blood cells
(RBCs). In the research for this thesis, RBC morphology, deformability and mutual interactions
were examined at non-haemolytic concentrations of NPs. A revolutionary optical tweezers
technique revealed subtle effects of indirect toxicity towards mutual RBCs interactions and
deformability. Further, additional conventional optical microscopy analysis revealed the influence
of NPs on RBC interactions on a multicellular level, while scanning electron microscopy (SEM)
enabled high-resolution monitoring of RBCs surfaces and morphological alterations triggered by
NPs. Another aim of the study addressed the unclear mechanism behind RBC interactions.
Experimental evidence of the definitive role of the size and proportion of macromolecules in RBC
interactions was provided. The mixture of natural polymer dextran mimicking plasma protein
composition induced an RBC interaction mode similar to one observed in blood plasma. Thus, the
new hybrid model combining “cross-bridges” and “depletion” effects was proposed.

The reported findings contribute to the fundamental understanding of RBC interactions and
can help to facilitate the design and clinical validation of polymer-based plasma expanders and
novel NPs for safe and beneficial use.

Keywords: cell interaction, nanomaterials, nanotoxicity, optical microscopy, optical
tweezers, red blood cells
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Tiivistelmä

Nanomateriaalit ovat olennainen osa nykyaikaista elämäntapaa, sillä niitä käytetään laajasti teol-
lisissa ja kaupallisissa tuotteissa sekä tulevaisuuden yksilöllisessä lääketieteessä. Viime vuosina
uusia nanopartikkeleita (NP) on otettu käyttöön biolääketieteellisessä kuvantamisessa ja diag-
nostiikassa sekä lääkkeiden antamisessa ja terapiassa. NP:iden tuotannon kasvun myötä on nous-
sut esiin huoli niiden turvallisuudesta ihmisten terveydelle. Koska veri on väistämätön kohde
NP-pohjaisille lääkkeille systeemisessä NP-pohjaisessa lääkkeen annossa, on nanopartikkelien
vähän tutkittujen, veren ominaisuuksiin kohdistuvien vaikutusten selvittämiselle suuri tarve.

Kyseinen opinnäytetyö keskittyy kaupallisten ja uusien syntetisoitujen nanaopartikkelien
arviointiin verisolujen pääkomponentin eli punasolujen (RBC) hemorheologisten ominaisuuksi-
en osalta. Tämän työn tutkimuksessa tarkasteltiin punasolujen morfologiaa, muodonmuutoksia
ja keskinäisiä vuorovaikutuksia ei-hemolyyttisissä NP-pitoisuuksissa. Vallankumouksellinen
optinen pinsettitekniikka paljasti epäsuoran myrkyllisyyden hienovaraiset vaikutukset punasolu-
jen keskinäiseen vuorovaikutukseen ja muodonmuutokseen. Lisäksi tavanomainen optinen mik-
roskopia-analyysi paljasti NP:iden ja RBC:n vuorovaikutukset monisoluisella tasolla, kun taas
pyyhkäisyelektronimikroskopia (SEM) mahdollisti punasolujen pintojen ja NP:iden laukaisemi-
en morfologisten muutosten korkearesoluutioisen seurannan. Tutkimuksen toisena tavoitteena
oli selvittää punasolujen vuorovaikutuksen taustalla olevaa epäselvää mekanismia. Työssä esitet-
tiin kokeellisia todisteita makromolekyylien koon ja osuuden lopullisesta roolista punasolujen
vuorovaikutuksessa. Plasmaproteiinikoostumusta jäljittelevän luonnollisen polymeerin dekstraa-
nin seos indusoi punasolujen vuorovaikutusmuodon, joka on samanlainen kuin veriplasmassa
havaittu. Siten työssä ehdotettiin uutta "ristisiltoja" ja "tyhjennystä” yhdistävää hybridimallia.

Raportoidut löydökset auttavat ymmärtämään punasolujen vuorovaikutuksia ja voivat helpot-
taa polymeeripohjaisten plasmalaajenninten ja uusien nanopartikkelien suunnittelua sekä niiden
kliinistä validointia turvallisen ja hyödyllisen käytön mahdollistamiseksi.

Asiasanat: nanomateriaalit, nanotoksisuus, optinen mikroskopia, optiset pinsetit,
punasolut, solujen vuorovaikutus
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Abbreviations and symbols 
AI Aggregation index  
CCD Charged-coupled device 
CMOS Complementary Metal Oxide Semiconductor 
Dex Dextran 
DPBS Dulbecco's phosphate-buffered saline 
DPM Diffraction phase microscopy 
EDTA Eethylenediaminetetraacetic acid 
EM Electromagnetic 
FDA Food and Drug Administration 
Fib Fibrinogen 
FITC Fluorescein isothiocyanate 
Hb Haemoglobin 
Hct Haematocrit 
hMSCs Human mesenchymal stem cells 
HSA Human serum albumin 
IgG Immunoglobulin G 
IgM Immunoglobulin M 
IR Infrared 
kDa Kilo-Dalton 
LbL Layer-by-layer 
NA Numerical aperture 
Nd:YAG Neodymium-doped yttrium aluminium garnet 
NIR Near-infrared 
NMs Nanomaterials 
NPs Nanoparticles 
OTs Optical tweezers 
RNA Ribonucleic acid 
RBCs Red blood cells 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
TRITC Tetramethylrhodamine 
UV/Vis Ultraviolet/visible 
WBC White blood cell 
WD Working distance 
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Ag Silver 
Au Gold 
CaCO3 Calcium carbonate 
CaCl2 Calcium chloride 
CO2 Carbon dioxide 

NaCO3 Sodium carbonate 
O2 Oxygen 
TiN Titanium nitride 
TiO2 Titanium dioxide 
ZrN Zirconium nitride 
ζ Zeta potential 
Rh Hydrodynamic radius  
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1 Introduction 

1.1 Background 

Blood is the crucial fluid of the human body, which performs vital functions by 
transporting oxygen and nutrients to the tissues. Red blood cells (RBCs) are the 
most abundant cellular component contributing to blood viscosity, which is crucial 
in determining the physiological and pathological conditions of the whole blood. 
Nowadays, diagnostics in clinical practice is often based on the correlations 
established between RBC properties and pathological states of the organism 
(infections, haematological pathologies, circulatory and metabolic disorders). 
According to the World Health Organization (WHO), impaired haemodynamics 
may result in cardiovascular diseases, leading to 32% of all global deaths in annual 
mortality [1]. The accurate estimation of the haemorheological parameters is 
essential for understanding the onset and development of cardiovascular diseases. 

RBC membrane biomechanics is an essential indicator in the studies of 
pathophysiology and toxicology [2]. Another distinct property of RBC mutual 
interactions is aggregation — a reversible process of RBC rouleaux formation [3]. 
RBC aggregation is maintained by the intrinsic properties of RBCs and external 
parameters of the surrounding environment [4]. The physiological significance of 
the process involves the regulation of blood viscosity at low shear stress in 
microvessels. Alteration of the RBC aggregation and deformability can impair 
blood circulation and compromise the functionality of the organs. Nevertheless, the 
fundamental mechanism of RBC aggregation remains unknown. Though two 
competing models, “bridging” [5] and “depletion” [6], describing RBC mutual 
interactions have been offered, the final consensus on the principle of RBC 
interactions has not been achieved. 

The fast development of nanotechnologies results in increased industrial 
production of nanomaterials. Compared to their bulk counterparts, the unique 
physical and chemical properties of NPs are dictated by the high surface area and 
the nanoscale size. Optical, electronic, magnetic, mechanical, thermal, etc. 
properties of NPs have extensively been employed in various fields, from industrial 
technologies to newly emerging medical applications [7]. However, the 
unpredictable interaction modes of NPs with living systems have raised concerns 
about their influence on human health. NP-related risk assessment starting from the 
initial uptake to physiological endpoints requires a massive effort to associate NP 
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intrinsic properties with their impact on biological objects on the level of 
macromolecules, cells and organs. 

NPs can enter the human body via incidental inhalation, ingestion, dermal 
exposure, corrosion of implants, or they can be intentionally injected intravenously 
for therapeutic or imaging purposes [8]. Regardless of the entry route, NPs 
interactions with blood components are inevitable. Therefore, the introduction of 
nano-based pharmaceutics into clinical practice necessitates the study of the blood-
NP interface. The possible adverse effects of NPs  on blood cells include cell death, 
oxidative stress, and inflammatory response. Among the common toxicological 
effects observed for RBCs are haemolysis, impaired morphology, alteration of 
deformability and aggregation. These implications present a serious obstacle to the 
clinical translation of NPs due to the risk of thrombosis, anaemia, and 
microcirculation dysfunction. At the same time, as a new paradigm of 
nanomedicine, RBCs are considered a natural transport carrier of the NPs. 
Therefore, to prevent potentially harmful outcomes of NPs applications and to use 
them beneficially, the study of NPs interactions with RBCs is of the utmost 
importance. 

RBC mutual interactions have been studied with various photonic-based 
modalities. While bulk approaches [9]–[13] are common in clinical applications, 
new single-cell analysis methods [14]–[16] offer in-depth research of RBC cellular 
properties. Optical tweezers (OTs) technique introduced by Noble laureate A. 
Ashkin [17] for contactless manipulation of microscopic objects with a focused 
laser beam has evolved to an indispensable tool in cell biology enabling precise 
manipulation and quantitative characterization of single cells. OTs demonstrate 
higher sensitivity and accuracy compared to similar single-cell techniques such as 
micropipette aspiration (MA) and atomic force microscopy (AFM). The method 
has advanced multifunctional RBC studies by capturing RBC intrinsic 
biomechanical properties in various physiological conditions [16], [18], [19]. 

Studies of RBCs contribute to the elucidation of the fundamental mechanism 
of RBC interactions, which are related to cardiovascular and thromboembolic 
diseases, and address nanomaterials (NMs) biocompatibility problems. This thesis 
presents the research results on the fundamental mechanism behind mutual RBC 
interactions and the evaluation of commercial and newly synthesized NPs on RBC 
haemorheological properties, namely morphology, aggregation and haemolysis, 
obtained with OTs and microscopy methods. 
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1.2 Motivation of research and objectives 

The importance of this research is dictated by fundamental and practical viewpoints, 
as the RBC interaction mechanism has not been confirmed yet, and the impact of 
nanomaterials on RBCs should be thoroughly studied to avoid adverse effects on 
an organism. When complemented with conventional optical microscopy and 
scanning electron microscopy (SEM), the OT approach can reveal the 
haemorheological response of RBCs to the environmental conditions in vitro and 
provide the quantifiable measures of RBC mechanics. The research objectives of 
this thesis are the following: 

1. A detailed understanding of the RBC mutual interactions is essential for 
clinical applications since their alterations are manifested in various 
pathophysiological processes. Though RBC mutual interactions are important 
for establishing the haemorheological properties of blood, the biophysics 
behind the process is still poorly understood. Therefore, the first objective of 
this thesis was to quantitatively estimate and compare the RBC mutual 
interaction modes induced by proteins and synthetic polymers to contribute to 
understanding the fundamental principle of the RBC interaction mechanism. 

2. The second objective was focused on the estimation of novel synthesized 
polymeric nanocapsules (NCs) on anuclear RBCs using OTs, and on nuclear 
human mesenchymal stem cells (hMSCs) using diffraction phase microscopy. 

3. As the abundance of engineered NPs in modern life increases the potential risks 
to human health, NP exposure can provoke impairment of the RBC integrity 
and cell-cell interactions. Thus, the third objective of the thesis was to 
estimate the effects of commonly used industrial nanomaterials (TiO2, ZnO) 
and nanodiamonds on haemorheology of RBCs in blood plasma (close to the 
natural environment). 

4. At the early stage of developing new nanomedical approaches, acquisition of 
health risk data will help address and resolve problems. RBC 
haemorheological properties in response to NPs may serve as guidelines for 
the fabrication of safe nanodrugs and promote their transition to biomedical 
applications. Consequently, the fourth objective of this thesis was to 
estimate in vitro efficacy and the safety of laser synthesized plasmonic NPs on 
RBCs, provide the safety concentration limits, and evaluate subtle toxic effects 
occurring before the onset of haemolysis. 

  



 20 

 



21 

2 Haemorheology of red blood cells 

2.1 Blood 

Blood is a multicomponent liquid which performs vital functions such as the 
transport of oxygen, nutrients, hormones, and waste products throughout the body, 
protection against pathogens, and homeostasis. Blood consists of formed elements 
suspended in a liquid plasma. After sedimentation, whole blood separates into three 
distinct fractions (% v/v) shown in Fig. 1a: (1) blood plasma (≈ 55%)  in the 
uppermost part of total blood volume, (2) a buffy coat consisting of white blood 
cells (WBCs) or leukocytes and platelets (thrombocytes) (< 1%), and (3) RBCs (≈ 
40–45%) at the bottom, which is a measure of haematocrit (Hct) — the ratio of the 
volume of RBCs to the volume of whole blood [20]. Each of the cell types perform 
a specific function: RBCs travel throughout the body and perform the exchange of 
O2 and CO2 between the lungs and body tissues, WBCs fight against infection in 
the immune response, and platelets close wounds by forming clots. Blood plasma 
is a water colloid solution of proteins (albumin 60%, globulins 35%, fibrinogens 
4%), and organic and inorganic molecules (ions, hormones, metabolites, clotting 
factors, nutrients, lipids, gases, etc.). 

 

Fig. 1. (a) Blood composition: ≈ 55% of blood plasma, consisting of 9% of proteins 
dissolved in water, and cellular components: leukocytes and platelets (0.9%), and red 
blood cells (40%–45%); (Reprinted [adapted], with permission, from Paper I © 2022 
Elsevier Inc.)  (b) Schematic illustration of the RBC membrane. 
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2.1.1 Red blood cells 

RBCs are the most abundant blood cells (97% of formed elements), they are 
extremely deformable and can effectively transport oxygen through the narrowest 
capillaries and splenic sinuses [21], [22]. The elasticity of RBCs is defined by their 
structure and composition. Human RBCs are biconcave discotic cells of 6–8 µm in 
diameter and 0.8–1 µm thickness in the centre and 2–2.5 µm on the edges, with a 
surface area of ~ 135 µm2 and a volume of ~ 90 fL. While the excess surface area 
(surface area-to-volume ratio S/V ≈ 1.5 for healthy RBC) of RBCs facilitates 
reversible large elastic deformations, it keeps the membrane surface area and 
volume constant [23]. 

The inner RBC composition is essentially a viscous fluid — a cytoplasm filled 
with haemoglobin (about 33% of the cell content [24]), which reversibly binds O2 
and CO2 for transport. Since the cytoplasm of RBCs lacks the nuclei and many of 
the intracellular organelles (endoplasmic reticulum, Golgi apparatus), the 
intracellular viscosity (6–7 mPa·s) is mainly determined by haemoglobin. 

According to a widely accepted Fluid Mosaic model [25], the RBC membrane 
consists of integral and peripheral proteins performing different functions in 
transport, adhesion and structure, which are embedded into the lipid bilayer and 
floating in it. Essentially, the RBC membrane is composed of three parts: 
glycocalyx, a lipid bilayer and a cytoskeleton (Fig. 1b). The outer covering of the 
membrane is a 5–10 nm thick glycocalyx formed by carbohydrates and glycolipids 
[26]. Zeta potential (ζ) created on the RBC membrane surface by negatively 
charged sialylated glycoproteins results in electrostatic repulsion between RBCs 
[27]. The bilayer (7–10 nm) of phospholipids and cholesterols is supported by an 
underlying hexagonal lattice of spectrin and actin called a cytoskeleton [28]. While 
the spectrin-actin network is strongly associated with the membrane maintaining 
its surface area, the cell volume is mediated by membrane-associated ion 
transporters.  

The primary function of RBC is to deliver oxygen to tissues and enable 
respiration. During a lifespan of approximately 120 days, RBC can circulate a 
distance of about 500 km [29] in the blood system. While circulating, RBC undergo 
severe deformations under external stresses caused by a high blood flow velocity 
in arteries or by the small size of microcapillaries and splenic sinuses. In these 
conditions, RBC deformability is essential for their successful functioning. A slight 
decrease in RBC deformability results in a significant increase in microvascular 
flow resistance and blood viscosity. Each RBC component contributes to the 
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mechanical response to an applied stress in the blood flow, which determines the 
viscoelastic properties of the cell: viscosity of the haemoglobin in cytoplasm and 
of the phospholipid bilayer, the incompressibility and bending elasticity of the 
phospholipid bilayer, and compressibility (expansion) and shear elasticity of the 
cytoskeleton [30]. 

2.2 Microrheological properties of blood 

Rheological properties of blood are important for understanding blood circulation. 
Blood is a non-Newtonian shear thinning fluid, meaning that viscosity (the ratio of 
shear stress to shear rate) is dependent on the shear rate. This phenomenon 
originates from the composition of blood — formed elements suspended in plasma. 
Non-Newtonian behaviour is manifested at low shear rates in capillaries, arterioles 
and in myocardium. Blood viscosity depends on plasma viscosity but since RBCs 
occupy nearly a half of the total volume of blood, Hct and the dynamic behaviour 
of RBCs — RBC aggregation and deformability — have the largest impact on 
blood rheology [4]. Microrheological characteristics of blood defined on a 
microscale are affected by RBC morphology, deformability and mutual interactions. 
Further, abnormal microrheology may negatively affect microcirculation. The 
interplay of the described factors determining the microrheology of blood is 
schematically shown in Fig. 2. 
 

Fig. 2.  The interplay of factors determining the microrheological properties of blood. 
The dashed lines indicate indirect relations between parameters. (Reprinted [adapted], 
with permission, from [31] © 2022 IOS Press and Authors.) 

2.3 RBC mutual interactions 

Cellular components of blood dynamically interact with each other in physiological 
conditions. Depending on the factors mediating interactions, RBCs can participate 
in aggregation, adhesion, and agglutination [32]. RBCs have many adhesive 
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receptors [33], and RBC adhesion usually describes the interaction of RBC with 
blood vessel wall endothelium. RBC agglutination is an irreversible formation of 
globular or amorphous structures of clumped RBCs caused by specific binding of 
immunoglobulins to antibodies on the RBC membrane with a much higher 
magnitude compared to weak forces of RBC aggregation [34]. 

Unlike agglutination and adhesion, RBC aggregation is a reversible process of 
spontaneous formation of aggregates caused by the blood plasma proteins in 
physiological conditions or polymers at low shear rates and in stasis. RBC 
aggregates are linear structures of RBCs connected in face-to-face morphology 
called rouleaux [3], which can form complex branched clusters (Fig. 3). The size 
of RBC aggregates is inversely proportional to the shear force: in vivo RBC 
aggregates are normally formed in veins and capillaries at low shear stress, and 
break-up at high shear rates in arteries, causing a decrease in the viscosity (shear 
thinning) [35]. 

Fig. 3. Rouleaux formation of RBCs in autologous plasma at rest: (a) optical microscopy 
image within 30 min and (b) coloured SEM image. 

Due to the low-affinity interactions with plasma proteins, weak Van der Waals 
attraction, electrostatic repulsion, and hydrophobic forces, RBC aggregates break 
up at relatively low shear rates (20–40 s−1) [36]. This opposing process of 
disassociation of aggregated RBCs is called disaggregation. RBC aggregation and 
disaggregation have different dynamics and forces, and equilibrium between RBC 
disaggregation and aggregation determines the extent of aggregation [37]. 

The level of RBC aggregation correlates with physiological state and has been 
used to monitor an inflammatory response during various diseases [38], [3]. 
Elevated aggregation level found in sepsis [39], diabetes [40],  infections, vascular 
[41] and haematological diseases, and metabolic disorders.  
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Although the exact mechanism of RBC aggregation is still not fully understood, 
explanations of RBC aggregation fall within two coexisting models: “bridging” and 
“depletion”. The bridging model assumes the physiosorption of the 
macromolecules onto the RBC membranes, while the depletion model is based on 
a colloidal effect. 

Factors affecting RBC aggregation 

RBC aggregation is affected by cell-specific factors defined by the surface 
membrane properties and is referred to as RBC aggregability [42], and the 
properties of a surrounding medium, such as plasma protein composition and 
micro-environmental conditions. 

Cell-associated factors 

Cellular factors vary significantly between individuals, between the cell fractions 
from the same individual, and are affected by various pathological states.  
Interestingly, the RBC mean volume, the RBC blood group (ABO) or rhesus factor 
(Rh) do not affect RBC aggregation [43]. 

The major determinants of RBC deformability are cell geometry, intercellular 
viscosity, membrane viscoelasticity, osmotic pressure, temperature, ageing, 
calcium and nitride oxide concentration, and adenosine triphosphate (ATP) 
depletion [44]. RBC deformability is often expressed as an elongation index (EI). 
In healthy donors, variations of the RBC deformability are minimal [45]. Reduced 
RBC deformability was reported in various pathophysiological processes such as 
diabetic complications [46], malaria [47], and sickle cell disease [48]. 

