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ABSTRACT 

 

This work examines the application of the fluorescent methods in use in in vitro studies 

to the field of cardiac tissue regeneration. Confocal fluorescence microscopy 

is an appropriate microscopic technique for studies in this field because it enables the 

visualisation of 3D structures and cell distribution in 3D models. The applied fluorescent 

markers should remain stable for a long period, are biocompatible, and are non-toxic for 

living cells. Nanoparticles such as superparamagnetic iron oxide nanoparticles (SPION) 

are currently very popular, and many studies have shown that they are suitable for  

long-term experiments. This research makes use of rhodamine-derived superparamagnetic 

maghemite nanoparticles (SAMN-R) and describes their excitation and emission spectra, 

size, and location within cells. A toxicity assay was performed by measuring reactive 

oxygen species (ROS) and non-quantitative measurements were conducted using 

fluorescence microscopy, confirming that a dose value of 20 µg·cm-2 is optimal for the 

treatment of living cells. This research also looks at the effects of SAMN-R treatment on 

cell proliferation and motility. The 3T3 fibroblast cell line was used for the cell 

proliferation test and scratch assay, after which human adipose-derived mesenchymal 

stem cells (MSCs) were used to examine single-cell migration. The subsequent statistical 

analysis revealed that it cannot be confirmed that the SAMN-R treatment exerts 

a significant effect on either cell proliferation or collective and single-cell migration, and 

it can be assumed that SAMN-R are appropriate fluorescent cell markers for living cells 

research, including the field of regeneration studies. Adipose-derived MSCs have 

enormous potential for cardiac tissue regeneration. Their interactions with HL-1 cardiac 

muscle cell line were studied using the scratch assay, and this model seems to be 

a promising and useful way to study cell-to-cell contact and its role in cell repairing.  

 

KEYWORDS 

Fluorescence, confocal microscopy, mesenchymal stem cells, cell migration, 

superparamagnetic iron oxide nanoparticles. 
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ABSTRAKT 

 

Tato práce zkoumá aplikaci fluorescenčních metod používaných v in vitro studiích 

v oblasti regenerace srdeční tkáně. Konfokální fluorescenční mikroskopie je vhodnou 

mikroskopickou technikou pro výzkum v této oblasti, protože umožňuje vizualizaci  

3D struktur a distribuce buněk ve 3D modelech. Používané fluorescenční markery by 

měly být dlouhodobě stabilní, biokompatibilní a netoxické pro živé buňky. V současné 

době je použití nanočástic jako superparamagnetické nanočástice oxidu železa (SPION) 

velmi populární; velké množství studií ukazuje, že jsou vhodné pro dlouhodobé 

experimenty. Tento výzkum využívá superparamagnetické maghemitové nanočástice 

s vázaným rhodaminem na jejich povrchu (SAMN-R) a popisuje jejích excitační a emisní 

spektrum, velikost a lokalizaci v buňkách. Stanovení toxicity bylo provedeno měřením 

reaktivních forem kyslíku (ROS) a nekvantitativním měřením pomocí fluorescenční 

mikroskopie bylo zjištěno, že hodnota dávky 20 µg·cm-2 je optimální pro aplikaci na živé 

buňky. Dále byl zkoumán vliv aplikace SAMN-R na buněčnou proliferaci a motilitu, kdy 

ve studii buněčné proliferace a scratch assay byla použita buněčná linie fibroblastů 3T3. 

Poté byla studována migrace jednotlivých buněk s použitím mezenchymálních kmenových 

buněk (MSCs), izolovaných z lidské tukové tkáně. Následná statistická analýza 

nepotvrdila, že by aplikace SAMN-R měla významný vliv na buněčnou proliferaci, 

kolektivní migraci nebo na migraci jednotlivých buněk. Lze tedy předpokládat, že  

SAMN-R jsou vhodným fluorescenčním markerem pro výzkum živých buněk, včetně 

experimentů v oblasti regenerace tkáně. MSC buňky izolované z tukové tkáně mají velký 

potenciál v regeneraci srdeční tkáně. Jejich interakce s buněčnou linií srdečních svalových 

buněk HL-1 byly studovány pomocí scratch assay, kdy se tento model jeví jako nadějný 

a vhodný pro studium buněčných kontaktů a jejich roli při regeneraci buněk.  