Since RBCs are sensitive to the tonicity and pH of the surrounding 
environment, the discotic RBC shape can be altered to a spiculated echinocyte in a 
hypertonic medium, or a cup-like stomatocyte in a hypotonic solution. Both 
echinocytes and stomatocytes can transform into spherocytes in hypotonic 
solutions. In addition, such a shape can be a result of a cytoskeleton damage. 
Increased RBC rigidity hinders the formation of cell-cell contact and weakens the 
RBC aggregation. As an example, stomatocytes have demonstrated significantly 
less aggregation affinity [49]. Though a numerical study has demonstrated that 
RBC aggregation is highly affected by the RBC deformability, the latter one is only 
slightly affected by RBC aggregation [50]. Recently, statistically significant 
correlations were found between some parameters of deformability and 
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aggregation, and a phosphorylation-controlled interaction between the cytoskeleton 
and the integral membrane protein band 3 was suggested as a key determinant for 
both characteristics [51]. 

Repulsive electrostatic forces between the RBCs are mediated by the sialic acid 
groups on RBC membranes. Thus, sialic acid removal reduces the ζ-potential and 
results in increased aggregation [52]. 

Micro-environmental factors 

RBC aggregation requires the presence of macromolecules — proteins or non-ionic 
polymers. Washed RBCs do not aggregate in protein- or polymer-free saline. In 
vivo aggregation of RBCs is induced by proteins and antibodies with a 
hydrodynamic radius (Rh) larger than 4 nm, such as fibrinogen, immunoglobulin 
IgG and IgM, etc., while smaller macromolecules inhibit or have no effect on RBC 
aggregation [53]. In human blood plasma, various proteins contribute to the 
aggregation in a very complex manner. The most abundant protein albumin itself 
inhibits the aggregation, while it enhances it in the presence of other proteins. RBC 
aggregation can be induced artificially by high molecular weight branched 
polysaccharides [53] such as dextran, polyethylene glycol (PEG), 
polyvinylpyrrolidone (PVP), etc. The increase in the fibrinogen concentration leads 
to the increase in the number of RBC aggregates. In contrast, for polysaccharides, 
there is a saturation point with a maximum RBC aggregation, beyond which the 
increase in concentration leads to disaggregation. This results in typical bell-shaped 
dependence of the aggregation on the concentration of a polymer. 

2.3.1 Bridging model 

The bridging model of RBC interactions is based on the idea that macromolecules 
specifically or non-specifically adsorbed onto RBC membranes form cross-bridges 
between adjacent cells, exceeding disaggregation mediated by the electrostatic 
repulsion and the membrane strain and shearing [5]. 

In 1966, Merrill [54] suggested that fibrinogen can bind to the RBC surface 
inducing the aggregation. In the bridging model macromolecules, polymers or 
proteins are assumed to be slightly stretched between the RBCs. Studies by Chien 
et al. [55] provided evidence of dextran absorption on RBC — the intercellular 
distance correlated with dextran molecular size [56] — and introduced the energy 
balance equation [57]. The energy of the macromolecular binding Eb per unit 
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interacting area Ai is equal to the product of bridging energy per bond eb, the number 
of bridges made by each macromolecule bm, and the number of bridging 
macromolecules m: 

 𝐸𝐸𝑏𝑏/𝐴𝐴𝑖𝑖 = 𝑒𝑒𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚. (1) 

The model developed by Tozeren [58], [59] described the separation of conjugated 
cell pairs with laterally mobile bonds bridging them. The adhesive energy density 
during the peeling of membranes at angles α1 and α2 with contact area and tensions 
Tc

1 and Tc
2 can be calculated as work done per unit area defined by Young’s equation 

as 

 γ =  𝑇𝑇𝑐𝑐
1(1 − cos 𝛼𝛼1) + 𝑇𝑇𝑐𝑐

2(1 − cos 𝛼𝛼2). (2) 

In the present model, the number of formed cross-bridges remains constant during 
disaggregation, therefore the uniform density nc is presented as a function of the 
initial density of the cross-bridges density before the adhesion m0, and the ratio of 
the conjugated surface area to the total surface area (Ac/A0) as 

  𝑛𝑛𝑐𝑐 = 𝑚𝑚0(𝑏𝑏)
[1+𝑏𝑏(𝐴𝐴𝑐𝑐/𝐴𝐴0)]

, (3) 

with binding affinity b defined as 

   𝑏𝑏 = exp[(𝐴𝐴𝑚𝑚
0 − 𝐴𝐴𝑛𝑛

0 )/𝑘𝑘𝑇𝑇], (4) 

where Am
0  and An

0 are constants of free energy functions of an unattached and an 
attached bond, respectively, while k is the Boltzmann constant, and T is the absolute 
temperature (kT = 4.11 × 10−21 J). At the equilibrium, the resultant adhesive energy 
density is expressed as 

  γ =  2𝑇𝑇𝑐𝑐
1(1 − cos 𝛼𝛼1) = 2𝑚𝑚0(𝑘𝑘𝑇𝑇)𝑏𝑏/[1 + 𝑏𝑏(𝐴𝐴𝑐𝑐/𝐴𝐴0)]. (5) 

This model describes the increasing interaction energy density with decreasing 
surface interaction area due to migration of the cross-bridges towards the remaining 
area of conjugation. 

2.3.2 Depletion model 

In 1958, the depletion model was introduced by Asakura and Oosawa [60], who 
described an attractive force of purely entropic nature appearing between the large 
particles suspended in a solution of smaller particles (i.e., macromolecules). If the 
distance between the large particles is smaller than the diameter of the solute 
particles, a depletion layer of the pure solvent appears between the interfacing 
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surfaces of the large particles. A depletion layer results in entropy increase and a 
decrease in Helmholtz’s free energy, which together create an osmotic pressure 
equivalent to the attractive force between the large particles, aiming to minimize 
the polymer-reduced space between them. 

Neu and Meiselman [6] adopted the depletion model for a theoretical 
description of the forces and estimation of the interaction energies between adjacent 
RBCs in polymer solutions. Since the interaction forces depend on the properties 
of the membrane surface, besides the depletion, the glycocalyx enriched with 
negatively charged sialic acid groups and responsible for electrostatic repulsion of 
RBCs was also considered. Cell-cell distances at which minimal interaction 
energies occur are always greater than twice the thickness of the glycocalyx, 
therefore steric interactions between overlapping glycocalyx of interacting RBCs 
are neglected. RBC glycocalyx is characterized as a soft surface accessible for 
penetration by the free polymers in solution [61]. The depth of macromolecular 
penetration into the glycocalyx is higher for smaller molecules,  and it increases 
with the bulk polymer concentration due to an increase in osmotic pressure. This 
condition is crucial for the development of the characteristic bell-shaped interaction 
energy dependence on the concentration of macromolecules. 

The depletion interaction energy Ed between the two adjacent RBCs at the 
separation distance d, depletion layer thickness Δ, glycocalyx thickness δ and 
penetration depth p is given by 

 𝐸𝐸𝑑𝑑 = −2Π �∆ − 𝑑𝑑
2

+ 𝛿𝛿 − 𝑝𝑝� . (6) 

The osmotic pressure Π is derived from a virial equation ignoring all the coefficients 
higher than the second (B2) as 

 Π = 𝑅𝑅𝑅𝑅
𝑀𝑀2

𝑐𝑐2
𝑏𝑏 + 𝐵𝐵2(𝑐𝑐2

𝑏𝑏)2 = − �𝜇𝜇1−𝜇𝜇1
0�

𝑣𝑣1
, (7) 

where the gas constant is R, T is the absolute temperature, M2 and v1 are the 
molecular weight (MW) of the polymer and the solvent, c2

b is the concentration of 
the polymer, and µ1 and μ1

0 are the chemical potentials of the solvent in the polymer 
solution and polymer-free solvent. 

In the approach by Vincent [62], based on the equilibrium between 
compression energy and osmotic forces with an assumption of non-absorptive RBC 
surfaces, the thickness of the depletion layer Δ can be retrieved as 

 ∆= − Π
2𝐷𝐷

+ 1
2

��Π
D

�
2

+ 4∆0
2, (8) 
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where D is a function of the bulk polymer concentration described as 

 D = 2𝑘𝑘𝐵𝐵𝑅𝑅
∆0

2 �𝑐𝑐2
𝑏𝑏𝑁𝑁𝐴𝐴
𝑀𝑀2

�
2/3

. (9) 

Here, Δ0 is the depletion thickness of the vanishing polymer concentration and is 
equal to 1.4×Rg radius of gyration, and kB and NA are the Boltzmann constant and 
Avogadro number, respectively. 

Intuitively, one should expect that the penetration depth of the free polymer 
into the attached layer depends on the polymer properties. However, the accurate 
modelling of this interaction is complicated due to the lack of knowledge of the 
glycocalyx properties. Therefore, the penetration depth of the free polymer into the 
attached layer p of the glycocalyx is expressed as an exponential approximation for 
the concentration 

 𝑝𝑝 = 𝛿𝛿 �1 − 𝑒𝑒−𝑐𝑐2
𝑏𝑏/𝑐𝑐2

𝑝𝑝
�, (10) 

where c2
p  denotes the penetration constant of the polymer in solution, and δ is 

assumed to be independent of the bulk polymer concentration. 
Let us consider an isothermal charging process for the electrostatic free energy 

of two cells, expressed as 

 𝐸𝐸 = 1
2 ∫ ∫ 𝜓𝜓(𝜎𝜎, 𝑥𝑥)𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥𝜌𝜌

0
𝑑𝑑

0 , (11) 

in which ψ is the electrostatic potential between the cells and σ  is the charge density. 
Assuming the Debye length κ−1 small compared to the cell-cell distance d and 
thickness of glycocalyx δ, the electrostatic repulsion Ee is then calculated as the 
superposition of the potentials on RBCs by equations (for d ≥ 2δ) 

 𝐸𝐸𝑒𝑒 = 𝜎𝜎2

𝛿𝛿2𝜀𝜀0𝜀𝜀𝜅𝜅3 �sinh(𝜅𝜅𝜅𝜅)�𝑒𝑒𝜅𝜅𝛿𝛿−𝑘𝑘𝑑𝑑) − 𝑒𝑒−𝜅𝜅𝑑𝑑��, (12a) 

and (for d < 2δ) 

𝐸𝐸𝑒𝑒 = 𝜎𝜎2

𝛿𝛿2𝜀𝜀0𝜀𝜀𝜅𝜅3 �(2𝜅𝜅𝛿𝛿 − 𝜅𝜅𝑑𝑑) − �𝑒𝑒−𝜅𝜅𝛿𝛿 + 1� sinh(𝜅𝜅𝛿𝛿 − 𝜅𝜅𝑑𝑑) − sinh(𝜅𝜅𝛿𝛿)𝑒𝑒−𝜅𝜅𝑑𝑑�, (12b) 

where ε and ε0 is the relative permittivity of the solvent and vacuum. 
Eventually, the total interaction energy of the RBC doublet can be found as the 

sum of depletion and electrostatic energies 

 𝐸𝐸𝑡𝑡 = 𝐸𝐸𝑑𝑑 + 𝐸𝐸𝑒𝑒. (13) 

The simplified schematics of RBC aggregation models are presented in Fig. 4. 
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Fig. 4. Schematic representation of two models of interaction bridging and depletion. 

2.4 Methods for measurement of microrheological properties of 
RBCs 

In-depth studies of RBC are important for diagnostics and research; proven 
correlations between RBC aggregation and deformability characteristics and 
pathological conditions are used for clinical diagnostics and treatment means. 
There are two main categories of methods to estimate RBC haemorheological 
properties: bulk cell analyses and single-cell analyses [63]. 

2.4.1 Bulk methods 

The erythrocyte sedimentation rate (ESR) is one of the simplest and therefore 
widely used methods for the indirect indicator of inflammation [64]. However, 
despite its clinical applicability and widespread use, this method provides only non-
specific information, which complicates the identification of various components 
in the aggregation process. 

Photometric methods are the most utilized in the research of RBCs. Laser light 
scattering and transmission after interaction with a blood sample provide 
information about the size and conformations of the formed RBC aggregates. 
Aggregometers monitor aggregation as the changes of light reflectance or 
transmittance in time, called a syllectogram, after application of the shear stress to 
disperse pre-existing aggregates. The normalized degree of accumulated 
aggregation is reflected by the aggregation index (AI), which is calculated as the 
area below the syllectogram divided by the total area over time. The most common 
aggregometers are the Myrenne aggregometer (Myrenne GmbH, Roetgen, 
Germany), LORCA (Laser-Assisted Optical Rotational Cell Analyzer; RR 
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Mechatronics, Hoorn, The Netherlands), and RheoScan-A (Rheomeditech, Seoul, 
Korea) [65]. These methods, however, can have qualitative or quantitative 
discrepancies because of the difference in chamber geometries and disaggregation 
mechanisms. 

Numerous techniques and methods applied for RBC aggregation 
measurements exist such as Couette flow rheometers, optical microscopy 
observation with a numerical processing [9], online erythrocyte aggregometer 
based on He-Ne laser [66], image analysis of the blood smear [10], microfluidic-
based speckle analysis [67], and electrical impedance [11]. Moreover, in vivo RBC 
aggregation assessment has been done by photoacoustic imaging and photothermal 
cytometry [12], and ultrasound [13]. 

The ektacytometry method based on LORCA is often used to estimate RBC 
deformability by measuring the diffraction pattern of sheared RBCs in a viscous 
medium at 37 °C. The elongation index (EI) retrieved from the measurements is an 
estimation of the average deformability in RBC population. Significant shape 
alterations and decreased elasticity of RBCs have been revealed with ektacytometry 
for malaria maturation of Plasmodium falciparum [68], and for sickle cell disease 
caused by defects of Hb [69]. Imaging flow cytometry is a combination of flow 
cytometry and microscopy, where the fast acquisition of the brightfield, scatter and 
fluorescent images allows one to identify RBC subpopulations based on cell 
morphology, for example, spherocytosis during the blood storage [70]. Further, 
microfluidics (MC) relies on videomicroscopical tracking of single RBCs in fluid 
flow in polydimethylsiloxane (PDMS) chip [71]. 

Bulk methods require large volume of blood sample and a chamber cleaning 
process after every measurement. Though microfluidic lab-on-chips systems can 
overcome these limitations, they require facilities for lithographic fabrication. 

2.4.2 Single-cell analyses 

Investigation of single-cell resolution processes significantly expands the 
understanding of blood rheology on a fundamental level, allowing one to obtain 
specific information about microscale components involved in the aggregation. 

Micropipette aspiration (MA) [72] is an early technique applied for RBC 
viscoelastic measurements and aggregation. In this method, the cell is aspirated 
through a micropipette by the application of negative pressure. Surface affinities 
between the dyscocyte and spherocyte estimated with MA [15] in dextran solutions 
have demonstrated bell-shaped dependence on the dextran concentration. In 
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addition, the higher disaggregation force has been reported compared to the 
aggregation, due to the formation of the strong point attachment. 

Atomic force microscopy (AFM) is a high-resolution method based on the 
scanning cantilever probing the cell with nanometer precision via piezoelectric 
elements. This allows the retrieval of information about the cell’s mechanical 
properties and surface topography. A cantilever tip with a known spring constant 
deflects linearly with an applied force, providing the force measurements in the 
order of piconewtons (pN). In this method, one of the RBC attached to the 
cantilever is brought into contact with another RBC resting on the coverslip. AFM 
has been applied to measure interaction energy in RBC doublets in the presence of 
dextran, where the force ranged from 14 to 23 pN for Dex 70 kDa, and from 43 to 
169 pN for 150 kDa Dex [14]. In the study [73], the RBC-RBC detachment force 
was found to be significantly increased (~ 180 pN) in patients with essential arterial 
hypertension compared to healthy donors. 

The optical tweezers (OTs) method has several advantages over the previously 
mentioned methods: measurements can be performed without contact with a 
substrate or the probing part, and smaller forces than in AFM can be applied to the 
sample. Although one of the limitations of OTs is phototoxicity, this can be 
bypassed using the wavelengths of the IR range. OTs have been applied to quantify 
forces, viscosity, and elasticity of cells [16], [18], [74]. The main benefits of OTs 
compared to MA and AFM are higher sensitivity, control over the whole cell in a 
non-destructive manner, no risk of contamination, and simple control of the laser 
light intensity to adjust the applied force with an accuracy down to pN. Compared 
to AFM, OTs provide the higher lower force detection limit, sensitive to a 
measurement down to 0.1 pN. 

Other “tweezing” methods also include magnetic (MTs) and acoustic tweezers 
(ATs) [75]. MTs employ electromagnetic field gradients applied to magnetic beads 
that are attached to single cell surface, while sound waves with low intensity are 
used in ATs. The comparison of the described tools is given in Table 2. 
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Table 2. Comparison of single-cell micromanipulation tools. 

Method Contact type Typical 

force range, 

pN 

Advantage Limitation References 

MA Point, contact  10–106 Local deformation Direct contact with a probe, 

low spatial resolution, cell 

damage 

[76], [72] 

AFM Sharp tip with a 

point contact 

attached to a 

canteliver  

5–104 Active force clamp, 

Wide force range 

Tight adherence of the cell to 

a surface, 

direct contact, 

random attachment 

[77], [78] 

OTs Point, non-

contact 

0.1–200 Wide force range, 

non-contact, 

high sensitivity, 

contamination-free 

 Phototoxicity [78] 

MTs Global/point, 

non-contact 

0.05–100 Wide force range, 

high sensitivity 
Poorly standardized,  

Heat damage, cell 

internalization 

[79], [78] 

ATs Global/point, 

non-contact 

102–3·104 non-contact, 

contamination-free 
Small forces [80] 
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3 Optical tweezers  
The idea of light pressure on physical objects was first originated by J. Kepler, who 
observed the tail of a comet pointed away from the Sun. J. Maxwell’s 
electromagnetic (EM) theory provided the theoretical background to describe 
radiation pressure. P. Lebedev [81] theoretically described this phenomenon, which 
was later experimentally demonstrated by Arthur Ashkin at Bell Labs. 

Back in 1970, A. Ashkin first demonstrated that light radiation exerts pressure 
on micro-sized objects strong enough to move them. He observed the attraction and 
acceleration of dielectric microparticle into the midpoint of the unfocused laser 
beam and stably trapped the microparticle at the midpoint of a set of two counter-
propagating beams [82]. Finally, in 1986, Ashkin and his co-workers achieved the 
manipulation of the microparticle in three dimensions in a “single-beam gradient 
force trap” — the first implementation of OTs [17]. 

OTs are widely employed for studying nano- and macro-sized objects in 
physics and biology. The technique is a star player in quantitative biophysics and 
mechanobiology, enabling noninvasive manipulation of biomolecules (proteins, 
DNAs) and living objects — viruses, bacteria, and cells [83]. In 2018, A. Ashkin 
was awarded a share of the 2018 Nobel Prize in Physics “for the optical tweezers 
and their application to biological systems” [84]. 

3.1 Optical trapping theory 

Light-matter interactions can be described by different theories from the 
fundamental Quantum Electrodynamics of electrons and photons to the Mie 
scattering of atmospheric particles, depending on the scale of energy and mass 
involved in the process. Radiation pressure is a force exerted on matter by light. 
OTs are a tool to apply controllable radiation pressure to microscopic objects. 

Particle trapping occurs due to the absorption, reflection, scattering or 
refraction of light, which generates the optical force by the momentum transfer 
from light to a particle. An intuitive description of the optical trapping relies on two 
components: a scattering Fscat and a gradient Fgrad force. The optical forces act on 
the trapped object: the gradient force Fgrad is induced by a gradient of the laser beam 
intensity, which pulls (pushes) the particle towards (backward) the narrowest region 
of the laser beam waist (the focal spot) with the highest light intensity; the 
scattering force Fscat pushes the particle in the direction of the beam propagation 
due to the reflection of photons from its surface. An optical trap is formed by the 
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combination of these forces acting on the particle, provided that the gradient force 
along the optical axis exceeds the scattering force. 

In a conventional OT setup, the laser beam is focused on a diffraction-limited 
spot by a microscope objective of high NA. The intensity gradient can attract 
particles with a refractive index higher than that of the surrounding medium (np > 
nm) towards the focal point. A microscopic dielectric particle is trapped with a net 
force of 

 𝐹𝐹 = 𝑄𝑄𝑛𝑛𝑚𝑚𝑃𝑃/𝑐𝑐, (14) 

where Q is the trapping efficiency, nm is the refractive index of the suspending 
medium, P is the beam power, and c is the speed of light in vacuum [85]. 

The ratio between the size d (diameter) of the trapped particle and the 
wavelength λ of the trapping light defines the theoretical approach to the physics 
of optical trapping. There are two important limiting cases — the geometric optics 
(or Mie) approximation, when the particle is much larger than wavelength (d ≫ λ), 
and the Rayleigh scattering approximation, when the particle is much smaller than 
wavelength (d ≪ λ) [86]. In an intermediate regime for d ~ λ, the theoretical 
description requires the solution of the Maxwell's equations with the appropriate 
boundary conditions. This can be achieved by means of the Generalized Lorenz-
Mie Theory (GLMT). 

Rayleigh regime 

In the Rayleigh regime, the wavelength of the trapping beam is much larger than 
the particle (d ≪ λ). As the EM field is almost uniform within such a small particle, 
it is therefore considered an induced dipole.  

Upon interaction with light, the dipole absorbs and reemits the light in all 
directions (Rayleigh dispersion). The scattering force Fscat in a medium with 
refractive index nm is expressed as follows [87] 

 𝐹𝐹�⃗ scat = 𝑛𝑛𝑚𝑚
𝜎𝜎𝐼𝐼0

𝑐𝑐
𝑘𝑘,�  (15) 

where I0 is the beam intensity, c is the speed of light, k̂ is the unitary vector of the 
beam propagation direction. The scattering cross section (σ) of a Rayleigh spherical 
particle of radius r is 

 𝜎𝜎 = 128𝜋𝜋2𝑟𝑟6

3𝜆𝜆4 �𝑚𝑚2−1
𝑚𝑚2+2

�
2

, (16) 
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where λ is the wavelength of light and m is the effective refractive index of the 
particle (m = np/nm). 

The gradient force induced by the EM field due to the Lorentz force is defined 
as 

 𝐹𝐹�⃗ grad = 2𝜋𝜋𝜋𝜋
𝑐𝑐𝑛𝑛𝑚𝑚

2 ∇𝐼𝐼0 , (17) 

where the polarizability of the particle is 

 𝛼𝛼 = 𝑛𝑛𝑚𝑚
2 𝑟𝑟3 �𝑚𝑚2−1

𝑚𝑚2+2
� . (18) 

The relationship between the external electric field E and the electric dipole 
moment p is then defined by 

 �⃗�𝑝 = 𝛼𝛼𝐸𝐸�⃗ . (19) 

Fgrad is directed to the gradient of the EM field – to the region of the highest light 
intensity at the centre of the beam waist in case when m ˃ 1. 

The scattering force is proportional to the light intensity and is directed towards 
the beam propagation, while the gradient force is proportional to the gradient 
intensity and follows the highest beam intensity. In this case, a restoring force from 
the scattering and gradient forces creates a stable trapping if the beam is highly 
focused. 

Geometrical optics approximation 

Geometrical (Ray) optics or the conservation of momentum model [88] gives a 
qualitative description of the trapping mechanism when the particle is significantly 
larger compared to the wavelength (d ≫ λ), with a diameter of at least 20 times the 
optical wavelength [89]. 

The incident laser beam hitting the particle can be decomposed into individual 
rays, each of which can be traced, allowing one to determine the final direction of 
the ray and the net change in the linear momentum of light. Each ray carries a 
momentum pi proportional to its energy Ei and to the refractive index nm of the 
medium as 

 𝑝𝑝𝑖𝑖 = 𝐸𝐸𝑖𝑖𝑛𝑛𝑚𝑚/𝑐𝑐. (20) 

When the particle is trapped in the focus of the Gaussian beam, the rays do not 
deviate, resulting in the zero net force. Once the particle is shifted out of the focal 
point, one side of the particle will refract more light away from the trap centre than 
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toward, corresponding to rays b and ray a in Fig. 5c. The linear momentum is 
transferred to the particle as a difference between the incident beam and the sum of 
the reflected and refracted beams. The resulting net force Fnet has the same direction 
with the linear momentum and consists of scattering (parallel to the beam direction) 
and gradient (radial) components. The particle is stably trapped when Fnet from the 
reflected rays (Fscat) and refracted rays (Fgrad) is balanced in transverse and axial 
planes. 

Generalized Lorenz-Mie Theory (GLMT) 

In practice, the dimensions of the studied objects are often of the same order with 
the wavelength of laser radiation (d ~ λ). Therefore, the approximation of 
geometrical optics and Rayleigh scattering are not applicable to the theoretical 
description [89]. Besides, not all the objects have a spherical shape. 

The calculation of force requires a whole characterization of the trapping beam 
and the dielectric particle. Proper choice of the method for quantitative evaluation 
of the force relies on the particle size, geometry, and the structural property of the 
light.  A tightly focused laser beam can no longer be considered a paraxial Gaussian 
beam. Vector characterization of the EM field is required because the scalar 
description is no longer valid. The precise model implemented based on the 
Lorentz-Mie theory [90] can describe the scattering of a plane wave by a spherical 
particle varying its size, refraction index and the incident light wavelength, the 
optical forces in this case are the exact solutions of the Helmholtz equations. A 
description of an optical force of Gaussian and arbitrarily shaped beams requires a 
complicated approach based on generalized Lorenz-Mie scattering or T-matrix 
theory [91], [92]. Numerical methods such as finite-difference time-domain (FDTD) 
simulate the scattered light on the particle, the surface integral of the Maxwell stress 
tensor then is equal to the optical force. 

To conclude, the achieved accuracy of the quantitative description between the 
theory and experimental results cannot compensate the calculative effort, therefore 
forces are usually obtained empirically. 

3.2 Optical tweezers configuration 

In a conventional simplified representation, OTs are comprised of a laser beam 
expanded by a telescope to overfill the back aperture of high-NA microscope 
objective, which forms a diffraction-limited spot within a sample plane able to trap 
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microparticles. The sample is typically suspended in a liquid medium and held in a 
chamber made of a microscope slide and a cover slip (see Fig. 5a, b). 

 

Fig. 5. (a) Conventional OT setup schematic. (b) Model of the trapping process inside 
the sample chamber. (c) An intuitive representation of the trapping process in the Mie 
regime. The momentum (yellow arrows) of two rays, a and b (red arrows), with different 
intensities propagating through a sphere is shown. The blue arrow indicates the 
restoring net force drawing the particle into the focal region. (Reprinted [adapted], with 
permission, from Paper II © 2020 Authors). 

The main parts of the OTs setup are listed below [93], [16]. 

1. Laser. Typically, a single mode TEM00 continuous wave (CW) laser with a 
high degree of spatial coherence. TEM00 mode focuses on the smallest diameter 
(diffraction limited) spot and will therefore produce the most efficient optical 
trap. Near-IR wavelengths are preferred due to the low absorption by most 
objects, especially those of a biological nature [94]. 

2. Focusing system. High-numerical aperture (NA ≥ 1) lenses or a microscope 
objective enable high focusing efficiency and hence a stronger trapping force. 
A Gaussian laser beam should overfill the back pupil of the microscope 
objective to improve the trapping efficiency. Although OTs are often built 
around the commercial microscope, this approach limits the customization. 

3. Trap positioning system. To perform movements of the trapping beam in the 
lateral plane, steering mirrors or acousto-optic deflectors (AODs) are usually 
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applied. The positioning of the sample can be enabled with an automated XYZ 
piezoelectric steerable stage. 

4. Imaging. Usually, the trapping objective is used for the imaging as well. A 
dichroic mirror or beam splitter reflects the trapping light onto the objective 
and transmits the imaging light from the illuminated sample to a camera. The 
observing system consists of an illumination source (electric lamp or emitting 
diode), magnification system, and CCD or CMOS camera. 

A wide range of advanced OT systems has been developed based on the core system 
described above. Coupled with other modalities and techniques, such as 
microfluidics, fluorescent microscopy, Raman spectroscopy, etc., OT functionality 
was remarkably diversified [83], [95]. Dynamic manipulation of several objects by 
multiple optical traps is achieved by incorporating in OTs the independent beams, 
beam multiplexing, scanning, or shaping. Scanning devices, such as AODs and 
galvo mirrors, and spatial light modulators (SLM) due to the dynamic control are 
preferred over the fixed holograms and diffraction elements. Computer-generated 
holograms generated via SLM modulation are used to create multiple arbitrary traps 
in holographic OTs (HOTs) to allow the simultaneous arrangement and 
manipulation of many cells for the construction of complex cellular architectures 
[96]. Transverse intensity structure of the structured light (Laguerre-Gaussian, 
Bessel-Gaussian beams, Airy-Gaussian, vortex, Mathieu, and helico-conical beams) 
offers innovative trapping landscapes for precise 3D manipulation (multiple planes) 
and trapping of non-spherical objects [97]. The superposition of the transverse 
mode patterns produces the spiral intensity pattern applied for the rotation of the 
particles, known as optical spanners. 

Novel fabrication procedures of optical fibres (tapering by laser ablation, 
lithography, stretching etc.) enabled low-cost, miniature, objective-lens-free optical 
fibre tweezers (OFTs). OFTs can be integrated into microfluidic devices for cell 
manipulation, sorting, and characterization [98]. 

Spectroscopic systems for functional analysis of chemical properties of the 
sample are complemented with dynamic OT manipulation. Recently, the 
combination of the OTs with various fluorescent methods (epi, confocal, total 
internal reflection fluorescence (TIRF), and stimulated emission depletion (STED)  
microscopy) was demonstrated to facilitate single-molecule level studies [99]. 
Contactless optical immobilization of the samples by OTs is applied in Raman 
spectroscopy. Raman tweezers are used to reveal information about the chemical 
composition of the object under the study [100]. 
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The stable trapping of nano-sized objects requires overcoming Abbe’s 
diffraction limit. The primary solutions to the problem rely on near-field optics and 
plasmonics. Evanescent fields excited on dielectric waveguides and plasmonic 
nanostructures by means of total internal reflection, focused excitation with a high 
NA objective, etc., can confine light locally to a nanometre-sized focus for 
nanoscale trapping [101]. To date, the technique has been used to trap 
nanostructures of different nature from metal, dielectric and magnetic samples to 
biopolymers such as DNA and proteins. 

3.2.1 Optical tweezer calibration 

Trapping force calibration is necessary due to the dependence of the force exerted 
on a trapped object on its geometry, optical properties (refractive indices) and the 
surrounding medium. The optical force is proportional to the laser power. However, 
the objective’s optical aberrations make it hard to define the exact shape of the trap, 
and the restoring force due to the small size of the focusing area. 

An optical trap behaves like a harmonic oscillator or sometimes like a 
Brownian harmonic oscillator due to Brownian motion. Displacement of the 
particle from the centre of the trap results in the proportional restoring force, which 
is equivalent to a Hookean spring model of 

 𝐹𝐹 = −𝑘𝑘𝑥𝑥(𝑥𝑥 − 𝑥𝑥0), (21) 

where the spring constant kx is the trap stiffness for a particle is displaced to a 
distance x from the equilibrium position x0. The resulting trapping potential is given 
by harmonic  

 𝑈𝑈(𝑥𝑥) = 1
2

𝑘𝑘𝑥𝑥(𝑥𝑥 − 𝑥𝑥0)2. (22) 

To determine the optical force, the position of the trapped particle is typically 
determined using a camera, or the deflection of the forward scattered light is 
measured with a quadrant photodiode (QPD) or position sensitive detector (PSD). 
There are different methods of OT calibration, which are applied depending on the 
experiment and the required accuracy. In general, there are two main approaches 
for calibration: passive calibration, when the trap stiffness is defined by monitoring 
the Brownian trajectory of the trapped particle within a trap, and active calibration, 
when the particle displacement in the trap is induced by an external force, typically 
a fluid flow. The detailed comparative description of these methods has been given 
in reviews [93], [102]. 
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3.3 Optical tweezers applications in RBC studies 

OT-based approaches are actively utilized for quantitative characterization of RBC 
intrinsic properties, such as elasticity and cell-cell interactions, and the influence 
of external factors and pathologies on these properties. An extensive review is 
given in Paper II. OTs enable micropositioning of RBCs within the sample, real-
time observation of the trapped cell during the change of the surrounding conditions, 
while keeping RBC away from the interfering objects. Experimental approaches of 
RBC optical trapping are mainly presented by the direct trapping of an RBC or via 
trapping of the microbeads preliminarily attached to the RBC surface serving as 
“handles”. 

A. Ashkin was the first to demonstrate the optical trapping and manipulation 
of the RBC without damage [103]. An asymmetric microstructure such as an RBC 
in a laser trap orients itself such that the maximum of its volume lies in the region 
of the highest electric field [104]. Therefore, a biconcave disk-like RBC acquires 
edge-on orientation with respect to the beam propagation, so the maximum RBC 
diameter is oriented along the beam direction to enclose the maximum intensity 
[105]. 

Focused laser light has the potential to cause a significant heating of RBC due 
to Hb absorption (200–700 nm). The optimum region for OTs is in the NIR range 
of 750–1250 nm, a so called biological window of relative transparency of 
biological samples, which excludes the absorption by proteins in visible region, and 
by water in an IR region minimizing the unwanted heating effects [106]. The 
temperature rise of a lipid bilayer of the liposome vesicle trapped with a power 
density of 107 W/cm2  was approximately 1.45 °C  per 100 mW in a study by Y. 
Liu et al. [107]. In another experiment [108], the local temperature increase in the 
trapped RBC by the 200 mW beam was about 3 °C. A number of studies have 
shown that prolonged trapping of RBCs does not cause any visible adverse effects 
[109]. Rapid (~ 30 s) RBC membrane damage in the optical trap has been reported 
for the laser power exceeding 280 mW [110]. 

In their work, Bronkhorst et al. [111] used three optical traps to induce 
“parachute”-like RBC shape deformation. The speed of the RBC shape recovery 
after release from the trap revealed a faster shape recovery of young cells compared 
to older ones. Moreover, the recovery time was much shorter in buffer saline 
compared to blood plasma. The study of the structure and elasticity of isolated 
membrane skeletons of by Svoboda et al. [112] was performed by trapping RBCs 
in the flow chamber while changing the medium. Foo et al. [113] demonstrated the 
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dependence of RBC elasticity on temperature, where the biomechanics of RBCs 
was shown to be optimized under hydrodynamic flow at 37 °C, while RBC heating 
from 37 to 42 °C caused an increase in elasticity, while at room temperature, RBCs 
were more rigid. 

The difference of RBC properties in diseases has been revealed with the help 
of OTs: the linear loss of cell deformability during malaria progression was shown 
by stretching the cell from the opposite sides [114]; the rotation of a healthy RBC 
trapped by a linearly polarized trap in a hypertonic buffer was not observed for 
malaria infected RBCs [115]; the faster aggregation of RBCs from patients with 
system lupus erythematosus [37]; the structure and deformability impairment in 
sickle cell disease [48], [116]; and β-thalassemia intermedia haemoglobinopathy 
[117], etc. The comparison of rotation and folding behaviour of RBCs from those 
patients with sickle cell disease in optical trap demonstrated a therapeutic effect 
after hydroxyurea treatment [116]. Analysis of the deformation of the trapped RBC 
dragged in the flow showed the increased rigidity of the iron-deficient cells [118]. 
Moreover, an RBC deformability index analysis has indicated dose-dependent 
correlation of radiation therapy and increased deformability [119]. 

By bringing trapped RBCs in contact and pulling them apart while measuring 
the interaction force, Bronkhorst et al. [120] performed qualitative assessment of 
RBC disaggregation process. The influence of suspending media and interaction 
time were shown to affect the disaggregation force between the RBCs. RBC 
aggregation and the key factors (temperature, time, protein composition) affecting 
the process were actively studied by Lee et al. [121], [122]. By moving the RBC 
aggregate through the different suspensions in a microfluidic device, the 
observations favoured the cross-bridging mechanism of aggregation in blood 
plasma [123]. In addition, the effects of laser irradiation on mutual RBC interaction 
were shown by Zhu et al. [124]. It has been shown that RBC aggregation speed was 
two times higher for lupus erythematosus (SLE) RBCs [37], which can be exploited 
to monitor the cell’s response to drug therapies. 

Although, the use of microbeads from one side allows for higher forces to be 
applied for RBC deformation and to minimize the heating effects, due to the 
physical interactions with RBC this can cause undesirable shape undulations and 
localized stress. Optical stretcher, introduced by Guck et al. [125], consisted of two 
divergent counter-propagating beams from the optical fibres without focusing and 
hence minimized photodamage. RBC trapped between the beams can be exposed 
to high powers up to 500 mW and stretched along the axis of beam propagations 
due to a uniform surface stress distribution. The rotation of RBC in a doughnut 
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laser beam was demonstrated by Sato et al. [126], and later Kreysing et al. adjusted 
the approach by using a dual-beam fibre trap with asymmetric fibres for RBC 
rotation in different angles perpendicular to the optical axis of a light microscope 
for tomographic microscopy.  

A microfluidic chip with OTs was offered for label-free separation of blood 
cell components [127]. In Raman tweezers, the trapping beam was used for 
excitation for Raman spectroscopy to elucidate the information about the structure 
and composition of RBC constituents [100]. Moreover, spatial immobilization of 
RBC was used to monitor the oxygenation state in real-time [128]. In the method 
used to determine the ζ-potential of the trapped RBC, the electrical field was 
applied in the chamber [129]. 

Due to its optical properties, geometry and biocompatibility, RBC has been 
considered a biomicrolense; for example, a trapped RBC was used to enhance 
magnification of the DVD grating [130]. Moreover, the optical properties of the 
RBC can be tuned by stretching it with HOTs [131]. 

Despite the versatile applications of OTs, the fundamental mechanisms of RBC 
interaction are still vague, and to be confirmed for either “depletion” or bridging” 
models. The application of OTs for the investigation of NP-related effects on RBCs 
was reported by Zhang et al. [132]. The OT stretching of RBC treated with fullerene 
NPs has revealed membrane softening due to the weakened tensile resistance 
of lipids bilayers. In the recent study by Baskurt et al. [133], the haemoglobin 
deoxygenation and oxidative stress induced by Ag and Au NPs (10–100 nm) were 
indicated from the Raman spectra of optically trapped RBCs. 
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4 RBC – nanoparticle interactions 

4.1 Nanoparticles in blood 

Generally, NPs are defined as structures of matter with a diameter of 1–100 nm, or 
sometimes the term is used for particles of a bigger size, about 500 nm, or for 
particles with at least one dimension less than 1 µm. Due to the high surface to 
volume ratio, NPs are highly reactive when encountering surrounding materials. 
The commonly used size of NPs in the range of 100–500 nm was shown to prolong 
their circulation half-life and to avoid fast clearance upon intravenous 
administration [134]. 

The fast and widespread introduction of NPs into various areas of industry and 
medicine has led to the enormous number of NP-containing products in our 
everyday life: food products [135], construction materials [136], electronics, 
medical applications [137], etc. According to Nanodatabase [138], the number of 
NP-containing products is growing each year, wherein the type of used NPs was 
not declared for about 77% of the products (see Fig. 6). 

 

Fig. 6.  Annual growth of the NP-containing products according to Nanodatabase. The 
main applications of NPs include the following: food, cosmetics, and electronics 
products, manufacturing and materials, drugs and medications, and energy industries. 
(Reprinted [adapted], with permission, from Paper I © 2022 Elsevier Inc.). 

Unique properties make NPs applicable in medicine as imaging and diagnostic 
modalities [139], and advance personalized medicine with controlled drug delivery 
[140], [141] without off-target toxicities. One of the utmost important requirements 
of NP translation into clinics is biocompatibility, when NPs do not produce 
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undesirable toxic effects upon their biodistribution. NP-based approaches have 
been offered to prevent and treat cardiovascular conditions [142], infections [143], 
cancer [144] and Alzheimer’s disease [145]. Yet, NP-induced adverse effects 
(nanotoxicity), can increase the risk of health implications. Since NPs have been 
associated with neurodegenerative disorders [146], strokes, myocardial infarction, 
and inflammation of the upper and lower respiratory tracts [147], concerns over the 
potential toxicity of NPs should be immediately addressed. 

The human body inevitably interacts with nanomaterials. NPs can enter the 
human organism via various pathways, each of which eventually escorts NPs to the 
blood circulatory system: 

1. NPs inhaled via the nose or mouth are spread through the respiratory system 
leading to lungs and gastrointestinal tract. NPs are diffused fast in the capillary 
tubes of alveoli, where NPs enter lymphatic and blood circulatory system 
[148]. 

2. Ingested NPs spread via the gastrointestinal tract into the stomach, where they 
are absorbed by epithelial cells and can be translocated into the blood circulatory 
system and other organs [149]. 

3. Transdermal exposure. NPs contained in cosmetics or pharmaceutical 
products can be absorbed underneath the skin [150], where blood and 
lymphatic microvessels [151], dendritic cells, and nerve endings are further 
routes for NPs. 