 

KLÍČOVÁ SLOVA 

Fluorescence, konfokální mikroskopie, mezenchymální kmenové buňky, migrace buněk, 

superparamagnetické nanočástice oxidu železa.  
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1 INTRODUCTION  

Mesenchymal stem cells (MSCs) are widely used in tissue engineering and regenerative 

medicine research [1, 2]. The most common sources of MSCs are bone marrow and 

adipose tissue due to the presence of a large number of these cells, the simplicity of the 

procedure, and most importantly, the lower risk for the patient that this method represents. 

The adipose tissue that is removed during a routine liposuction procedure is widely used 

in in vitro experiments because it is a waste product, and therefore there is no need 

to expose patients to additional risks to isolate cells for research. The bone marrow aspirate 

procedure offers a lower risk of morbidity and mortality, but the number of cells obtained 

from adipose tissue is usually larger than that from bone marrow aspiration. The choice 

of which procedure to perform tends to depend on the required number of isolated cells  

[1, 3]. MSCs have the ability to differentiate into a variety type of cells such as osteoblasts, 

adipocytes, chondroblasts, hepatocytes, myoblasts, epithelial cells, cardiomyocyte-like 

cells, and neuron-like cells, which is one of the reasons for their widespread use 

in regeneration and therapy [2, 4]. Their main areas of application are bone regeneration 

[5, 6], liver regeneration [7, 8], cardiovascular regeneration [9, 10], skin regeneration  

[11, 12], neuronal regeneration [13, 14], cartilage defect repair [15, 16], corneal 

reconstruction [17, 18], and tracheal reconstruction [19, 20], among others.  

The effect of acute myocardial infarction (MI) on MSCs is a significant field 

of study. The process of regeneration depends on the ability of cells to migrate towards 

the necrotic cells that result from a MI [21–23]. Studies have shown that MSCs can express 

different amounts of growth and regenerative factors, cytokines, and chemokines. 

This occurs during tissue regeneration, which is a process that is still not fully understood. 

Studies of directional cell migration toward concentrations of various immunomodulatory 

factors are often performed in microfluidic chambers and scaffolds [24, 25], while 

transwell chambers with porous membranes are also used to create gradients of chemokine 

concentrations [26].  

Various types of MSCs (including adipose-derived and bone marrow varieties) 

have the potential to differentiate into cardiomyocyte-like cells in certain in vitro 

cultivation conditions such as during long-term cultivation in a culture medium containing 

5-azacytidine [27–30]. Different types of co-culture experiments have been performed 

to come to a better understanding of cells’ involvement in cardiac tissue regeneration. 

In the study [31], porcine bone marrow MSCs and freshly isolated porcine primary adult 

cardiomyocytes were co-cultured in a transwell chamber with a porous membrane. Here, 

cells are cultured without contact, which makes it possible to study the effect 

of chemokines and growth factors. The results show that cardiomyocytes in a co-culture 

with MSCs display better survival and viability, without affecting the main mitochondrial 

and contractile functional parameters. In a previous study our team used bone marrow 

MSCs and adult cardiomyocytes isolated from rat hearts, and in that case, the wells with 

different types of cells were separated by a small collagen-filled tunnel [32]. We looked 

at the effects of chemotaxis and collagen fibrils orientation but, in these examples, the cells 

did not make contact. Cell-to-cell contact was examined in study [33], where human bone 
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marrow MSCs and cardiomyocytes isolated from the hearts of rat embryos were placed 

in co-culture. The communication pathways between the cells were also considered [33].  