4. Intravenous administration. Biomedical applications, such as diagnostics, 
imaging, and therapy, often require an intravenous injection of NP-based 
pharmaceutics [139]. Having access to the majority of the organs, blood 
circulatory system spreads NPs throughout the body to vital organs such as the 
heart, brain, liver, kidneys, spleen, bone marrow, and the nervous system [152]. 

The fundamental properties of NPs include the following: size, shape (sphere, tube, 
rod, star, etc.), surface functionalization (carboxyl, amine groups, etc.), surface 
charge, hydrophobicity, and stiffness, which together with properties of the 
surrounding medium determine the interaction mode between NPs and biological 
systems [153]. Other factors, such as experimental design (exposure time, entry 
route), dose, and personal health state of the patient should also be accounted. A 
combination of NP properties, experimental design, and physiological environment 
define the further NP route, toxicity, clearance, and therapeutic effect (see Fig. 7). 
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Fig. 7. Nanoparticle (NP) design features and experimental design influence the fate of 
NPs in vivo. There are a variety of factors on the way to the desired therapeutic effect: 
design of NP properties, experimental conditions, and influence of the physiological 
environment. (Reprinted, with permission, from Paper I © 2022 Elsevier Inc.). 

Blood is a multicomponent system, and interaction of NPs with each component is 
highly specific and usually studied individually for plasma proteins, RBCs, WBCs, 
and platelets. Once in the bloodstream, NPs experience the spontaneous formation 
of plasma protein corona — the layer of proteins, sugars, lipids, and nucleic acids 
[154] acquiring a biological identity. The attachment of proteins to NPs is mediated 
by intermolecular interactions: electrostatic, hydrogen bonding (hydrophobic and 
hydrophilic), and van der Waals [155]. Compared to hydrophilic and neutral NPs, 
charged and hydrophobic NPs are more likely to bind with proteins. NPs can cause 
the activation of complement system and platelets, aggregation and chemotaxis of 
immune cells, and damage to RBCs, which provoke inflammation, thrombosis, or 
haemolysis. While WBCs effectively engulf xenobiotic materials such as NPs via 
active receptor-mediated phagocytosis, internalization of NPs into RBCs happens 
by passive transport [156]. The most common effects caused by NPs in blood are 
listed in Fig. 8. 
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Fig. 8. Most common effects caused by NPs in blood in vivo. (Reprinted, with 
permission, from Paper I © 2022 Elsevier Inc.).  

4.2 Interaction of RBCs with NPs 

RBCs are a commonly used cellular model in studies of NPs due to their availability 
and relative structural simplicity [157]. Biophysical mechanisms of nonspecific 
interactions between NPs and membranes are often common for different cell types. 
Among those analyzed RBC properties after interaction with NPs are morphology, 
deformability, and integrity, which are directly related to the main 
haemorheological parameters of blood: RBC aggregation, RBC deformation, and 
Hct [156], [158].  

4.2.1 Haemolysis 

The haemolytic potential of NPs must be evaluated before intravenous 
administration. Haemolysis is damage caused to RBCs, which results in a release 
of the iron-containing protein haemoglobin into blood plasma. By measuring the 
absorption of lysed Hb, haemolysis is usually determined spectrophotometrically 
in vitro. However, an estimation of NPs-induced haemolysis helps to define safe 
concentration levels. Haemolytic properties of NPs are defined by their intrinsic 
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properties such as size, composition, and surface, and are influenced by external 
factors such as concentration, exposure time, storage time, temperature, RBC 
species, etc. [159]. Multiple studies report a greater ability to induce haemolysis by 
smallest sized NPs compared to their larger counterparts [160], [161].  

4.2.2 Interaction with the RBC membrane and internalization 

Understanding interaction modes between NPs and RBCs will help in the design 
of NP delivery platforms, especially for hybrid systems implying the conjugation 
of RBCs with NPs. As RBCs do not show phagocytosis or endocytosis, passive 
transport (diffusion) through the membrane mediated by electrostatic, steric, van 
der Waals and hydration forces therefore take place [162]. 

Spatial localization of RBCs with NPs can be visualized with laser scanning 
electron microscopy (LSM). Transmission electron microscopy (TEM) is often 
applied to demonstrate NPs internalized inside RBCs. NP size threshold below 200 
nm was found for internalized NPs regardless of surface charge [162]. The most 
effective uptake of Ag NPs was observed for 50 nm Ag NPs, compared to 15- and 
100 nm, suggesting that 50 nm NP size is the optimal for the passive uptake [160]. 
Quantum dots (QDs) of 4 nm owing to zwitterionic nature of the ligands on the 
surface can passively penetrate RBC without pore formation [163]. Scanning 
electron microscopy (SEM) provides information about fine surface features with 
an extremely high-resolution down to 0.5 nm. 

4.2.3 Haemorheology: morphology, deformability, and cell-cell 
interactions 

Slight alterations of blood haemorheology can lead to serious implications of 
microvascular circulation. Though RBC structural properties, morphology, and 
intercellular interactions can be indirect indicators of haemorheology, they are still 
rarely considered when assessing the cytotoxicity of NPs. 

RBC morphological alterations can be monitored by conventional microscopy 
methods or by SEM. Although the attachment of NPs to the RBC surface has been 
proposed to extend the circulation time, the attached NPs demonstrated the potency 
to induce RBC deformability alterations and trigger the disruption of cell functions. 

In study [164], the attachment of 600 nm mesoporous Si NPs onto a RBC  
caused severe alteration of RBC morphology compared to 100 nm NPs, resulting 
in an echinocyte form with a decreased deformability due to the decrease in the 
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area to volume ratio. At the same time, smaller Ag NPs (100–200 nm) caused 
significant deformability loss, compared to bigger counterparts, as shown by M. 
Kim and S. Shin [165]. Further, RBC membrane softening due to fullerene NPs 
infiltration has been indicated by both AFM method and by stretching RBCs with 
OTs [132]. 

NPs can promote attractive interactions between RBCs, as shown for layered 
double hydroxide NPs [166], where the positive charge of these NPs decreased the 
electrostatic repulsion between the RBCs stimulating their aggregation. The 
treatment of RBCs with polystyrene hydrophobic NPs (50, 107, 250 nm) enhanced 
their adhesion to untreated RBCs and to endothelial cells [167]. Polystyrene NPs 
induced agglutination and stiffening along with sensitizing RBCs to mechanical 
and oxidative stress, meanwhile dextran nanogels at the same NP/RBC load, tested 
in the same study [168], did not show negative effects. Aggregation index measured 
with microchip-stirring aggregometry was decreased at relatively low 
concentrations of Ag nanowires [165]. Magnetic Fe3O4 NPs (88 nm) significantly 
reduced the deformability and aggregation indices due to the RBC damage [169]. 

Functionalization of the surface of NPs by PEG [170], [171] or PVP [172], 
RBC membrane cloaking [173], etc., significantly diminishes the adverse effects 
on RBCs. At the same time, common disadvantages of NPs in the circulatory 
system, such as toxicity, short lifetime, and vascular defects, can be minimized by 
using RBCs as a carrier of NPs [157]. Generally, the approaches to design RBC-
based NPs carriers are based on NP encapsulation inside RBCs or anchoring NPs 
on RBCs membrane. Although promising haemocompatible RBC-NP systems have 
been developed, various challenges still need to be addressed towards their clinical 
applications. 
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5 Materials and methods 
This chapter describes the general sample preparation protocols, used materials, 
and techniques in the present research. More specific descriptions are explained 
further in the Results chapter. 

5.1 Blood samples 

Whole blood specimens were obtained from two healthy volunteers (2 females) by 
venipuncture method at the Nordlab clinic (Oulu, Finland) with oral consent and 
ethical permission (Finnish Red Cross, No. 6095, 7/2021). Blood was collected in 
3 mL BD Vacutainer tubes containing 1.8 mg mL−1 ethylenediaminetetraacetic acid 
(EDTA) as an anticoagulant. 

5.1.1 Blood plasma 

Whole blood samples were centrifuged (CompactStar CS4, VWR) at 2000×g (4500 
RPM) for 10 min to remove formed elements. Then, supernatant gently aspirated 
with a micropipette was centrifugated again at 4000×g (6500 RPM) to obtain 
platelet-free plasma. Fresh blood plasma was dispensed into Eppendorf tubes (by 
1 mL volume), sealed with PARAFILM® M, and stored at 4 °C for up to 1 week. 
The blood plasma pH was estimated to be 7.35–7.45. 

5.1.2 Extraction and preparation of RBCs 

Prior to each experiment, blood was collected from the same donors by using a 
fingertip-prick method with a disinfected lancet device. A withdrawn blood sample 
(~ 20 μL) was diluted in 1000 μL of Dulbecco’s Phosphate Buffered Saline (DPBS) 
(Ca2+/Mg2+-free DPBS, pH 7.4, Sigma Aldrich) inside of a 15 mL Eppendorf tube 
and centrifugated at 3000×g (4500 RPM) for 10 min. The supernatant with the 
upper buffy coat was discarded from a vial and replaced with fresh DPBS. Then, 
the washing process was repeated under the same conditions. RBCs were used 
within 4 h following extraction. 
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5.1.3 Dextran 

Dextran of molecular weights (MW) 40, 70, 150 and 500 kDa was supplied by 
Sigma, St. Louis, MO, USA. The dextran solutions were prepared in DPBS. 

5.2 Nanoparticles 

NP suspensions or nanopowders were prepared by dissolving NPs in DPBS at 
required concentrations. Prior to use, all NPs suspensions were sonicated for 1–2 
min using a probe ultrasonic homogenizer (100 W, 20 kHz, Bandelin Sonoplus HD 
2070.2, Germany) to break up NP agglomerates and to ensure the homogeneous 
dispersion of NPs in the solvent. 

Commercial NPs 

Three types of TiO2 NPs – rutile TiO2 RODI (Sachtleben, Germany), alumina-polyol-
coated anatase TiO2 Hombitan AN (Kemira, Finland) – and uncoated anatase TiO2 
(Oocap, USA), uncoated ZnO (Sigma-Aldrich, Germany), and carboxylated 
nanodiamonds (NDs) (Kay Diamond, USA) were used in the experiments. 

Polymeric nanocapsules 

Polymeric nanocapsules (NCs) were prepared from a (CaCO3) sacrificial template 
fabricated by the method described by Parakhonskiy et al. [174]. Continuous 
mixing (3 h) of the concentrated aqueous solutions of calcium and carbonate-
containing salts (CaCl2 and Na2CO3 at 0.33 M) led to the formation of CaCO3 
precipitates in vaterite polymorphic modification. Following this, ethylene glycol 
(10 mL) was added to the mixture for formation of sub-micron spherical particles 
(400–600 nm in size). Formed CaCO3 particles were then washed with DI water. 
The layer-by-layer (LbL) technique [175] was applied for manufacturing NCs by 
depositing the oppositely charged polyelectrolytes: 2 mL of dextran sulphate (DS) 
and 1 mL poly-L-arginine hydrochloride (PARG) at a concentration of 1 mg/mL 
were deposited on CaCO3 particles. In total, four types of NCs were fabricated: (1) 
goat anti-Mouse IgG2a Secondary Antibody labelled by Alexa Fluor 546 (A-21133, 
Thermo Fisher Scientific, Waltham, MA, USA); (2) a control siRNA labelled with 
Alexa 546 (Qiagen Xeragon, USA); (3) magnetite Fe3O4 NCs produced by the 
method described in [176] were absorbed on the CaCO3 surface; and (4) 
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Tetramethylrhodamine isothiocyanate (TRITC) (Sigma-Aldrich, Germany) was 
encapsulated between the layers during LbL. 

Laser ablation in liquid (LAL) synthesis of NPs 

Plasmonic NPs were synthesized by the femtosecond (fs) laser ablation of Au, Ag, 
and TiN solid targets in deionized water. The solid target was fixed vertically on 
the wall of a quartz cuvette containing 15 mL of ultrapure deionized water (18.2 
MΩcm at 25 °C), forming a 4 mm layer from the target to the cuvette wall. This 
was followed with by focusing a Yb:KGW laser (1030 nm, 250 fs pulse duration, 
up to 30 µJ pulse energy, 100 kHz repetition rate, TETA 10 model, Avesta, Russia) 
beam via an F-theta lens through a wall of the cuvette and water on a target surface 
with a pulse power of 120 MW. The laser beam was moved within 15 min over a 
target along the area 20×10 mm2 at a speed of 4000 mm/s using a galvanometric 
scanner (LScanH-10-1030, AtekoTM, Moscow, Russia), to avoid scattering of the 
laser pulses on cavitation bubbles and to provide the uniform NPs yield. To account 
for the shift of the focal plane due to the self-focusing effect of water (threshold at 
1030 nm is 14.8 MW), the target was adjusted to the position resulting in the 
maximum NP yield, estimated by measuring the weight of the target before and 
after ablation. The targets and the ablation cuvette were thoroughly cleaned by 
ultrasonification in acetone and water. Using the same method, ZrN NPs were 
produced in slightly different conditions. A cuvette with a vertically attached target 
contained 25 mL of deionized water. A laser beam (Amplitude Systems, 1025 nm, 
490 fs, 50 kHz) was attenuated by a half-wave plate and a Brewster polarizer to 30 
µJ per pulse and focused by a 75 mm convex lens.  

Concentrations of the obtained stock colloidal solutions were 150  µg mL−1 for 
Ag NPs, 200 µg mL−1 for Au NPs, 100 µg mL−1 for TiN NPs, and 110 µg mL−1 for 
ZrN NPs. To prepare the NP suspension in DPBS, the stock water solutions were 
centrifuged at 17000×g for 35 min using a Micro Star 17 centrifuge (VWR, USA). 
Then, the distilled water (DI) was gently removed and substituted with the 
equivalent volume of DPBS. Following this, the sample was sonicated for 1 min to 
shake the sedimented NPs and to obtain homogenous suspensions. 
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5.2.1 NPs characterization 

SEM imaging 

Morphology and size distribution of commercial and synthesized NPs were 
characterized by SEM and TEM imaging. Small drops (1–2 μL) of the NP samples 
diluted in DI water were deposited on carbon-coated copper grids and air dried for 
TEM imaging with a JEOL JEM-2200FS microscope (JEOL Inc., USA) operating 
at 200 kV. The water colloidal dispersion of NPs was deposited on metal sample 
stubs with carbon tapes, dried under a vacuum, and sputtered with carbon for SEM 
imaging with FESEM (Carl Zeiss, Oberkochen, Germany) at 5 kV. The analysis of 
SEM and TEM images was performed using Fiji ImageJ software (National 
Institutes of Health, USA). 

Zeta potential 

Measurement of ζ-potential of NPs was performed using a Zetasizer (Nano ZS 
Nanoseries, Malvern Instruments, Malvern, UK). The ζ-potential provides 
information about the surface electric potential of the dispersed NPs. NP 
dispersions were placed into disposable zeta cells (DTS 1060) and measurements 
were performed at 25 °C in the default backscattering mode with a detection angle 
of 173° (He-Ne laser, λ = 633 nm). Electrophoretic mobility was recalculated to ζ-
potential value using the Smoluchowski equation embedded into the software. 

5.3 Incubation of RBCs with NPs 

RBCs were incubated with NPs in DPBS at 1% Hct (vol%). NPs suspended in 
DPBS were sonicated to destroy agglomerates. Washed RBCs were added to the 
NP suspension, gently vortexed, and left to incubate for 1 h. After the incubation 
period, the samples were gently centrifuged at 2000×g for 5 min to remove 
unattached NPs. RBCs were then collected from the vial and re-suspended in 
autologous blood plasma at 0.5% Hct. 

Sample preparation and experiments were conducted at room temperature (23–
25 °C). According to the New guidelines for haemorheological laboratory 
techniques [177], experiments with one sample were conducted for up 4 hours, 
while the deviations of the RBC characteristics were negligible. 
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5.4 Microscopic imaging of RBCs 

5.4.1 SEM imaging of RBCs 

RBCs or NP samples were prepared for SEM by using the following procedure: 

1. Washed RBCs were incubated for 1 h with NPs dissolved in DPBS or another 
medium such as plasma and dextran. A control sample was incubated in DPBS 
for 1 h.  

2. The samples were then centrifuged at 2000×g (4500 RPM) for 5 min and 
supernatant was discarded. Following this, 5 μL of packed RBCs was pipetted 
slowly into 200 μL of the 1% glutaraldehyde (Merck, Kenilworth, NJ, USA) 
fixative solution. Samples were gently vortexed and left for fixation within 30 
min. After fixation, the samples were centrifuged, supernatant was removed, 
and the RBCs were washed with distilled 3 times in water. 

3. The RBC samples were smeared on filter paper attached to aluminium 
specimen stubs with carbon tapes. These samples were then dried for 10 min 
and sputter-coated with platinum (Pt) or Au. Images were acquired with 
FESEM or ULTRA plus FESEM (Carl Zeiss, Oberkochen, Germany) with 
InLens capabilities operating at 5 kV. 

5.4.2 Conventional optical microscopy 

Microscopic examination was performed using an optical microscope (Nikon 
Eclipse LV100, Japan) in the bright-field mode. 

RBC aggregation was estimated at a multicellular level (RBC ensembles). 
RBCs (1% Hct) were incubated with NPs for 1 h in DPBS and centrifuged at 
2000×g.  Then, a 3% Hct suspension of NP-treated RBCs in blood plasma were 
prepared and placed in a measurement cuvette. Following this, a control sample 
was incubated in DPBS without NPs. 

5.5 Haemolysis estimation 

The typical haemolysis estimation protocol is based on measuring the level of free 
oxyhaemoglobin at one of its primary absorbance peaks (i.e., 415, 541, or 577 nm) 
after incubating RBCs with NPs. Spectrophotometry is used to measure the 
haemolysis degree estimated by the optical density. 
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In the present study, RBCs were washed in DPBS two times and added to NPs 
solutions (990 µL) at 1% Hct (10 µL), gently vortexed and then incubated at room 
temperature for 1 h. As a positive control, RBCs incubated in sterile DI water were 
used, while RBCs in DPBS were used as a negative control. After this, the  samples 
were centrifuged at 4000×g for 5 min. Intact RBCs formed a tight dark pellet on 
the bottom of the tube, and supernatant (500 µL) was transferred into a quartz 
cuvette (2 mm path length) for spectrophotometric analysis. Absorbance spectra 
were recorded in the range of 400–800 nm with a spectrophotometric system 
(Optronic Laboratories, USA) in the transmission mode. Among the 3 
oxyhaemoglobin characteristic peaks, one sample at 541 nm was chosen for 
analysis. The following formula was used to calculate the haemolysis level: 

 Hemolysis(%) = Abs (sample)−Abs(−)
Abs(+)−Abs(−)

× 100%,  (23) 

where Abs(sample) is the absorbance of the treated sample, and Abs(+) and Abs(−) 
is the absorbance of the positive and negative control, correspondingly. 

Experiments were carried out in three replications and data presented as the 
mean ± standard deviation (SD). One-way ANOVA with a post hoc Dunnett's test 
(no matching or pairing) was performed in a GraphPad Prism (GraphPad Software, 
San Diego, CA). Statistical significance was presented for each sample against the 
control (*p < 0.05). 

5.6 Custom-built optical tweezers 

In this research, a double-channel OT setup was developed in-house. As Fig. 9 
illustrates, the beam from a single-mode (TEM00) continuous-wave Nd:YAG infrared 
laser (λ = 1064 nm, of maximum output power of 350 mW, ILML3IF-300 Leadlight 
Technology, Taiwan) is divided by a polarizing beamsplitter cube (PBS2) into two 
orthogonally-polarized beams to form two independent beams and then recombined 
again with PBS3. Orthogonal polarization of the beams prevents interference between 
them. The overall output power of the laser is controlled by a half-wave plate (λ/2) with 
PBS1, and the power in each channel is controlled via a system of half-wave plates 
installed before and after PBS2. 

The laser beam is expanded and collimated by a telescope (lenses L1 and L2) to 
overfill the back aperture of the objective to achieve a diffraction-limited spot within a 
sample chamber for efficient trapping [116]. 
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Fig. 9. Schematic layout of the double-channel OTs setup. Optical traps are formed 
inside the sample chamber with a water immersion objective with high numerical 
aperture (100x, NA = 1). PBS — polarizing cube beam splitter, GM — gimbal mirror, L — 
lens, λ/2 — half-wave plate, DM — dichroic mirror, CMOS — camera. 

Gimbal mirrors (GM1 and GM2) enable the dynamic control of the optical traps along 
the arbitrary trajectories in the sample plane. The second telescope (L3 and L4) is used 
to create conjugate planes between the beam steering mirror (GM2) and the back 
aperture of the objective. Thus, the beam remains within the entrance aperture of the 
objective while it is repositioned within the sample, producing the optical trap without 
changes in shape or intensity. 

Both beams are then directed onto a dichroic mirror (DM) at the incidence angle 
of 45°. DM has a high reflectance at a wavelength of 1064 nm, directing the beams into 
a 100× (NA = 1, working distance WD = 1.5 mm) water-immersion objective 
(Olympus, LumPlanFI, USA), which forms the optical traps (trap 1 and trap 2). A 
specimen was illuminated with an optical fibre. A good light transmission of DM for 
visible wavelengths (450–700 nm) allows one to guide visible light from the sample 
illumination for imaging. An IR cut-off filter is used to prevent the camera from being 
overexposed by the trapping beams. The top view observation of the sample is 
performed by the sample imaging in a transmission mode with a Complementary Metal 
Oxide Semiconductor (CMOS) camera PL-D722MU-T (Pixelink, Canada) running at 
30 fps, connected to a desktop PC enabling image acquisition and analysis. The pixel-
to-micrometre conversion factor for the camera is determined by using a micrometre 
ruler. The magnification of the imaging system was 18 pixels/µm (resolution 55 
nm/px); the full field of view was 55×70 μm2 (1024×1280 px2). 

Optical power was measured with an optical power meter (Thorlabs) from the 
sample plane. Typically, the microscope objectives are not anti-reflection coated for IR 
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wavelengths used for trapping, which results in significant laser power losses. As the 
transmission of the objective for 1064 nm was about 60%, the maximum achievable 
power at the specimen plane was 180 mW (90 mW in each channel). The minimum 
size of the focal spot estimated by the imaging of the laser beam reflection from the 
surface of the glass slide was approximately ~ 2 µm. The laser power density at the 
focal spot was estimated ~ 2 MW/cm2 for the output power of 30 mW. RBC heating 
was considered negligible for the laser powers up to 100 mW and trapping duration 2–
3 min. 

Sample positioning was implemented with a micron resolution translational 
motorized XY stage (8MTF, Standa) in a horizontal position. Vertical positioning of the 
traps was implemented by mounting the objective to a micrometre-resolution motorized 
actuator (8CMA06, Standa). 

To perform measurements, the sample was placed in the measurement chamber 
made by using a microscopic glass slide and a cover glass attached with a double-sided 
tape. The gap between the glasses was 70 µm, while the volume capacity of the chamber 
was about 15 µL. To prevent drifts inside the sample cuvette due to liquid evaporation, 
opened edges were sealed with Vaseline. 

5.6.1 Viscous drag force calibration 

Optical tweezer calibration is required to perform quantitative measurements. The 
escape force method introduced by Svoboda and Simmons [178], [179] for trapped 
bead was applied for calibration. The difference of the refractive indices of the 
surrounding media (DPBS, plasma, etc.) and RBC facilitates the effective trapping. 

The RBC was lifted to a height of 30 µm from the surface of the chamber 
bottom glass slide to avoid a “wall effect” such as turbulence, etc. The same height 
was then maintained in the followed experiments. During the calibration process, 
the trapped RBC was kept at a stable position, while the laminar flow of suspending 
blood plasma was created around the RBC by moving a motorized microscopic XY 
stage. The fluid moving around the stably trapped RBC exerts the Stokes viscous 
drag force on the cell, which will at some point overcome the optical trapping force 
[180] and RBC will escape the trap. Escape velocity values were found for RBC 
trapped at different powers. The RBC escape velocity was retrieved from the video 
recordings image analysis by ImageJ software (National Institutes of Health, USA). 
Following this, the instantaneous velocity was calculated as an averaged value for 
RBC for the moments before and after escape obtained from the analysis of 
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individual frames. The procedure was repeated for at least 15 cells and 5 trapping 
powers for both traps. 

Since the shape of RBC is not spherical, the correction factor for RBC 
geometry K (prolate ellipsoid of equivalent volume) was introduced as [181] 

  𝐾𝐾 =
4
3�𝛽𝛽2−1�

�2𝛽𝛽2−1�
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, (24) 

where β is a ratio between the major (b) and the minor (a) axes of the ellipsoid. The 
escape force of the RBC from the trap is equal to a viscous Stokes drag force Fdrag. 
With this correction, the optical trapping force was calculated as 

 𝐹𝐹trap = 𝐹𝐹drag = 6𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝐾𝐾, (25) 

where R is an effective radius of the equivolume sphere (which for the RBC volume 
V = 82 mm3 corresponds to a value 2.7), v is flow velocity relative to the trapped 
cell applied by moving the motorized stage, and η is dynamic blood plasma 
viscosity. Viscosity of human blood plasma changes with temperature, and dynamic 
plasma viscosity at physiological temperature 37 °C is around 1.1–1.3 mPa·s [182]. 
However, in our experimental conditions, the room temperature of 25 °C was 
accounted for, which corresponds to increased plasma viscosity values 1.5–1.72 
mPa·s. Therefore, the value η = 1.68 mPa·s was used. 

The calibration plot demonstrates the linear dependence between the trapping 
force and the laser power. Trap force values were then retrieved from the linear 
fitting results for both traps (see Fig. 10a). 

The trapping efficiency estimated by Eq. (14) with a refractive index of plasma 
n = 1.351 was Q ~ 0.07. The steerable trap displacements did not exceed 5 μm from 
the initial position; the change of trapping force in this range was less than 5%. 
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Fig. 10. (a) Force calibration plot of optical trapping force, showing the force 
dependence on the power of the laser beam on the specimen for trap 1 and 2. 
Measurements performed with OTs on RBCs: (b) aggregation, (c) disaggregation, (d) 
stretching. 

5.6.2 Force measurements of RBCs with optical tweezers 

To implement measurements of the interaction force between individual RBCs and 
the measurement of RBC membrane deformability, RBC aggregation, RBC 
disaggregation, and RBC stretching procedures were applied. The measurements 
were performed in RBCs pairs. Each pair was used in the experiment only once. 

RBC oriented horizontally at the bottom of the chamber, being initially trapped 
at the edge, becomes oriented along the beam direction within the space of a few 
seconds. This time varies depending on the optical power and RBC membrane 
stiffness [183]. 

RBC interaction force measurement 

RBC aggregation force in the context of OT measurements is a minimal force 
required to stop RBC aggregation. RBC disaggregation force on the opposite is the 
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minimum force required to separate the overlapped RBCs. To measure the 
interaction between the RBCs, the following steps were performed: 

1. Two RBCs were trapped by trap 1 and trap 2 and lifted up to a height of 30 µm 
from the bottom of the chamber. The trapping power of the stable trap 1 was 
slightly stronger than for trap 2. 

2. The measurement of RBC aggregation force Fa was achieved by moving the 
optical traps so an aggregate of two RBCs was assembled with a linear overlap 
of 40%. The power of trap 1 was slowly decreased until the RBC escapes from 
the weaker trap 2 and slides onto the second cell forming the aggregate. At this 
moment, Fa is considered equal to the trapping force of the trap 2 (see Fig. 10b). 

3. The measurement of RBC disaggregation force Fd, was performed by 
forming a RBC doublet with a linear overlapping ≈ 90%. The RBC trapped 
into the movable trap was moved at a velocity of 0.5 μm s−1 away from the 
second RBC in a lateral plane with a constant trapping force until the moment 
when RBC escaped the trap in a certain overlapping area ΔS (see Fig. 10c). In 
this way, the maximum achievable shift is registered for the applied optical 
force.  

4. Registered values of the trapping power were then recalculated into the force 
values of Fa or Fd in pN using the calibration curve. This procedure was 
repeated for the progressively increasing values of the trapping power (at least 
5 RBCs pairs per value). 

To calculate the overlapping area ΔS between the interacting RBCs, the dimensions 
of cells in every measurement were retrieved from the captured video of the 
experiment. Knowing the radii r1 and r2 of RBCs in traps 1 and 2, and the distance 
between the centres of RBCs d, the overlapping area was calculated as an 
intersection area of two circles, assuming a simplified geometry of RBCs as discs: 
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The adhesion energy density in engineering is defined as the energy required to separate 
the unit area of the attached part of the object from the substrate. Assuming that S0 is 
the initial overlapping area, while ΔS is the area at the moment of RBC escape from 
the trap, the work required to shift the RBC at the distance (S0 − ΔS) in the aggregate 
can be estimated by the simple mechanical approximation as 

 𝑊𝑊 = 𝐹𝐹𝑑𝑑(𝑆𝑆0 − Δ𝑆𝑆). (27) 
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The interaction energy density is defined as the energy to be supplied to reduce the 
conjugated area in RBCs pairs. The interaction energy density was calculated by 
dividing the interaction energy by the conjugated area. The interaction energy 
density was presented as a function of the relative interaction area ΔS/SRBC (where SRBC 
= 45 μm2). The higher interaction area ΔS in this representation corresponds to the 
lower achievable shift. 

RBC elongation measurements 

RBCs were dragged against the blood plasma flow by moving the motorized stage 
at a certain velocity. By registering the initial length of the trapped cell L0 and the 
maximum RBC length in flow L0 + ΔL (see Fig. 10d), the relative RBC elongation 
was calculated as 

 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛(%) = ∆𝐿𝐿
𝐿𝐿0

× 100%.  (28) 
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6 Results 

6.1 Mutual interaction of RBCs assessed by optical tweezers and 
scanning electron microscopy 

6.1.1 Bridging and depletion mechanisms of RBC aggregation 

The biophysical mechanism behind the RBC aggregation is still unknown. There 
are two main co-existing models of the process proposed – depletion and bridging, 
which were described in Chapter 1. Both models have been supported over the 
years, but the conclusive data are still lacking. Whilst the bridging theory is based 
on the adsorption of macromolecules onto a RBC membrane via specific or non-
specific binding, the depletion theory relies on the colloidal effect. 

Dextran is a polysaccharide produced enzymatically by lactic acid bacteria, and 
it is a well-known plasma expander. Dextran induces the formation of RBC 
rouleaux similar to one observed in blood plasma, however the exact mechanism 
has not been revealed due to the controversial reports. The main argument between 
two models of RBC mutual interaction is in the interaction nature of 
polymers/proteins with the RBC surface. Compared to the suspending phase, the 
depletion interaction is caused by lower osmotic pressure in the vicinity of the 
interfacing surfaces. Therefore, the solvent is displaced from the depletion zone 
into the bulk phase leading to an attractive interaction between the RBCs. Dextran 
has been found to be depleted from the RBC surface in a size-dependent manner – 
the depletion effect was increased with the increased MW of dextran [184]. Neu 
and Baumler [185], [186] reported the depletion-based model, where the polymer 
adsorption by the soft glycocalyx was not excluded, which explained the bell shape 
dependence of the interaction force on the polymer concentration with a saturation. 
Moreover, the decrease in the depletion layer thickness for higher concentrations 
of dextran led to a higher absorption of polymer and decreased aggregation. 

Yet, despite a widely accepted depletion of dextran from the RBC surface, there 
is contradictory evidence demonstrating the absorption of dextran onto RBC 
surface. For instance, there is the accumulation of FITC-conjugated dextran on the 
RBC membrane [187], the enhanced electrostatic repulsion in the presence of 
absorbed dextran [188], and the inhibition of a low-pH-induced haemolysis due to 
dextran absorption [189]. Chien [56] found that the aggregation force increases with 
the increase in the MW of dextran, which was associated with a weakening of the 
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electrical repulsion due to the longer intercellular distance, and a stronger bridging 
force due to the larger adsorption area on the cell surface. TEM images of the RBC 
aggregates formed in dextran solutions demonstrated a correlation between the 
intercellular distance and the molecular size of dextran. As the space between the 
cells was even and slightly smaller than the actual molecular lengths of dextran, the 
partial absorption onto the glycocalyx of adjacent membranes was thus suggested. 
The objection of dextran bridging aggregation mechanism followed from the 
absence of aggregation for RBCs with covalently attached PEG macromolecules 
(35 kDa), while without this attachment PEG induced the aggregation [190].  

Controversial experimental observations obscure the elucidation of the RBC 
aggregation mechanism description by bridging or depletion models. Most of the 
studies have been performed in bulk solutions, which could result in the 
discrepancy between the observations. In the research for this thesis, the RBC 
interaction modes in autologous plasma and solutions of dextran on a single-cell 
level were compared to elucidate the correlation of the macromolecule’s properties 
and RBC mutual interactions. 

6.1.2 RBC disaggregation measurement 

To find the experimental proofs in favour of these models, the interaction energy 
was estimated in the solution of a neutral polymer – dextran and blood plasma by 
measuring the disaggregation force Fd in an RBC doublet (Chapter 5). 

Usually, the microscope slide glass surface of the cuvette is covered by the 
human serum albumin (HSA) to avoid RBC adhesion or so called “glass effect” 
when the RBC in contact with an artificial surface goes through a discocyte-
echinocyte transition [191]. Though this effect was not observed in plasma, to 
preserve the intact RBC shape in dextran solutions, the slide glass was covered with 
1% HSA, which sometimes leads to RBC sticking to the cuvette bottom, therefore 
the concentration of RBCs was increased to 3% Hct. 

One important point to note here is that RBCs extracted from two donors 
suspended in plasma from one of the donors had the same aggregation magnitude. 
However, RBCs from the third donor in the same conditions demonstrated 
increased aggregation, underlying the influence of cell- and medium-related 
factors. The formation of tethers — the strands of RBCs membrane connecting two 
RBCs — after forced interaction with OTs appeared by 30% more often in dextran 
solutions than in plasma. 
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6.1.3 Mutual RBC interactions in dextran and plasma  

In this study, Fd was measured in solutions of dextran of various MW: 70, 150 and 
500 kDa, while the concentration of dextran was fixed to match the viscosity value 
of blood plasma (~ 1.3 mPa·s) to exclude the influence of viscosity on the 
aggregation (Table 3). 

Table 3. Physiochemical properties of dextran and corresponding concentrations for 
viscosity ~ 1.3 mPa·s (Data from Paper III). 

Dextran, M.W., kDa Concentration, g/L 

70 14 

150 8 

500 4 

For the chosen concentrations of dextran of MW 70, 150, and 500 kDa, the 
interaction energy values were not statistically different from each other, which 
means that the same viscosity despite the different sizes and concentrations of 
polymers produce the same aggregation levels. As depicted in Fig. 11, the interaction 
energy density increases linearly with the decrease in the relative conjugated area upon 
separation of the RBC doublet, growing from the minimal to maximum shift from 
1.4 ± 0.3 μJ/m2 to 4.7 ± 0.7 μJ/m2, correspondingly. This behaviour is in agreement 
with the depletion interaction model [60] where the osmotic forces uniformly 
distributed across the RBC surface are proportional to the interaction area. 
Moreover, the data are in agreement with previously reported interaction energy 
values up to 6.9 μJ/m2 for 70 kDa Dex, and up to 20 μJ/m2 for 150 kDa Dex in bell-
shaped dependences estimated by AFM and confocal microscopy [14], [192]. 

In this present study, the mean interaction energy in dextran solutions was 
found to be Ed = 1.2 ± 0.6 μJ/m2, which is in good agreement with the theoretical 
prediction by the depletion interaction model (Eq. (6)) reported earlier (~ 1–3 μJ/m2) 
[185]. 

The same disaggregation experiment was conducted in platelet-free autologous 
blood plasma. When RBCs are suspended in plasma the interaction energy grows 
significantly with the extent of RBC disaggregation with OTs. For small shifts up 
to a half of the total disaggregation distance, the energy increases by only 1 μJ/m2. 
However, for larger shifting distance, the non-linear growth of the interaction 
energy was observed, reaching the energy level of 57.2 ± 9 μJ/m2 for the complete 
RBC doublet separation (see Fig. 11). 
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Fig. 11. Interaction energy between the adhering RBCs as a function of the relative 
interaction area ΔS⁄SRBC of conjugated RBCs derived from the measurements in plasma 
(inverted triangles), dextran mixture (rhombs), and solutions containing dextran 
molecules of different molecular weights: 70 kDa (squares), 150 kDa (circles), and 500 
kDa (triangles). Averaged data are presented as means with standard deviations. The 
solid lines show the model predictions based on the migrating cross-bridges model for 
plasma (red) and the depletion interaction model for dextran mixture solution (blue). 
(Reprinted [adapted], with permission, from Paper III © 2018 Optical Society of America). 

Since the depletion-mediated osmotic forces are expected to be proportional to the 
interaction area, the depletion model is not applicable in this case. However, this 
observation agrees with the predictions made by the bridging model, where the 
protein cross-bridges slide in the conjugated area during the separation process [58], 
[59]. Therefore, we may assume that the lateral migration of the cross-bridges 
towards the remaining area of conjugation (ΔS) may be a reason of the significant 
interaction energy increase observed in plasma [120]. 

The migrating cross-bridges model (Eq. (2)) was adapted to OT measurements 
of the interaction energy between the RBCs in plasma as 

 𝐸𝐸𝑏𝑏 = 2𝑘𝑘𝑇𝑇𝑚𝑚0𝑏𝑏 �1 + 𝑏𝑏 � ∆𝑆𝑆
𝑆𝑆𝑅𝑅𝐵𝐵𝑅𝑅

��
−1

. (29) 

where ΔS is the conjugated surface area between two interacting cells, SRBC is the 
initial interaction (overlapping) area, b is the dimensionless binding affinity, m0 is 
the initial cross-bridges density before adhesion (1/nm2), k is the Boltzmann 
constant, and T is the absolute temperature (kT = 4 × 10−21 J). The coefficient of the 
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binding affinity and corresponding cross-bridges density retrieved from numerical 
fitting of the Eq. (29) were b = 11 ± 5 and m0 = 1/3600 nm−2, correspondingly. 

It is worth mentioning that the aggregation force measured in plasma (Fd ≈ 4 
pN) was significantly lower than disaggregation force (Fd ≈ 30 pN), which is in 
accordance with previously reported data [122]. 

6.1.4 Hybrid model of RBC interactions 

Blood plasma represents the largest human proteome with over 5,300 reported 
proteins [193]. To account for the complexity of RBC mutual interaction in vivo, 
the mixture of various bio-macromolecules needs to be considered. It has 
previously been shown [194] that RBC aggregation promoted by 70 kDa Dex can 
be inhibited by small 10 kDa Dex due to an accumulation of small molecules in the 
depletion area. Therefore, MW and concentrations of polymers can affect the 
interaction magnitude or/and mode. 

The concentration of proteins in plasma is about 60–80 g/L. Major plasma 
proteins are albumin, globulins and fibrinogen, with albumin forming the largest 
volume fraction of plasma proteins. Albumin accounts for about 80% of the 
regulation of osmotic pressure in plasma [195], and is considered one of the main 
determinants of the depletion aggregation mechanism. Alone, albumin does not 
induce the aggregation, however, in the presence of fibrinogen or immunoglobulin 
(Ig) the synergetic effect of aggregation enhancement was observed [196]. Among 
the globulins with a high molecular weight (Rh larger than 4 nm), IgM and IgG are 
effective inducers of aggregation. 

Fibrinogen, a 340 kDa anionic hexamer, is known as the major promoter of 
RBC aggregation. The size of the RBC aggregates increases almost linearly with 
an increasing concentration of fibrinogen [54], with the bridging model suggesting 
the formation of fibrinogen “bridges”. During the acute inflammation, fibrinogen 
concentration increases noticeably from 1.5–4 g/L to 7 g/L. Several studies have 
suggested the existence of fibrinogen receptors on the RBC membrane, since the 
inhibition of the membrane receptors, e.g., peptide Arg-Gly-Asp-Ser [197], 
glycoprotein IIb/IIIa [198] resulted in a decrease in the RBC aggregation. The 
depletion nature of fibrinogen induced aggregation could be explained by the 
negative charge of the protein, which prohibits its interaction with glycocalyx. 

The concentrations, MW and percentage of protein fractions in blood plasma 
are given in Table 4. In the present study, the dextrans were mixed to match MW 
of the main plasma proteins and corresponding concentrations proportional to 
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physiological levels. Here, the proportion of proteins was roughly modelled by the 
corresponding dextran fractions: a 60% fraction of 70 kDa Dex for albumin, 10% 
of 500 kDa Dex for fibrinogen, and 15% and 10% of 40 and 150 kDa Dex, 
respectively, for globulins (see Table 4). The concentrations were decreased 
proportionally 6 times to match the viscosity value of the blood plasma (1.3–1.7 
mPa·s). 

Table 4. Composition and physical properties (concentration, molecular weights (MW), 
hydrodynamic radius [53]) and volume fractions of major plasma proteins, and 
heterogeneous dextran mixture composition (Data from Paper III). 

Blood plasma protein composition  Corresponding mixture of dextrans 

Protein Concen-

tration, g/L 

MW,  

kDa 

% in 

plasma 

Rh,  

nm 

 Corresponding 

concentration*, 

g/L  

MW, 

kDa 

% in 

DPBS 

Rh,  

nm 

Albumin 35–50 66.5 40–60 3.51  45 (7.5) 70 60 6.5 

Globulins 20–35  30–40   8 (1.3) 40 15 4.78 

α1, α2 4.2, 6.7 44, 85  
3–5.2 

 

β 9.1 100   

γ (Ig) 7–15 150–850  5.29– 

12.65 

 10 (1.7) 150 10 8.92 

Fibrinogen 1.5–4 340 4 10.95  10 (1.7) 500 10 15.90 

*6 times decreased concentration shown in parenthesis. 