Both in vitro and in vivo studies have been carried out and many of the latter have 

revealed successful MSC grafts by either intravenous injections or injections to a damaged 

tissue (the infarct zone) [9, 26, 34–39]. Despite the fact that a large amount of research has 

already been published, the use of MSCs in therapy may contribute to complications such 

as tumorigenicity, proinflammation, and fibrosis, proving that further research in this field 

is still necessary [40, 41]. Cardiac tissue engineering is currently an expansive area 

of research in this field [42]. It often focuses on the development of biocompatible 

scaffolds of various shapes with appropriate conditions for cell culture. The MSCs cultured 

in these scaffolds can be used as substitutes for infarcted cells, which makes it possible to 

keep grafted cells on damaged tissue. The development of the field of tissue engineering 

has the potential to significantly improve cardiac tissue regeneration.  

For experiments that make use of cell tissues and scaffolds, it is necessary to track 

cells in 3D space [25, 43, 44], and it is for this purpose that fluorescent dyes are widely 

used. Confocal fluorescence microscopy makes it possible to determine the location of 

stained cells in complex scaffolds including structures such as fibres, pores, and uneven 

surfaces. Unfortunately, most fluorescent dyes are not suitable for live cell imaging or 

long-term experiments and therefore, in addition to the standard method of cell staining, 

it is necessary to consider alternative options such as superparamagnetic iron oxide 

nanoparticles (SPION). In the first studies performed they were used as contrast agents for 

diagnostic imaging [45, 46] but, currently, they are often used to mark cells to track 

methods of treatment. Iron oxide nanoparticles including magnetite (Fe3O4) and 

maghemite (γ-Fe2O3) are widely used in diagnostics and therapy in biomedical research 

[47, 48], being suitable for areas such as drug delivery [49], tumour and cancer therapy 

[50, 51], hyperthermia therapy [52], cardiovascular research [45, 53], and magnetic 

resonance imaging (MRI) [48, 54]. Their surface can be modified with coatings such as 

targeting ligands, drugs, biopolymers, proteins, and fluorescent markers [55, 56]. 

The choice of which nanoparticles to use for a particular application can be made based on 

their magnetic properties, which differ depending on the composition of the core and size 

[50]. It is also necessary to pay attention to properties such as biocompatibility, 

biodegradability, and toxicity [56, 57].  

This work studies the properties of rhodamine-derived superparamagnetic 

maghemite nanoparticles (SAMN-R), which in previous studies have been applied to treat 

rat bone marrow MSCs and human adipose-derived MSCs. Following the use of 

microscopic techniques, it was determined that SAMN-R penetrate the intracellular 

compartment by endocytosis, so are localized in the endosomes or lysosomes surrounding 

cell nuclei [58–60]. SAMN-R also show long-term fluorescence stability [61]. This work 

includes a study of the spectral properties and toxicity of SAMN-R, the effect on viability, 

morphology, and motility of their application to cells, and the suitability of SAMN-R for 

use in long-term experiments. Further investigation of their properties will help to assess 

their applicability in biomedical applications.   
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2 BACKGROUND FOR FLUORESCENT METHODS IN IN VITRO STUDIES  

2.1 FLUORESCENCE WIDEFIELD AND CONFOCAL MICROSCOPY  

Light microscopy gives us a 2D representation of a physical object. In a widefield 

microscope, we usually observe the projection of a 3D physical structure into a 2D surface. 

Thus, information from one dimension that significantly limits our perception of the 

observed object is lost. Generally, current biochemical research focuses on determining the 

3D structures from the observed biological samples. Monitoring the 3D organization 

of cellular structures is essential for the ability to interpret their function. The contrast 

microscopic techniques, such as phase contrast microscopy (PCM), differential 

interference contrast (DIC), integrated modulation contrast (IMC), are often used to 

observe biological samples. These microscopic methods provide more information about 

the shape and surface of biological objects compared to light microscopy. Nevertheless, the 

study of 3D structures, such as tissue sections and cells in the scaffolds, is problematic. 