The total energy required for the sliding separation of RBCs in the mixture of 
dextrans was comparable to the energy in blood plasma, while the dependence of 
RBC interaction energy closely follows the dependence obtained in blood plasma 
and described by the bridging model (see Fig. 11). 

SEM was applied to examine RBCs aggregates formed in blood plasma and 
dextran solutions. After the incubation of RBCs in plasma or dextran solution to 
form the aggregates, the supernatant was discarded using the pipette, and 
sedimented RBCs at the bottom the vial were transferred into the fixation solvent 
of glutaraldehyde. The discrete cilia on the RBC surface could be seen in the area 
which was previously attached to another RBC (see Fig. 12a, b). The density of the 
cilia is around 1–2 per 100 nm with an approximate size of the bridge of ~ 30–40 
nm, which is close to a value retrieved from the cross-bridging model equation with 
m0 ~ 1.6 per 100 nm. Therefore, a speculative conclusion can be made that the 
observed cilia is a product of the crosslinking proteins between the RBCs. 
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Fig. 12. Coloured SEM images of separated RBCs in plasma. (a) The white rectangle 
indicates an enlarged area on the cell surface with cilia on the RBC membrane, 
separately shown in (b). (Reprinted [adapted], with permission, from Paper III © 2018 
Optical Society of America). 

Due to its ability to decrease the aggregation, 40 kDa Dex is commonly used in 
anticoagulation therapy, while large 150 and 500 kDa Dex are strong pro-
aggregates. Unlike the solutions of 150 and 500 kDa Dex, a preliminary 
microscopic analysis confirmed that 40 kDa Dex does not produce RBC rouleaux. 
SEM images obtained for 40, 150, 500 kDa Dex and a mixture of dextrans are 
shown in Fig. 13. The RBC membrane surface differs from the RBC surface in 
plasma as the cilia are probably covered by polymers. Though no difference in the 
RBC surface was observed for RBCs incubated in 40 kDa Dex and dextrans 
mixture solution, the RBC shape deformations were found in a mixture of dextrans. 
Preincubation in 150 and 500 kDa Dex, the sizes of which are 3 and 5 times larger 
than that of albumin, resulted in long intercellular connections between the RBCs. 
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Fig. 13. (a) Coloured SEM images RBC in a 40 kDa Dex solution, (b) in a mixture of 
dextrans, (c) in 150 kDa Dex, and (d) in 500 kDa Dex solutions. (Figs. 13a, b, d reprinted 
[adapted], with permission, from Paper III © 2018 Optical Society of America). 

6.1.5 Discussion 

The relationship between the size of the proteins or non-ionic polymers and their 
effects on RBC aggregation has previously been demonstrated. Most of the studies 
indicated the increase in aggregation with increasing MW of dextran [199]. In a 
study by Armstrong et al., RBC aggregation was inhibited by the 40 kDa Dex and 
PEG 7.5 kDa, which could be associated with their hydrodynamic radii smaller 
than 4 nm [53]. 

In the present study, the interaction energy density was increasing upon RBC 
disaggregation in blood plasma, which was in accordance with a model of “cross-
bridges”. Yet, in solutions of 70, 150 and 500 kDa Dex, the interaction energy 
values were proportional to the conjugated area between the RBCs, which is in 
agreement with a depletion model of interaction with the osmotic forces uniformly 
distributed over the RBC surface. The complex mixture of dextrans, modelling the 
composition of plasma proteins by size and proportional concentrations, induced a 
new RBC interaction mode resembling one observed in blood plasma. The nature 
of interactions of dextran molecules with the RBC surface is still unclear. Since 
dextran is an uncharged polymer, the electrostatic interaction with the RBC 
membrane can be neglected. AFM measurements of dextran molecules revealed a 
linear spring behaviour under low-force stress [200]. Assuming the binding of the 
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dextran molecules onto RBCs, the repeated monomer structure of the dextran 
molecules can serve as a bridge connecting RBCs. At the same time, due to the 
osmotic pressure of the macromolecules, the depletion effects can never be 
eliminated. While the depletion model does not necessarily require a lack of 
polymer adsorption on RBC, only the level of polymers in bulk is higher than the 
adsorbed level. Polymer-induced aggregation by the depletion mechanism was 
supported in [201], however [202] evidenced the formation of dextran bridges. 

The depletion and bridging effects have previously been shown to co-exist in 
a colloidal system of large and small spheres with varying concentration of small 
spheres [203]. Despite the different nature of the RBC aggregation forces in the 
bridging and the depletion models, their co-existence can be assumed. Based on the 
experimental results, a speculation about a hybrid RBC aggregation model can be 
made with a probable dominant role of one of the effects. Other studies have also 
reported similar conclusions [203], [123]. The similar dependence of the interaction 
energy on the conjugated area in RBC aggregate in the mixture of dextrans 
underlines the complex interplay of various sizes of molecules and their 
proportions in RBCs aggregation. As suggested in the study by K. Lee [122], the 
mechanisms triggering RBC aggregation are very likely to be different from RBC 
disaggregation. Since the RBC disaggregation force was significantly higher in 
comparison to the aggregation force, RBC aggregation could be induced by a 
depletion mechanism, allowing close contact between the interacting cells, 
followed by the formation of cross-bridges stabilizing the aggregate. 

As shown in [204], the increasing concentration of 70 kDa Dex caused 
softening of the RBC membrane, which could be associated with increasing 
occurrence of tethers between RBCs during disaggregation. No such effect, 
however, was observed for fibrinogen. A confocal microscopy study by Flormann 
et al. [192] revealed the diversity of the RBCs contact zones with varying 
concentration of dextran. Therefore, the morphological deformations caused by the 
mixture of dextrans on SEM images could influence the interaction energy in RBC 
doublets and need to be taken into account in future research.  

Efficient biocompatible infusion fluids to be used for blood storage or as 
plasma expanders should not alter the RBC aggregation properties. The present 
finding supports the complex interplay of various macromolecules in the RBC 
aggregation process and can be used in future research or therapeutic applications 
on the development of blood plasma expanders and synthetic systems for blood 
storage. Still, it is clear that the interaction force between RBCs is not simply a 
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function of the sizes and concentrations of macromolecules, and further studies 
require the analysis of the interaction of proteins and polymers with glycocalyx. 

The present study did not consider the tank-treading effects, or membrane 
deformability, which can contribute to the mutual interaction mode. Furthermore, 
the dextran-dependent elasticity of RBCs and frequent appearance of tethers should 
be thoroughly studied in the future. The type of interactions between the proteins 
and polymers with the RBC membrane needs to be addressed further. Therefore, 
these aspects require more research. 

6.1.6 Summary 

The OT technique was applied in the present study to assess RBC interaction 
energy as a function of the relative conjugated adhesion area between single RBCs 
during disaggregation. RBC interactions in blood plasma were consistent with the 
cross-bridging model, while in dextran solutions of single MW the depletion model 
was appropriate. The complex mixture of dextrans mimicking plasma protein 
composition by MW and proportional concentrations induced the intermediate 
RBC interaction mode. Assuming the formation of dextran bridges, which does not 
neglect the depletion effects such as osmotic pressure, both models can co-exist in 
the case of the mixture of dextrans. Consequently, the results of this study provide 
the background to propose a new hybrid with co-existing “bridging” and 
“depletion” effects. This finding indicates a complex interplay of macromolecule 
constituents, their sizes and concentrations in RBC mutual interactions. Therefore, 
the potential for the elaboration of synthetic plasma substitutes for blood volume 
expansion or blood storage was demonstrated. 

6.2 Biocompatibility of nanocapsules with RBCs and human 
mesenchymal stem cells 

In medicine, drug delivery systems are implemented in numerous ways: using 
natural biological carries such as RBCs [205], stem [206] and immune cells [207], 
liposomes and micelles [208], polymeric capsules [209], etc. Encapsulation of 
substances into the nanosystems enables the controlled release of drugs straight to 
the site of action, minimizing the negative impact on human health. 

Polymeric nanocapsules (NCs) are structures with a liquid or solid core 
enveloped into a polymeric shell. The shell fabricated by LbL technique isolates 
the payload encapsulated into the core or within the polymer wall from the 
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environment and provides prolonged release of drugs. Surface functionalization 
can enable targeted drug delivery. NCs can encapsulate various drugs and 
nucleotides of ribonucleic acid (RNA)/deoxyribonucleic acid (DNA) for targeted 
delivery in gene therapy [210]. Due to high loading efficiency, shell flexibility, low 
cytotoxicity and high stability in vivo, polymeric NCs exhibit a promising class of 
nanomaterials for medical applications. 

Administration of polymeric NCs implies their transport through the blood 
circulatory system. However, the effectiveness and potential adverse effects require 
thorough assessment before introducing NCs into clinical practice. The influence 
of NCs on living systems estimated in modelled physiological conditions can help 
predict their behaviour in vivo. At the same time, coupling of nanostructures with 
cells can increase the circulation time of drugs [211]. For example, NCs coupled 
with human mesenchymal stem cells (hMSCs) could be used as a new anti-tumour 
drug delivery system [212]. The implementation of these approaches requires 
single-cell level assessment upon the interaction with NCs, which will be further 
used to design nanocarriers with improved properties. 

The present study aimed to evaluate the RBC response to NCs with different 
encapsulated materials and the influence of NCs on the morphology of human 
mesenchymal stem cells (hMSCs). 

6.2.1 Synthesis and characterization of nanocapsules 

In this study, NCs were synthesized from the CaCO3 templates covered by layers 
of polymers, as described in the materials and methods section. The average size 
of NCs estimated from SEM images was 640 ± 100 nm (see Fig. 14a).The 
fluorescence signal from the loaded Rhodamine TRITC registered by confocal 
microscopy is shown in Fig. 14b.Vaterite CaCO3 core recrystallization into calcite 
phase could be observed (see Fig. 14c). The process seems to be accelerated by the 
DPBS solution as reported by Parakhonskiy et al. [174].  
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Fig. 14. (a) Coloured SEM images of core-shell polymeric NCs (vaterite phase) with size 
distribution; (b) Red fluorescence on the confocal image comes from the shell layers 
containing rhodamine-tetramethylrhodamine (TRITC); (Reprinted [adapted] under CC 
BY 4.0 license from Paper IV © 2020 Authors). (c) NCs recrystallized to the calcite phase. 
(Figs. 14a, b reprinted [adapted] under CC BY 4.0 license from Paper IV © 2020 Authors). 

Four types of polymeric NCs loaded with different substances were tested: 

1. Secondary antibody: NCs loaded with secondary antibody anti-mouse Alexa 
Fluor 546, which can provide immuno-specific binding to the target cells. 

2. RNA: NCs loaded with RNA-labelled Rhodamine-TRITC, often used for gene 
therapy. 

3. Fe3O4 magnetite: NCs loaded with Fe3O4 magnetite, applied for magnetically 
assisted drug delivery [213] and MRI. 

4. Rhodamine TRITC: NCs labelled with Rhodamine TRITC in shells were 
used to control allocation of NCs. 

6.2.2 Estimation of human mesenchymal stem cells (hMSCs) 
morphology with diffraction phase microscopy (DPM) 

hMSCs were obtained from the bone marrow of healthy donors with their informed 
consent. The cells were isolated by plating procedure: heparinized bone marrow (1 
mL) was re-suspended in a cell culture (Minimum essential medium α, Lonza, 
Basel, Switzerland) containing 100 IU/mL penicillin, 0.1 mg/mL streptomycin 
(Biolot, Russia), 10 vol % of fetal bovine serum (FBS, HyClone, USA), and 2 mM 
UltraGlutamine I (Lonza, Switzerland). 

hMSCs were cultured under standard conditions (37 °C, 5% of CO2, 
humidified sterile environment) in Dulbecco’s Modified Eagle Medium (DMEM) 
suspension with 10% of inactivated fetal bovine serum (Thermo-Fischer Scientific, 
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USA). After 24 h incubation of hMSCs with NCs, the cells were fixed with a 4% 
paraformaldehyde solution for immunostaining for confocal microscopy imaging. 

Diffraction phase microscopy (DPM) is a method for quantitative phase 
imaging widely used in cell biology to measure optical thickness or topology [214]. 
The DPM system is based on any conventional light microscope equipped with a 
module diffraction grating at the output image plane of the microscope in 
conjunction with a 4f-system lens. This system allows one to generate the 
interference and obtain the phase information from the scattered fields relative to 
the scattered light. 

The light passed through the diffraction grating is dispersed into different 
orders, which carry the information about wavefront phase delay after the light is 
transmitted or reflected from the sample. A spatial filter employed in a Fourier 
plane created by the first lens allows one to filter 1st order diffraction with a small 
pinhole while passing through the 0th order. Fourier transform after the second lens 
creates the uniform plane wave used as a reference for the interferometer. The 
interference of the two fields is registered with a camera sensor at the output plane 
[214]. 

hMSCs are principally different from RBCs as they present nuclear fibroblast-
like cells of average size 20–30 μm. The confocal laser scanning microscopy image 
in Fig. 15a demonstrates the interaction of the NCs with hMSCs after an incubation 
of 24 h. DPM images present an optical phase in radians reflecting the topology of 
the control and NCs-containing samples. In the present study, the topology profile 
of the hMSCs did not change significantly after 24 h of incubation with NCs 
compared to the control (see Fig. 15b1–4). One reason for the biocompatibility of 
NCs towards hMSCs is at the same level of pH = 7 for NCs and cells. 
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Fig. 15. (a) Confocal image of hMSCs after a 24 h incubation with NCs, where green 
denotes the phalloidin fluorescein (FITC) and blue denotes the 4',6-diamidino-2-
phenylindole (DAPI) dyes. The arrows indicate fluorescing rhodamine-labelled polymer 
NCs; (b) Phase images of hMSCs (colour bars represent optical phase in radians): a 
reconstructed 3D (1) and 2D (3) profile of cell structure in the control sample, and a 
reconstructed 3D (2) and 2D (4) profile of cell structure after a 24 h incubation with NPs. 
(Reprinted under CC BY 4.0 license from Paper IV © 2020 Authors). 

6.2.3 Influence of nanocapsules on RBCs in blood plasma 

The nature of the material loaded into the shell of the NCs did not affect their 
surface properties. ζ-potential measured in an aqueous solution was 40 mV for all 
four types of NCs, which indicates the moderate, near to good colloidal stability of 
NCs. Therefore, the electrostatic interaction between positively charged NCs and 
the negatively charged RBC membrane could be initiated. It is worth noting that 
the colloidal stability of NCs can be compromised in DPBS during the incubation. 
Further dispersion of RBCs with NCs in blood plasma mimicking the conditions in 
vivo can change the surface properties in an unpredictable way, as it contains a 
variety of proteins contributing to the protein corona formation. Strong self-
aggregation of NCs can significantly reduce the efficiency of NCs, and result in 
blockage of microvessels. Appropriate functionalization of NCs can modulate 
surface properties for increased stability of NCs in physiological media. Though 
sonication usually provides the energy to break down aggregates, over time colloids 
will be destabilized if the chemistry favours agglomeration. 

Microscopic images (see Fig. 16a–d) demonstrate intact RBCs and easily 
distinguished NCs in blood plasma. The agglomeration of NCs was highly 
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pronounced in the samples with magnetite Fe3O4 and rhodamine-labelled NCs (Fig. 
16c, d): the size of NCs clusters reached 10–15 μm. NCs loaded with a secondary 
antibody and RNA were less susceptible to agglomeration and were found mainly 
evenly distributed as small aggregates not exceeding 6 μm (Fig. 16a, b). Large 
agglomerates observed in the sample with Fe3O4 NCs were partially recrystallized 
into the calcite phase NCs (Fig. 14c), since the size of the agglomerate exceeds the 
normal size of 600 nm and they were impossible to trap, while the assemblies of 
other NCs could be moved and separated with tweezers. This means that NC 
agglomerates can be easily destroyed by shear flow in vivo. 

The aggregation force measured in RBC pairs (at least 20 cells per sample) is 
presented in Fig. 16e. Aggregation forces slightly increased (≈ 20%) in the presence 
of the secondary antibody NCs, RNA and Fe3O4 NCs, but not the rhodamine-
labelled NCs. At the same time, the interaction energy density between RBCs was 
not affected (see Fig. 16f): the dependence demonstrates an increase in the 
interaction energy upon separation of the RBCs pair, as in the same manner 
observed for the control sample. Even though NCs can initiate spontaneous 
aggregation between RBCs, there was no noticeable impact on the mechanism and 
the magnitude in RBC disaggregation process. 
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Fig. 16.  Optical microscopy images (100× magnification) of RBCs in blood plasma with 
NCs in false colour (NCs agglomerates are encircled) during measurements with OTs: 
(a) Secondary antibody NCs; (b) RNA NCs; (c) Fe3O4 NCs; (d) rhodamine-labelled NCs. 
(e) Aggregation force; and (f) interaction energy measured with OTs. (Reprinted 
[adapted] under CC BY 4.0 license from Paper IV © 2020 Authors). 

SEM imaging of the RBCs incubated with NCs indicated no visibly adverse effects 
on the RBC structure even at the abundant amount of NCs attached to RBCs (see 
Fig. 17a, b). NCs cannot penetrate RBCs due to their relatively large size. At the 
same time, there are no indications of membrane indentations or ruptures upon 
RBC-NC interaction. 
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Fig. 17. (a) Coloured SEM image of rhodamine-labelled NCs attached to an RBC, 
(Reprinted [adapted] under CC BY 4.0 license from Paper IV © 2020 Authors), and (b) 
RBCs with many NCs attached. 

6.2.4 Summary 

The present study demonstrated the effects of NCs encapsulated with four different 
substances on RBCs and hMSCs. Despite the good colloidal stability in water 
solutions, NCs in blood plasma suffered from agglomeration, especially 
pronounced for Fe3O4 and rhodamine-labelled NCs. However, the interaction 
forces between NCs in agglomerates were weak, as they easily could be disrupted 
by OT.  Nevertheless, optical microscopy and SEM imaging confirmed the intact 
morphology of RBCs after incubation with NCs probably due to the minimized 
interactions caused by NC agglomeration. Though NCs encapsulated with 
secondary antibody NCs, RNA and Fe3O4, increased the aggregation force between 
RBCs, they did not influence the cross-bridging interaction mode in RBC 
disaggregation. This means that NCs can facilitate RBC aggregation process, but 
disaggregation stays within the normal range. In additional experiments confocal 
microscopy imaging confirmed the engulfment of NCs by nuclear hMSCs, while 
reconstructed topological images from DPM images revealed the integrity and 
viability of the cells after a 24 h incubation with NCs. Though the biocompatibility 
of NCs towards RBCs and hMSCs was demonstrated in the present study, further 
investigations with a focus on other cell types and surface functionalization are 
required to promote NC applications in clinics. 
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6.3 Mutual interaction of RBCs influenced by engineered NPs 

The application of RBCs as natural transport systems for systemic drug delivery is 
a new paradigm in modern medicine. Interaction of nano- and micro-sized particles 
with RBCs is actively studied in terms of safety and efficiency for nanomedical 
applications. 

In recent years, the application of titanium dioxide (TiO2) NPs in industry and 
consumer products has been drastically increased [215]. In general, TiO2 is 
considered non-toxic, biocompatible material approved by FDA [216]. TiO2 NPs 
are widely used as a white pigment due to the effective scattering of visible light 
and absorption in the UV range, in paints, plastics, inks, and in medical and 
cosmetics products, such as topical sunscreens [217]. ZnO NPs exhibit similar 
properties and applications. Both TiO2 and ZnO NPs are semiconductors, therefore 
the absorption of UV light can generate free radicals. Due to an increased 
photocatalytic activity, these NPs are used for environmental pollution purification 
[218]. Among the three polymorphs (rutile, anatase, and brookite), rutile is the most 
stable crystalline structure, while anatase is the most toxic form [219]. Coating TiO2 
NPs with alumina improves its dispersibility by increasing the amount of -OH 
groups, and NPs possess almost the same properties as pure alumina [220].  

Nanodiamonds (NDs) are biocompatible structures proposed for broad 
biomedical applications — drug delivery and imaging [221] — however, newly 
developed NDs require thorough toxicity assessment. 

NPs produced from TiO2 [222], ZnO [223], and NDs [224] have a potential in 
a variety of biomedical applications. TiO2 NPs (> 100 nm) are classified as inert 
towards humans, however, the toxicological effects of these particles such as 
pathological changes in spleen, liver, kidneys and brain have been observed [225]. 
Cytotoxicity and genotoxicity of ZnO NPs have also been demonstrated [226]. 