However, advanced fluorescence microscopy allows us to obtain more information about 

the structure of biological samples. A wide range of fluorescent dyes is available for 

imaging various cellular organelles and tissue structures. In addition, it is possible to use 

several dyes simultaneously when a competent choice is based on their spectrum, chemical 

structure and method of interaction with biological samples. It is commonly used for study 

cells morphology, intracellular distribution of filaments, intracellular ion concentrations, 

cell junctions, cell adhesion, cell viability, cell migration and motility. [62]  

Fluorescence microscopy is a microscopy technique that is intended to view 

samples stained with fluorophores (fluorochromes) or have intrinsic fluorescence. The 

fluorescence phenomenon is the basis of fluorescence microscopy. Fluorescence is the 

emission of photons by atoms or molecules whose electrons are transiently stimulated 

to a higher excitation state by radiant energy from an outside source [62]. A fluorescent 

molecule absorbs a photon of excitation light. Therefore, the energy level of the electron 

is raised to an excited state. Then the photon is emitted with reduced energy and brings the 

electron back to its ground state. This is depicted graphically in the Jablonski diagram 

shown in Figure 1 (A). Since the energy of photon usually is reduced during absorption 

and emission, their wavelength is increased (Planck’s law). [62–64]  

The fluorophores have the specific excitation and emission wavelengths. The 

distance between the maxima of the excitation and emission spectra (Stokes Shift) and the 

widths of spectra are important parameters of fluorophores (Figure 1 (B)). When their 

wavelengths greatly overlap, then the detection of emitted fluorescence can be difficult to 

distinguish from the excitation light. This is important to consider when using several dyes 

simultaneously. When the spectra of two fluorochromes are overlap, then it is difficult 

to excite or detect the emission from those fluorophores separately. [62, 63]  
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Figure 1. Fluorescence fundamentals. (A) Jablonski energy diagram of fluorescence. (B) The excitation and 

emission spectra of a fluorophore and the correlation between the excitation amplitude and the emission 

intensity. The intensity of the emitted light (Em1 and Em2) is directly proportional to the energy required to 

excite a fluorophore at any excitation wavelength (Ex1 and Ex2, respectively). [63]  

In Figure 2 (A) the optical principle of widefield fluorescence microscopy 

is shown. Light from the source passes through the excitation filter, thereby further only 

light of a certain wavelength passes, then it is reflected from dichroic mirror and get to the 

specimen through the objective. In this case, the entire specimen of study is exposed to the 

light source. The excitation wavelength is absorbed by the fluorophore and promote to emit 

at a longer wavelength. The emitted light from the specimen passes through the objective, 

dichroic mirror and emission filter, and then detected with help of ocular or detector 

(Figure 2). Unfortunately, in this method the light emitted by the specimen is detected from 

region in focus as well as in out-of-focus, therefore the image is usually blurred  

(Figure 3 (A)). For widefield fluorescence microscopy the visualization of thick biological 

samples, such as tissue sections and cells in the scaffolds, can be complicated because 

strong fluorescent signals from objects outside the focal plane cause a low-contrast image. 

This problem is solved in the construction of a confocal microscope by adding a light 

source pinhole aperture (excitation) and a detector pinhole aperture (emission)  

(Figure 2 (B)). The excitation light passes through the pinhole and excitation filter, and 

then limited beam reflected by the dichroic mirror and directed to through objective 

a specimen region in a focus plane. Emitted light passed through the objective, dichroic 

mirror, emission filter and then only beams from a focus plane pass through the detector 

pinhole. Thereby, the out-of-focus plane light reduces. Photomultiplier Tubes (PMT) 

convert fluctuations in intensity of emitted light into voltage fluctuations. This analogue 

signal is digitized by an analogue-to-digital converter to display an image of field of view 

composed of generated pixels on the computer monitor using integrated software. 

To acquire an image of field of view, the laser beam scans across the specimen by a raster 

scanning mechanism. This method makes possible to acquire a stack of images from 

different focal planes in Z-axis separately and after that allows a 3D reconstruction of 

scanned field of specimen without blur (Figure 3 (B)). This collection of images is called 

a "z-stack" and can be represented as a 3D matrix. In addition, multidimensional data can 
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be created with the image in multiple channels or at time intervals which create an 

additional dimension. [62, 65]  

Mercury and xenon arc lamps and a monochromatic light from a laser are 

commonly used as a light source for fluorescence microscopy. The arc lamps also may be 

used in confocal microscopy, but a great loss of light when passing through pinhole 

aperture must be considered. Most laser sources that emit only a single wavelength are 

commonly used as a light source in confocal microscopy. Also, there are some gas lasers 

which can emit several lines simultaneously, but in a narrow range. Liquid and solid lasers 

in categories of tunable lasers are also used, but their emission wavelength can be tuned 

only on single line in a time. Nevertheless, to cover the visible range a complex included 

several lasers may be constructed. [62, 65]  

 

Figure 2. Image generation in (A) widefield epifluorescence and (B) confocal microscopes. [66] 

 

Figure 3. Widefield (A) and confocal (B) image of a triple-labelled cell aggregate (mouse intestine section). 

Demonstration of the presence of blurred and out-of-focus plane details in the widefield image (white 

square). [67]  

In this work Leica TCS SP8 X confocal microscope was used. This confocal 

microscope has an advanced technical construction (Figure 4). It is equipped with  

white light laser (WLL) [68]. This light source consists of fibre IR laser which emits  

light pulses (80 MHz), that subsequently amplified in a diode-pumped laser amplifier. 

These high energy pulses (10 W) are finally focused on the entry surface of a photonic 
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crystal fibre (PCF). The PCF is a solid supercontinuum generator. Then the emitted beam 

enters to an acousto-optical tunable filter (AOTF), which can select a distinct excitation 

wavelength (a narrow spectral band with bandwidth in the range of 1–3 nm, depending on 

the wavelength). This is optically transparent crystal which deflect selected wavelength 

based on a frequency of the acoustic excitation. Hereby, it is possible to set any needed 

excitation wavelength from 470 to 670 nm. Also, it is possible to use eight excitation 

wavelengths at a time with a minimum interval of 5 nm. In this case the using of dichroic 

mirror to separate the excitation and emission signals is difficult. The spectral parameters 

of the mirror are not modifiable, so it is necessary to include a large number of these beam 

splitters to construction that is technically insoluble task. The acousto-optical tunable 

beam-splitter (AOBS) is used to separate the excitation and emission signals. AOBS is 

made of paratellurite (TeO2) crystal, which has good optical properties and is transparent 

from below 350 nm to more than 5 μm. AOTF uses the birefringence property of TeO2 for 

the diffraction mechanism. The crystal density is changed when it is affected by applying 

a mechanical wave at radiofrequencies. The change in density affects the change 

in refractive index. Thus, AOBS deflects the selected excitation wavelength in the 

direction of the optical path. [69, 70]  

 

Figure 4. The scheme of an advanced technical construction of the confocal microscope. White laser light is 

generated by amplified IR pulsed laser light which is fed through a photonic crystal fibre. An acousto-optical 

tunable filter (AOTF) is employed to extract a series of variously coloured bandlets from the white emission 

of the supercontinuum source. The acousto-optical beam splitter (AOBS) can steplessly and simultaneously 

adapt to any given series of excitation colours. Spectral detector (SP-detector) employing a glass prism for 

high transmission and white performance. [71] The spectrum is separated into bands by means of movable 

mirror sliders.   
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The emission light from the focal plane passes through AOBS and pinhole, then 

passes to the spectral detector (SP-detector). Using the SP-detector allows to control the 

bandwidth of the detected emission bands. The emitted light passes through a dispersive 

prism. From the obtained colour spectrum, the desired bandwidth is selected by setting 

movable barriers. The SP-detector may split emission light into up to five spectral bands. 