The formation of a RBC-NP complex can cause adverse effects on RBC 
functionality. Microscopic observations have revealed NPs (polystyrene, Au, Ag, 
TiO2) with a threshold size of 200 nm which are able to penetrate RBCs [162] 
regardless of the charge and surface properties, while bigger NPs have been found 
outside the RBC membrane. In other studies, RBC aggregation induced by smaller 
NPs was more severe, than for the larger counterparts in case of polystyrene [167], 
TiO2 [227], and hydroxyapatite NPs [228], where the electrostatic interaction was 
also taken as a contributing factor. 
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In the present study, intercellular mutual interactions of RBCs exposed to 
commercially produced NPs were quantitatively assessed by OTs, SEM and 
conventional optical microscopy methods in autologous blood plasma. 

6.3.1 Characterization of NPs 

Here, the commercially available TiO2, zinc oxide (ZnO) and nanodiamonds (NDs) 
NPs were tested: rutile TiO2 RODI (Sachtleben, Germany), alumina-polyol-coated 
anatase TiO2 Hombitan AN (Kemira, Finland), uncoated anatase TiO2 nm (Oocap, 
USA), uncoated ZnO (Sigma-Aldrich, Germany), and NDs (Kay Diamond, USA), 
which were carboxylated to remove surface defects and impurities as described 
previously in [229]. Synthesized polymeric nanocapsules (NCs) were also 
presented in the this study for comparison. 

The size and morphology of NPs were characterized using SEM (n = 400 per 
sample). NDs and ZnO NPs have a broad particle size distribution (log-normal), 
comprised of small and large sizes, with an irregular faceted morphology (see 
Fig.18a–e), in contrast to mostly symmetric spherical TiO2 NP powders with 
narrower size distributions. 

Negative charges of all NPs except ZnO are indicated by ζ-potential measured 
in DPBS at a concentration of 50 µg mL−1, and the values correspond to the 
“incipient instability” of colloids. The properties of the tested NPs are summarized 
in Table 5. 

Table 5. Average size of the tested NPs retrieved from the size distributions obtained by 
SEM analysis (Data from Paper VI). 

Name Average 

size, nm 

ζ-potential, pH 7.4 

(phosphate buffer 

saline) 

Surface 

(manufacturer's 

datasheet) 

Application 

TiO2 RODI  250 ± 24 −34 ± 4.8 95% (TiO2), rutile, 

alumina-polyol treated 

(Al2O3) 

FDA approved pigment for 

packaging inks, UV protection, 

cosmetics, paints, plastic 

printing inks, etc.; 

Drug delivery 

TiO2 Hombitan  180 ± 31 −16.1 ± 4.1 uncoated anatase 

TiO2 15 ± 5.6 −22.3 ± 3.2 uncoated anatase 

ZnO 270 ± 57 27 ± 2.7 uncoated 

Nanodiamonds 100 ± 43 −24.1 ± 3.8 carboxylated Drug delivery, imaging 

Nanocapsules 640 ± 100 40 L-arginine 

hydrochloride (PARG) 

Drug delivery 
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Fig. 18. SEM images and corresponding size distributions of NPs: (a) TiO2 RODI 250 nm, (b) 
TiO2 Hombitan 180 nm, (c) TiO2 15 nm, (d) ZnO 270 nm, and (e) NDs 100 nm. (f) Percentage 
of haemolysis caused by NPs (mean ± SD of 3 independent experiments). 

6.3.2 RBC aggregation at multicellular level 

Since predicted concentrations of TiO2 and ZnO NPs are about 24.5 µg mL−1 in 
water, and 1030 µg mL−1 in soil [230], the tested concentrations for toxicity 
assessment were in the range of 10–300 µg mL−1. NP powders were dispersed in 
DPBS and treated by ultrasonic vibrations for 2 min (100 W, 20 kHz). 

First of all, it is necessary to establish a concentration level, at which RBC 
maintains its membrane integrity. The concentration of NPs was chosen based on a 
preliminary estimation of the haemolytic activity of NPs. NCs did not cause the 
haemolysis at any tested concentration, while NDs caused haemolysis at a 
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concentration of 300 µg mL−1. The haemolytic effect for other NPs did not exceed 
5% up to the concentration of µg mL−1; though the haemolysis rate was lower for 
rutile TiO2 NPs, it was higher for smaller anatase TiO2 NPs 15 nm, which is in 
accordance with a previous study by De Matteis et al. [231]. The concentration of 
100 µg mL−1 for all the tested NPs did not cause significant haemolysis (< 5%), 
while provided sufficient NP load onto RBCs (see Fig. 18f). 

Fig. 19. Relative size distribution of RBC aggregates observed by bright-field optical 
microscopy at low Hct: (a) the control sample without NPs, treated with (b) TiO2 RODI 250 
nm, (c) TiO2 Hombitan NPs 180 nm, (d) TiO2 15 nm NPs, (e) ZnO 270 nm NPs, and (f) NDs 100 
nm. RBC aggregates are encircled and indicated with arrows. (g) Size distributions of RBCs 
aggregates by occupied area based on the quantitative assessment of images in (a–f) fitted 
with log-normal function, the data are represented as a mean number for 3 independent 
experiments. (Reprinted under CC BY 4.0 license from Paper VI © 2019 Authors). 

After preincubation of RBCs with NPs in DPBS (3% Hct suspensions), the samples 
were centrifuged and the sedimented RBCs were re-suspended in blood plasma (3% 
Hct). The aggregates formed at rest after 2 h were observed using bright-field 
microscopy (Fig. 19a–f). The control sample consisted of mostly rouleaux-shaped 
RBC aggregates, while the RBCs treated with NDs formed unstructured RBC 
agglutinates. Size distributions of RBC aggregates calculated from the images 
revealed the formation of significantly larger RBC aggregates in the presence of 
NDs, while the distributions observed in other samples were maintained without 
any significant changes compared to the control sample (Fig. 19g). The size and 
shape of RBC aggregates in the presence of NDs were notably different from the 
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NP-free control sample. RBC aggregates formed in suspensions in contrast to the 
normal rouleaux structures often have irregular shapes, especially if the 
aggregation is induced by large NP agglomerates. 

6.3.3 RBC mutual interactions in presence of NPs 

Direct measurements of aggregation forces between RBCs were performed with 
OTs. To minimize data variations emerging from the morphological changes of 
RBCs, such as perturbed echinocytes or spherocytes, only intact RBCs were 
examined with OTs. 

Fig. 20. (a) Aggregation force and (b) interaction energy required for RBC 
disaggregation measured in blood plasma. The red line fits the energy dependence 
obtained for RBCs in plasma (control sample) based on the cross-bridging model. The 
area highlighted in green indicates the maximum achievable disaggregation of the RBC 
doublet. The ANOVA-test at p < 0.05 indicates the significant difference in aggregation 
forces for the sample treated with NPs compared to the control. (Reprinted [adapted] 
under CC BY 4.0 license from Paper VI © 2019 Authors). 

Compared to the control sample, the aggregation forces measured between single 
RBCs increased in the presence of TiO2 NPs and NDs (see Fig. 20a). The 
interaction energy change throughout RBC doublets disaggregation was not 
affected by the NPs, as it followed the same dependence as in control sample 
adequately described by the migrating cross-bridging theoretical model. Table 6 
summarises the aggregation forces and the interaction energies required for 
complete separation (maximum achievable relative shift highlighted in green in Fig. 
20b) of interacting RBCs. It should be noted that the formation of tether upon the 
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disaggregation of RBCs pairs was observed more often in case of ND-treated RBCs. 
This could be a reason for significantly higher energy required for the complete 
separation (maximum shift) of RBCs in the sample treated with NDs (34 ± 4.3 
μJ/m2).  

Table 6. Aggregation force interaction energy measured for RBCs using OTs. Statistically 
significant values against the control sample are highlighted in bold (Data from Paper VI). 

Sample Aggregation force, pN Interaction energy in RBCs pairs 

during disaggregation, μJ/m2 

Control 4.3 ± 0.9 24.5 ± 3.8 

TiO2 RODI 250 nm (rutile) 5.5 ± 0.7* 22 ± 3 

TiO2 Hombitan 180 (anatase) 5.2 ± 0.9* 23.8 ± 2.4 

TiO2 anatase 15 nm (anatase) 5.1 ± 0.5* 25.4 ± 2.9 

ZnO 270 nm 4.6 ± 0.8 24 ± 5 

Polymeric nanocapsules 600 nm 4.6 ± 0.6 20.9 ± 4.7 

Nanodiamonds 100 nm 7.7 ± 0.6* 34 ± 4* 

*Statistically significant value against the control sample. 

Adherence of NPs to the RBC surface can facilitate the formation of RBC 
aggregates by changing the net electrostatic charge, or membrane properties. SEM 
images demonstrate detailed RBC surface topology, where they show the 
distribution of NPs attached to RBCs (Figure 21a–h). Since the NPs tend to self-
aggregation in solvents, this could explain the uneven distribution of NPs over 
RBCs, often appeared as agglomerates of 2–3 µm in size. These large aggregates 
commonly induced modulations of the membrane in all the samples. The 
resemblance of RBCs morphology for NPs treated samples suggests the similar 
interaction modes for agglomerated states of NPs independently of charge and the 
nature of NPs. In this study, no correlation was found between the size variation 
(15, 180 and 250 nm) of TiO2-based NPs and the influence on RBC aggregation. 
TiO2 RODI performed the best distribution around the RBCs without any visible 
disturbance of the RBC membrane (Fig. 21b). The attachment of polymeric NCs 
did not change the surface properties of RBCs, and seemed to be inert towards 
RBCs. On the contrary, NDs often promoted significant RBC shape transition from 
the normal biconcave shape into echinocyte-like structures (Fig. 21h). 
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Fig. 21. Coloured SEM images demonstrate a diversity of observed NP localizations on 
the RBC surface: (a) normal conditions; RBCs incubated with (b) TiO2 RODI 250 nm, (c) 
TiO2 Hombitan 180 nm, (d) TiO2 15 nm NPs, (e) ZnO NPs 270 nm, (f) NDs 100 nm, and (g) 
polymeric 600 nm NPs; (h) the echinocyte form of RBC due to adhesion of NDs. 
(Reprinted under CC BY 4.0 license from Paper VI © 2019 Authors). 

6.3.4 Discussion 

NP-induced modification of RBC microrheological properties can alter the 
rheological properties of blood. A contact area between the RBC and NPs may have 
limited mobility of the membrane phospholipids and proteins, which adversely 
influences cell functionality. 

Due to the instability of colloids in the DPBS formation of NPs, self-assemblies 
were observed. The attachment of large NP clusters to RBCs led to significant 
deformations of RBC membrane, except for the sample with NCs, where even a 
large number of particles did not induce shape alterations. RBCs as non-phagocytic 
and non-endocytic cells can only perform a passive uptake of NPs. Based on SEM 
images, the uptake of NPs cannot be excluded, though there are no signs of NP 
uptake, such as punctured holes on the RBC membrane. 

In previous studies, the size-dependent cytotoxic effects of TiO2 NPs showed  
a higher toxicity of larger NPs [232], and anatase form was more toxic than rutile 
[231]. However, in the present study, TiO2-based NPs induced the increase in RBCs 
aggregation at approximately 20%, regardless of the NP size variation, while ZnO 
NPs and polymeric NCs had no influence on mutual RBC interactions. It has 
previously been shown that positively charged ZnO NPs demonstrated an 
anticoagulant effect on whole blood, while the positively charged silica NPs were 
thrombogenic [233]. However, this behaviour cannot be purely described by the 
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charge, but rather by an interplay between the NPs and plasma proteins triggering 
the coagulating factors.  

In this study, a two-fold increase in the aggregation was accompanied by a 
higher interaction energy in the RBC doublet for NDs-exposed RBCs. Irregular 
RBC clustering, instead of rouleaux formation, was observed on optical images.  
Although even at high concentration 100 µg mL−1 NDs were not haemolytic, they 
demonstrated the highest haemolytic rate among the tested NPs. These findings are 
in accordance with previous studies by Lin et al. [234], where a concentration-
dependent loss of RBC deformability for 100 nm NDs and elevated aggregation for 
5 nm NDs were reported. The following research demonstrated that coating of NDs 
with serum albumin substantially reduced self-agglomeration and optimized the 
interaction of modified NDs with RBCs. Moreover, the biocompatibility of NDs 
was confirmed on animal model  in vivo [235].  SEM imaging in the present study 
demonstrated the occurrence of RBC spiculation, which was attributed to plasma 
membrane damages. Significant increase in tethers between the separated RBCs, 
indicating membrane damage in the presence of NDs. These effects can be 
associated with an extremely high reactivity of NDs due to the abundant number of 
functional groups presented by unsaturated chemical bonds of carbon atoms (OH−, 
NH2

− or CO2H− surface groups). 
In the present study, biocompatility towards the RBCs was confirmed for NCs 

and ZnO NPs. An enhanced RBC aggregation in vivo is more likely to promote 
adhesion of RBCs to vascular walls, which can initiate thrombosis. Though NPs 
did not have an adverse impact on RBC integrity and aggregation forces, 
pronounced self-agglomeration of NPs may obstruct blood microvessels and result 
in thrombogenesis. For example, TiO2 NPs have been shown to induce an increase 
in procoagulant activity of RBCs together with adhesion and aggregation [236].  

It is important to note that interaction between NPs and RBCs was carried out 
in DPBS solutions, while the aggregation measurements were performed in plasma 
solution. A variety of proteins in blood plasma can modify the properties of NPs 
attached to RBCs in an unpredictable way, e.g., by changing the net charge 
distribution. Therefore, as the intermediates of intercellular interactions, proteins 
can induce or inhibit mutual interaction. It can be expected that without preliminary 
incubation of NPs with RBCs, the results of the present study would have been 
different due to the formation of protein corona around NPs, therefore haemolytic 
effects could have been decreased. 
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6.3.5 Summary 

To determine whether common commercial NPs and NDs can influence RBC 
microrheological properties, interaction properties of RBCs were examined with 
OTs, and morphological RBC features were investigated by SEM. Among the 
tested NPs in this study, NCs demonstrated relative passivity towards RBCs and 
the highest biocompatibility. In contrast, NDs demonstrated the opposite results by 
significantly increasing RBC aggregation forces and shape deformations. Except 
for the higher haemolytic rate of the smallest TiO2 NPs 15 nm, no size-dependent 
effects were found for TiO2 NPs of 15, 180 and 250 nm. Nevertheless, NP self-
agglomeration in physiological medium, RBCs shape alterations and decreased 
deformability may diminish RBC ability to pass through capillaries and cause 
thrombogenic effects in vivo, therefore further development of NP-based agents for 
therapeutic use requires surface functionalization. 

6.4 Haemorheology of RBCs influenced by plasmonic NPs 

6.4.1 Plasmonic NPs 

The interaction of metallic NPs with an electromagnetic radiation induces a 
collective oscillation of free electrons named “plasmons”, which generate the 
surface plasmon resonance (SPR) [237]. Localized SPR produces two important 
effects at the natural frequency of plasmonic NPs: an enhanced electromagnetic 
field near NP surface, and strong absorption and scattering. SPR strongly depends 
on NP size and shape, dielectric properties of the metal, and dielectric permittivity 
of the environment [238]. These properties make plasmonic NPs excellent 
candidates for phototherapy [239] and SERS (surface enhanced Raman 
spectroscopy) based bioidentification [240]. 

Noble metallic NP gold (Au) and silver (Ag) are conventional plasmonic 
nanostructures with a proved efficiency for SERS [241], [242]. Au NP plasmonic 
peak (originally located around 520–550 nm) can be shifted towards the tissue 
transparency window in complex structures such as core-shells or nanorods [239], 
or in aggregated state [51]. As an alternative to the noble metals, metal nitride NPs 
such as titanium nitride (TiN) and zirconium nitride (ZrN), owning the plasmonic 
bands centred around 700 and 670 nm, respectively, can improve the spectral 
mismatch for biomedical applications in a tissue transparency window (750–1250 
nm) [243]. 
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Laser ablation in liquids (LAL) is a technique for nanomaterial synthesis by 
focusing a laser beam on a solid target placed in liquid (water, ethanol, etc.), 
causing the production of nanoclusters released in liquid ambience to form a 
colloidal NP solution [244]. The advantage of this method is the possibility to 
produce NPs in clean environment without any residual toxicity typical for 
chemical nanofabrication.  

In the present study, the influence of plasmonic NPs synthesized by LAL was 
assessed on the haemorheology of RBCs in vitro. Haemorheological toxicity of Ag, 
Au, TiN and ZrN NPs was characterized by assessing their haemolytic activity with 
optical spectroscopy, NP-induced RBC morphological alterations with SEM, and 
deformability and mutual interactions between RBC in autologous blood plasma in 
the presence of NPs with OTs. We also observed a photothermal response of NPs 
to a focused infrared (IR) laser radiation leading to a hyperthermic destruction of 
RBCs. 

6.4.2 Synthesis and characterization of plasmonic NPs 

Plasmonic NPs were synthesized by the LAL method (Fig. 22a) in the present study. 
To characterize morphology and size distributions of NPs, a TEM (JEM-3010 
microscope, JEOL, USA) operating at an accelerating voltage at 300 kV and SEM 
(MAIA-3 Field Emission Gun Scanning Electron Microscope, Tescan, Czech 
Republic) and SEM operating at 20 kV were applied. For TEM, an NP suspension 
(10 µL) was spread onto a formvar-coated copper grid (200 mesh, Oxford 
Instruments, UK) and on a cleaned crystalline silicon substrate for SEM, and left 
to dry. Optical extinction spectra were obtained with an UV-Vis spectrometer (UV-
2600, Shimadzu, Japan for ZrN NPs and PSI-MC 2, SOL Instruments, Belarus for 
Ag, Au and TiN NPs). The absorbance spectra of NP (50 µg mL−1) colloidal 
solutions in water stored for 2 months, and NPs after centrifugation and dissolved 
blood plasma were recorded in the transmission mode with a spectrophotometer 
system (Optronic Laboratories, USA).  

In this study, the synthesized NPs were predominantly spherically shaped with 
a mean size of 30–40 nm, except for the ZrN NPs with a significant contribution of 
a non-spherical fraction (see Fig. 22c). The extinction spectra of NPs water 
solutions demonstrate the characteristic plasmonic peaks of NPs (see Fig. 22b). Au 
NPs demonstrated the best stability as the extinction peak was not shifted after NPs 
were stored in water for 2 months or dissolved in blood plasma.  For other NPs, the 
peak maximum shifts in the same conditions, though not critically, within the range 
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of a maximum of 40 nm. NP properties are summarized in the Table 7. Since RBCs 
are incubated with NPs in DPBS, ζ-potential of NPs was also measured in DPBS. 
All NPs were negatively charged, and DPBS slightly decreased the stability of NP 
colloids (see Table 8). 

Table 7. Characteristics of plasmonic NPs synthesized by LAL (Reprinted [adapted], 
with permission, from Paper VII © 2022 Authors). 

Nanoparticle type Concentration, µg 

mL−1 

Size distribution, 

(mean ± SD) nm 

Plasmonic peak, nm 

Water Water  

(2 months) 

Blood 

plasma 

Ag 150 45 ± 22 406  430 446 

Au 200 34 ± 12 524 524 524 

TiN 100 44 ± 15 630 682 670 

ZrN 110 33 ± 13 674 604 610 

 

Fig. 22. (a) Plasmonic NP synthesized by laser ablation in liquid method (LAL); (b) 
Normalized optical extinction spectra of Ag (black), Au (violet), TiN (green) and ZrN (blue) 
NPs; (c) SEM images of plasmonic NPs synthesized by LAL and their corresponding 
size distributions: Ag NPs, Au NPs, TiN NPs, ZrN NPs. Scale bar: 100 nm. (Reprinted, 
with permission, from Paper VII © 2022 Authors). 
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Table 8. Zeta potential values (mean ± SD, N = 3) measured in DI and DPBS. (Reprinted 
[adapted], with permission, from Paper VII © 2022 Authors). 

Nanoparticle type ζ-potential, (mV) 

DI DPBS 

Ag −31.6 ± 3.3 −28.4 ± 1.6 

Au −33 ± 3.4 −21 ± 1.31 

TiN −38.7 ± 2.8 −20 ± 1.2 

ZrN −39.2 ± 0.9 −17.6 ± 1.2 

6.4.3 Haemolytic activity of plasmonic NPs 

Haemolysis is a rupture of the RBC membrane followed by the release of the inner 
content outside the cell. Fig. 23a shows the absorption spectra recorded for the 
supernatant from the RBCs incubated with NPs at a concentration of 100 µg mL−1. 
Based on the Standard test method for analysis of haemolytic properties of NPs 
(ASTM E2524-08), 2–5% indicate slight haemolysis, while haemolysis values > 5% 
correspond to haemolytic samples [245]. 