Then the light in each band is detected by a PMT or a Hybrid Detector (HyD). [71, 72]  

The widespread use of fluorescence microscopy has given the motivation 

to improve technologies and to develop new approaches aimed at improving the resolution 

that is limited by light diffraction. Advanced super-resolution microscopic methods 

achieve lateral resolution of less than 200 nm and axial resolution of less than 600 nm.  

For example, stimulated emission depletion microscopy (STED) [73] achieves a lateral 

resolution of about 30 nm. This method uses an additional high power depletion laser 

(STED laser) with a higher wavelength than excitation, which has a donut shape in  

cross-section. The donut-shaped pattern is typically generated by inserting a phase mask 

into the light path. The resolution is improved due to the quenching of the fluorescence 

at the edge of the illuminated area, and the generation of fluorescence occurs only in the 

unquenched area inside the donut-shaped pattern. Reversible saturable optically linear 

fluorescence transitions (RESOLFT) microscopy is based on a similar principle. Unlike 

STED microscopy, this method does not require the use of a high-intensity laser, thus has 

less probability of causing phototoxicity in living biological samples. However, this 

method focuses on fluorescent probes that can be reversibly photoswitched between 

fluorescent and non-fluorescent states, which in turn limits the use of this method by the 

choice of fluorophores. This type of fluorophore is used in stochastic optical reconstruction 

microscopy (STORM) [74], photoactivated localization microscopy (PALM) [75] and 

fluorescence photoactivation localization microscopy (FPALM) [76] which are based on 

the same principles. In these approaches, fluorescent molecules activated and localized 

at different time points. These techniques improve resolution to 20 nm in the lateral axis 

and 50 nm in the axial axis. [77]  

Another possible way to increase spatial resolution is to use image processing 

capabilities. For example, deconvolution algorithms are used in both confocal and 

widefield fluorescence microscopy. In the second case, a blurred image is a standard 

problem due to the capture of signal in out-of-focus planes. This noise is easily removed 

using these algorithms. One of the modern solutions combines technical capabilities of 

CCD camera and methods of image processing. The z-stacks are obtained by alternately 

sharpening images in several planes. Then 3D reconstruction with a resolution close to 

confocal microscopy can be formed from the obtained image sequence. [65, 78]  

Light-sheet fluorescence microscopy (LSFM) is another interesting technology 

of widefield microscopy, which allows to obtain 3D images. In this modification widefield 

fluorescence microscopy is combined with optical sectioning. A thin slice of excitation 

beam passes perpendicular to observed sample and objective. A thin optical section 

is obtained from the focal plane. The thickness and size of the field of view depend on the 

numerical aperture of the objective lens and the depth of focus of the excitation beam. 
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The z-stack can be acquired by the acquisition of the section from several planes, which 

can be used in 3D image reconstruction. [79]  

The advanced technology and the development of new fluorescent dyes help taking 

scientific research to the next level. The study of biological samples at the cellular level 

and at the molecular level has great prospects.  

2.2 IRON OXIDE NANOPARTICLES AS FLUORESCENT IMAGING PROBES  

Currently, in the modern studies the nanoparticles from various materials are widely used 

in the field of therapeutics and diagnostics [47, 48, 80]. Nevertheless, the application of 

developed technologies in medicine is still challenging. Nanoparticles developed from 

various materials have the different properties. In this work the superparamagnetic iron 

oxide nanoparticles (SPION) were of interest. Generally, SPION have a magnetite (Fe3O4) 

or maghemite (γ-Fe2O3) structure. Their surface can be coated with polymers, carbonic 

acids, enzymes, proteins, fluorescent probes, etc. (Figure 5). The surface improvement 

gives a new facility in their application in the biomedical field of research. Also, SPION 

do not show a toxic effect on life cells. However, their effect may depend on the applied 

dose. [55, 56, 81] 

 

Figure 5. Schematic illustration of different applications, structural transformations and surface interactions 

of nanoscale iron oxide nanoparticles. [81]  

The implementation of SPION on in vivo research requires initial in vitro studies. 