Fig. 23b demonstrates the concentration-dependent haemolysis observed for 
the tested NPs. Samples containing 10 µg mL−1 were not haemolytic for all tested 
NPs, a concentration of 50 µg mL−1 caused slight haemolysis, and the highest 
concentration of 100 µg mL−1 (samples with Ag and Au NPs) was haemolytic. 
Therefore, considerable haemolytic levels caused by the RBC membrane rupture 
observed for NPs concentrations around 100 µg mL−1, which is in accordance with 
a previous study [246], demonstrated haemocompatibilty of TiN NPs for a same 
concentration.  
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Fig. 23. (a) Absorption spectra of the supernatant from RBCs incubated with NPs at a 
concentration of 100 µg mL−1; (b) In vitro haemolysis test results for RBCs (1% Hct) 
exposed to NP at concentrations 10, 50 and 100 µg mL−1 for 1 h. The red dashed line 
indicates the haemolysis threshold value (5%), from which tested NPs are considered 
haemolytic. RBCs in DPBS were used as a negative control and RBCs in DI were used 
as a positive control. Data are presented as a mean ± SD of three independent 
experiments (One-way ANOVA (post hoc Dunnett’s test), *p < 0.05 are significantly 
different from the negative control); (c) Relative occurrence of RBC fractions by 
morphology: discocyte, echinocyte I and II (EI and EII) in the samples after 1 h 
incubation with NPs and resuspension in plasma at 50 µg mL−1. Scale bar: 3 µm. 
(Reprinted, with permission, from Paper VII © 2022 Authors).  

Despite haemolysis, other adverse effects may appear, such as RBC shape alteration, 
impaired deformability and aggregation. Therefore, the non-haemolytic 
concentration of 50 µg mL−1 was chosen for further assessment with OTs and 
microscopy methods. 
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6.4.4 Morphological RBC alterations induced by plasmonic NPs 

There are three main RBC shape types identified in microscopic images: a normal 
intact discocyte, a mildly perturbed echinocyte I (EI) — an irregularly contoured 
discocyte with up to five protrusions, and a highly perturbed echinocyte II (EII) — 
an oval or a spherical RBC with many spicules. The relative occurrence of each 
fraction in the samples is presented in Fig. 23c. The contribution of crenated RBCs 
in samples treated with Au and Ag NPs was increased ~ 5 times to 38% and 35%, 
respectively, compared to 7% for the control. The fraction of abnormally shaped 
RBCs was 20% for TiN NPs and only 7% for ZrN NPs. 

The RBC membrane alterations were inspected using SEM. At a high 
concentration (100 µg mL−1) of NPs, the shape alterations are strongly pronounced 
(see Fig. 24), such as the evident increase in spherocytosis and surface herniations. 
At a lower concentration of 50 µg mL−1 (see Fig. 25), the membrane perforations 
were detected on RBCs treated with Au and ZrN NPs, which could indicate the 
internalization of NPs into the cells (see Fig. 25c, e). The significant amount of 
drop-like shaped RBCs were found in the sample with Au NPs.  

 

Fig. 24. Coloured SEM images of RBCs treated with (a) Ag NPs, (b) Au NPs, (c) TiN NPs, 
and (d) ZrN NPs at a concentration of 100 µg mL−1. (Reprinted, with permission, from 
Paper VII © 2022 Authors). 
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Fig. 25. Coloured SEM images of RBCs incubated with NPs (50 µg mL−1) for 1 h. 
(Reprinted, with permission, from Paper VII © 2022 Authors). 
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6.4.5 RBC aggregation kinetics on multi-cellular level 

In the present study, the automatic acquisition of microscopic images by 
supplementary NIS-Elements Advanced Research Imaging Software (Nikon, Japan) 
was set to record a 2 h time-lapse of optica microscopy images with 2–5 min 
intervals. The area occupied by RBCs was calculated for each time interval. In the 
beginning of the process, most of the RBCs are oriented face-front to the camera 
(face side parallel to the glass slide of the sample chamber). Over time, RBCs form 
aggregates by reorienting to “edge-on” position; therefore the initial area occupied 
by RBCs (SRBCs ~ 30–40%) is decreasing over time. The images in this study were 
analysed with ImageJ software (National Institutes of Health, USA) by setting the 
threshold (“Mean”) to calculate the area occupied by RBCs. Applying the 
command “Analyse particles” (minimum detectable “particle” was set to an area of 
one RBC (5280 px2) or the area of the edge-on oriented RBC as 20 µm2). 

In syllectometry, the kinetics of RBC aggregation are usually characterized by 
the parameters retrieved from the exponential representation of the kinetic curves. 
The change of SRBCs retrieved from the images recorded for 2 h was presented as 

 𝑆𝑆RBCs(𝐸𝐸) = 𝐸𝐸 ∙ exp�− 𝑥𝑥
𝑡𝑡1

� + 𝑐𝑐,  (30) 

where the parameters such as time constant t1, half time T1/2 corresponding to the 
time interval, when the SRBCs is reduced by half, and the amplitude a are derived 
from the equation (Table 9). With the t1 and T1/2 for the control, Au and Ag NPs 
treated samples were not statistically different, while the parameters for Zr NPs 
sample were lower, and significantly higher for TiN NPs (see Fig. 26). 

Table 9. Temporal aggregation parameters derived from the kinetic curves. (Reprinted 
[adapted], with permission, from Paper VII © 2022 Authors). 

Sample t1, min T1/2, min 

Control 23.8 ± 1.1 16.5 ± 0.8 

Ag NP 29.4 ± 1.4 20.4 ± 0.9 

Au NP 28.3 ± 1 19.6 ± 0.7 

TiN NP 119.3 ± 16.9 82.7 ± 11.7 

ZrN NP 13.2 ± 1.3 9.2 ± 0.9 
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Fig. 26. (a) Kinetics of the RBC occupied area change. The dotted lines are the average 
data fitted by one-exponential decay. The shaded area represents the SD band (3 images 
per sample). Bright-field images of RBCs with NPs (50 µg mL−1) in autologous blood 
plasma after 2 h, with enlarged insets of RBC aggregates: (b) control, (c) Ag NPs, (d) Au 
NPs, (e) TiN NPs and (f) ZrN NPs. Scale: 20 μm (main images), 10 μm (insets). (Reprinted, 
with permission, from Paper VII © 2022 Authors). 

6.4.6 Influence of plasmonic NPs on RBC aggregation and 
deformability 

Measurements of the RBC aggregation and deformability were performed at 50 µg 
mL−1 concentration, which results only in weakly pronounced haemolysis, since 
NPs incorporated into the RBC membrane may cause softening or hardening of the 
cell. 

Interaction force measurements were performed for RBCs without visible NPs 
clusters for discotic and crenated EI and EII cells. The measurement procedure is 
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shown for discocytes and EII in Fig. 27a, b. While the aggregation force in control 
sample was 4.49 ± 0.86 pN, and aggregation was statistically different for the 
sample with Ag NPs, the other NPs induced stronger interactions between RBCs 
(see Fig. 27e). Interestingly, the interaction force between the EI was not changed 
compared to the control, however, the aggregation was significantly reduced for 
EII. The aggregation forces for EI and EII in all samples including control were not 
statistically different, therefore the data were grouped. 

To compare deformability of RBCs, a viscous blood plasma flow was applied 
to the trapped RBCs, as shown in Fig. 28c, for a discocyte and (d) for EI and EII. 
The elongation of EI and EII (Eq. (29)) was the same as the aggregation force was 
not statistically different for the samples, therefore all the data were grouped for EI 
and EII. As shown in Fig. 28f, significantly reduced elongation, meaning 
significant stiffening of RBCs, was observed for all the samples, including the 
control for EII. RBC deformability in all the samples was not affected by NPs, as 
no statistical difference was found between the treated samples and the control. 

OT analysis, despite limiting the statistical data due to the lower number of 
samples, allows one to reveal the interaction force values for various types of RBCs. 
Each RBC fraction contributes to the total aggregation behaviour. With OTs it was 
possible to reveal previously observed difference in kinetics of RBC aggregation 
of cell ensemble in the presence of TiN and ZrN NPs. About 80% of the RBCs in 
these samples strongly adhered to the bottom of the chamber, which even at the 
highest trap power of 180 mW (55 pN) trapping was not possible. In most cases, 
partial adherence was observed, while moving a partially trapped RBC adhered 
parts appeared as protrusions (see Fig. 28a). 

RBC aggregation and deformability are critically important for the effective 
delivery of oxygen in tissues. Attachment of NPs on RBCs can result in local 
membrane distortions, which subsequently can change the RBC surface tension 
resulting in higher membrane net rigidity. Indeed, impaired deformability can alter 
the blood flow and augment RBC retention in the spleen. Further, attachment of 
NPs on the RBC membrane can affect RBC deformability by stiffening or softening 
the membrane. In previous studies, reduced RBC aggregation was reported for Ag 
NPs, decreased deformability for Ag NPs [247], PEGylated Au NPs [248], and 
membrane softening was observed for RBCs treated with carbon NPs [132]. 

It can be assumed that inability of spiculated EII to access a large enough 
surface area to form aggregate with a neighbouring cell decreased RBC aggregation. 
Increased rigidity of EII is a mechanical hindrance for interaction between cells. 
As reported in a previous study [249], microvasculature can easily tolerate a low 
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degree of RBC shape deterioration, such as EI with aggregation and elasticity levels 
of normal cells. NPs can mediate RBC interactions in various ways, for example, 
by changing the surface charge and decreasing the electrostatic repulsion between 
RBCs. This effect can contribute to aggregation in either way, by facilitating the 
interaction or promoting the repulsion between RBCs. In the present study, NPs 
seem to attach on RBCs non-specifically, because the NPs’ ζ-potential is negative 
(Table 8), as is the RBC surface, thus electrostatic repulsion is expected. 

Fig. 27. OT measurements of RBC aggregation force measurements after RBC 
treatment with NPs (50 µg mL−1) for (a) discocytes and (b) echinocytes II, where 
spontaneous aggregation is very low. (c) Elongation of the trapped RBC in fluid flow 
(100 µm/s). (d) Trapped EI and EII under fluid flow. Scale bar: 2 µm. (e) Box plots of RBC 
aggregation force and (f) relative RBC elongation in 100 µm/s flow.  Data are expressed 
as mean ± SD, n = 15–30, *p < 0.1, ** p < 0.05, ns: non- significant, in one-way ANOVA, 
followed by Tukey’s post hoc test compared to control. The centre lines show the 
medians; square dots represent the means; outliers and individual data points are 
represented by dots; box limits indicate the 25th and 75th percentiles; and whiskers 
show SD. (Reprinted, with permission, from Paper VII © 2022 Authors). 
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6.4.7 Hyperthermic destruction of RBCs 

Plasmonic NPs can convert laser light into heat, which is used in photothermal 
therapy (PTT) aiming for the destruction of cancer cells under NIR light. Fig. 28 
(b) shows the absorption spectra of NPs in water and in blood plasma. In the present 
study, despite the slight shifts of the plasmonic peaks, due to the increased 
agglomeration of NPs, no changes of absorption were found for NPs in plasma. 
Therefore, it is assumed that blood proteins (protein corona) do not significantly 
modify the intrinsic plasmonic properties of NPs. Further, there is no enhanced 
absorption in the region of laser trapping wavelength (1064 nm). 

Tightly focused beams of OTs can result in extreme intensities at focal area 
reaching orders of MW/cm2. Clusters of NPs, 0.2–3 µm in size, were found on 
RBCs, which were hindering the trapping of such RBCs. During an attempt to trap 
such cells, NP agglomerates absorbed the radiation, which resulted in the heating 
of NPs causing RBC membrane rupture, and the formation of ghost RBCs (see Fig. 
28c). Calculated laser power density at the focal spot (~ 2 µm) of OTs can reach ~ 
2.5 MW/cm2 for the trapping power of 40 mW (13 pN) at the beam waist. The time 
of thermoplasmonic haemolysis varied in the range of 1–100 sec demonstrated the 
dependence on the size of NP clusters: RBC destruction was achieved faster for 
larger NP agglomerates (Fig. 28d). Besides, the time required for RBC to burst was 
almost twice as short for TiN and ZrN NPs (up to 52 s) compared to longer times 
(up to 100 s) for Au and Ag NPs. Although the mean sizes of NP agglomerates 
between the samples were not statistically different (Fig. 28e), the mean times for 
TiN and ZrN NPs were two-fold shorter compared to Au and Ag NPs (Fig. 28f). 
Therefore, TiN and ZrN NPs have higher plasmonic efficiency compared to their 
noble counterparts, which is in accordance with the study by Popov [250]. The red-
shifted plasmonic peaks of TiN NPs and ZrN NPs beyond 800 nm compared Au 
and Ag NPs, facilitate higher photothermal conversion efficiency. RBCs can 
preserve their structure in the temperature range 37–70 °C, while spherocyte 
formation followed by haemolysis was shown to occur at temperatures of 70–94 °C 
[251], therefore the temperature must have exceeded these values. 
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Fig. 28.  (a) RBCs treated with ZrN (left), and TiN (right) NPs adhered to the bottom of 
the measurement chamber. Regions of RBC stuck to the bottom shown with white 
arrows. The optical trap (yellow arrow) at a maximum power of 180 mW (55 pN) was 
unable to trap RBCs. (b) Normalized absorption spectra of NP dispersions in water and 
blood plasma. (c) Coloured camera snapshots during 80 sec of photothermal 
destruction of an RBC with attached Au NPs clusters, indicated by arrows in a laser trap 
(power 40 mW). The RBC becomes less visible as the optical contrast decreases due to 
haemolysis. (d) Scatter plot of laser trap time exposure vs. size of NPs aggregates. The 
blue shadowed area indicates the maximum time required to destruct an RBC with 
attached TiN and ZrN NPs. Scatter interval plots (One-way-ANOVA, post hoc Tukey’s 
test, n = 40, comparisons with significant differences are marked for *p < 0.05) of mean 
and SD for NP agglomerate sizes (e) and time (f). (Reprinted, with permission, from 
Paper VII © 2022 Authors). 

6.4.8 Summary 

In this study, the haemorheological parameters of RBCs were tested after 
incubation with plasmonic NPs synthesized by LAL. A concentration of 100 µg 
mL−1 was haemolytic for Au and Ag NPs, and slightly haemolytic for TiN and ZrN 
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NPs. Haemorheological parameters of RBCs examined by optical and SEM 
microscopy and OTs were sensitive to NPs at a non-haemolytic concentration 50 
µg mL−1. Kinetics of RBC aggregation for RBC ensembles were found to be 
significantly different for the samples treated with TiN and ZrN NPs, which caused 
a strong RBC adherence to the glass bottom of the chamber identified with OTs. 
Except for Ag NPs, increased RBC aggregation was observed after treatment with all 
tested NPs. At the same time, the stiffening of RBCs was demonstrated only for the 
highly perturbed echinocytes. The irradiated clusters of TiN and ZrN NPs are effective 
photothermal heat transducers, leading to a faster RBC hyperthermal haemolysis than 
Au and Ag NPs. Therefore, this result demonstrates the advantage of metal nitrides 
compared to noble counterparts for photothermal therapy. It is worth noting that the 
obtained RBC characteristics can differ in vivo due to extra factors, such as dynamic 
interactions with blood content and the shear flow of the bloodstream. NPs can interact 
with immune cells and platelets and initiate a cascade of immune and thrombolytic 
reactions. They can also be subjected to a fast clearing from the organism, which is a 
subject for future studies. 
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7 Summary and future perspectives of the 
research 

The present research introduced the application of the revolutionary OT technique 
assisted with conventional optical and SEM modalities to estimate commercial and 
newly synthesized NPs on the haemorheological properties of RBCs on a single-
cell level in vitro. Since the exploration of peculiarities in NP-RBC interactions is 
highly important for designing nanodrug carriers, this thesis focuses on the 
indication of RBC haemorheological changes triggered by different types of NPs 
and their safety risk assessment. 

Though the rheological properties of blood are strongly influenced by RBC 
mutual interactions, the fundamental mechanism of this phenomenon is still unclear. 
In the present research, the RBC mutual interaction modes were first studied in 
blood plasma and in a solution of natural polymer dextran. Different interaction 
models were associated with two different interaction energy dependencies on the 
relative conjugated surface area between RBCs obtained in plasma and dextran 
solutions. While the RBC interaction mechanism in plasma was in good agreement 
with quantitative predictions obtained based on the migrating cross-bridges model, 
the dextran-mediated interactions were well described by the depletion model. 
Moreover, for the first time to our knowledge, it was demonstrated that RBC 
interactions in a mixture of dextran with the size ranges and concentrations 
proportional to plasma proteins tend to be close to the interaction mode observed 
for plasma. Therefore, the hybrid mechanism suggested that the co-existence of 
cross-bridges and depletion effects was offered. The presence of various molecule 
sizes and concentrations is considered a determining factor of RBC interaction 
mode. Finally, the difference in the interaction of RBCs in plasma and dextran 
solutions was directly visualized with SEM. 

NCs, a novel engineered drug delivery system loaded with different chemicals, 
were synthesized and tested on RBCs and hMSCs in this research. Both cell types 
preserved the intact morphology upon interaction with NCs. Although the RBC 
interaction mode was not affected by the NCs, a slight increase in RBC aggregation 
force was observed for NCs loaded with the secondary antibody, RNA and Fe3O4. 
Since the NCs were strongly agglomerating in plasma, surface functionalization is 
thus required to prevent the potential microvessel blockage in vivo. 

In the research for this thesis, TiO2, ZnO NPs, and nanodiamonds, which are 
among the most commonly applied in industry, commercial cosmetic products, and 
biomedicine, were tested. No haemolytic effect towards RBCs was observed even 
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at high concentrations of up to 400 µg mL−1 for TiO2- and ZnO-based NPs. At the 
non-haemolytic range, the effects, such as morphological abnormalities induced by 
adherence of NPs onto the RBC surface were identified with SEM, and an increased 
tendency to aggregation was found for all negatively charged NPs. As the toxic 
effects were more pronounced in case of NDs, which could be associated with high 
surface reactivity, NPs can therefore potentially reduce the passage of RBCs in 
microcirculation. 

As its conclusion, this research demonstrated the influence of new plasmonic 
NPs produced by the LAL technique on RBC haemorheology. Compared to their 
nitride counterparts TiN and ZrN NPs, the proportion of spiculated RBCs was more 
profound in the presence of noble metal-based Au and Ag NPs, which also 
demonstrated a lower haemolytic rate. Each detected type of RBC possesses 
individual deformability and aggregation characteristics leading to a certain RBC 
aggregation pattern on a multicellular level. NPs demonstrated a high potency of 
metal nitrides for photothermal therapy by the effective photothermal conversion of 
IR radiation. 

Highly sensitive and accurate OT measurements of haemorheological RBC 
properties can reveal peculiarities occurring under external stimuli, which are hard 
to indicate by other methods. Overall, the approach proposed in the thesis is based 
on the estimation of RBCs haemorheological properties according to the severity 
of their manifestation: (1) potential haemolytic activity for estimation of the level 
of direct toxicity, and indirect toxicity evaluation as the tendency (2) to induce 
morphological changes of RBCs, and (a) to alter their aggregation characteristics. 
This approach includes a minimal set of haemotoxicity risk assessment to satisfy 
before performing in vivo studies with intravascular administration of NPs. 

Despite the clear advantages of the OT method, the present study has some 
limitations. As the OT technique is not standardized, discrepancies in the measured 
values are often reported. RBC properties depend highly on the donor, and even 
healthy RBCs can have different haemorheological properties. Still, despite the 
issue, the observed trends in this research were in accordance with previously 
reported data. Due to the small number of samples compared to bulk measurements, 
OT measurement can be time-consuming, and a dependence of the measurement 
procedure on the operator limits the measurement accuracy. Therefore, further 
elaboration of the OT-based testing platform requires automated data acquisition in 
microfluidic devices to improve the statistics. Combination of OTs with 
fluorescence microscopy will enable better tracking of NPs upon the interaction 
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with RBCs. Development of theoretical models based on the experimental 
observations will contribute the prediction of NP effects on cells. 

Understanding the fundamental RBC properties can advance the development 
of nano-based pharmaceutics and artificial blood for therapeutic applications. 
Though the probable mechanisms of RBC mutual interactions have been suggested 
in this research, further investigations should be implemented with consideration 
of additional factors such as dynamic flow conditions, RBC membrane 
deformability and mobility in the presence of the aggregating factors and 
peculiarities of their interaction with the RBC membrane. Moreover, future 
research will require the establishment of the correlation of observed effects in 
vitro with systems in vivo. The OT-based approach contributes to the conventional 
toxicity screening methods for an in-depth understanding of NPs interactions with 
RBCs, possible consequences, and guidelines to design safe nanopharmaceutics.  
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