One of their widespread use is the marking of cells of tissues for magnetic resonance 

imaging (MRI) [45, 46, 48, 54, 82, 83]. In this case MRI is non-invasive technique 

to visualization of SPION localization in 3D structure [84]. Also, due to their magnetic 

properties it can be possible to manipulate them mechanically by magnetic field. This may 
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have the application in transporting of marked cells or drugs to desired location in in vivo 

research [83, 84].  

Also, SPION are often used in gene delivery research [49]. Gene delivery is used to 

modify cell functions that are helpful in therapeutic, gene therapy, and vaccine applications 

[85]. For example, cells are genetically modified for ability to express functional 

ion channels, growth factors, antibodies, and viral vectors. Plasmids can be successfully 

delivered to intracellular compartment by magnetofection [86, 87]. Usually, the surface of 

nanoparticles is coated with biocompatible polymers such as Polyethyleneimine (PEI),  

Poly-l-lysine (PLL), Polyethylene Glycol (PEG), that have improved DNA binding 

capabilities to their surface [88]. Then, nanoparticles improved with that method can entry 

to intracellular by endocytosis (Figure 6) or magnetic field generated with an external 

magnet. The use of this method helps to increase the efficiency of DNA delivery and gene 

expression [89, 90]. 

Furthermore, several experimental applications of SPION include tumour and 

cancer therapy [50, 51], hyperthermia therapy [52], cardiovascular research [45, 53], and 

other fields. Currently, 3D structures are used in many fields of in vitro studies. They 

include measurements on the tissue and various biocompatible scaffolds and ECM gels, 

especially in cardiac tissue engineering field [36]. In this case the fluorescence microscopy 

is widely used for imaging of 3D structures and cell distribution in the 3D models. Stable 

for a long time, non-toxic and biocompatible fluorescent markers are needed for using this 

technique. For this purpose, nanoparticles labelled with fluorescent dyes can be suitable 

[91–95].  

There are many factors that can affect a success of cell labelling with nanoparticles: 

size and shape of nanoparticles, their surface chemistry, charge, type of cells, pH 

of environment, and other [80, 96–99]. Usually, small nanoparticles with size up to 10 nm 

(up to 30 nm according to some studies) penetrate passively through cell membrane. 

Larger nanoparticles interact generally with receptors on the surfaces of cells and are 

internalized into endosomes by endocytosis (Figure 6). The dose of nanoparticles 

incorporated into endosomes is random, because number of nanoparticles interacting with 

the cellular membrane is various [59, 100]. [101–105]  

The ability to penetrate to intracellular compartment can be affected by the stability 

of nanoparticles in the used environment. Usually, iron oxide nanoparticles have colloidal 

stability in water [92, 96]. However, their properties are changing in the cell growth 

medium, which contains proteins that affect the surface charge distribution of oxides. This 

changes zeta-potential to lower values. Thus, nanoparticles are loosely bound and form 

clusters. This can affect the way of nanoparticles penetration. The cellular uptake of 

clusters by endocytosis dominates over the uptake of individual nanoparticles by diffusion. 

[96]  
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Figure 6. Schematic overview of nanoparticle uptake pathways via endocytosis. Multiple different pathways 

exist for cellular entry of nanoparticles via endocytosis mechanisms: (a) clathrin-dependent; (b) caveolin-

dependent; (c) clathrin- and caveolin-independent; (d) phagocytosis; and (e) macropinocytosis pathways. 

These nanoparticle cell uptake pathways are mechanistically distinct and highly regulated at the biomolecular 

level. The pathway by which nanoparticles enter cells is important, as it determines intracellular nanoparticle 

transport and corresponding biological response and therapeutic effect. [80]  

Furthermore, nanoparticles can have a toxic effect on living cells. Depend on the 

size, shape, surface coating SPION can promote apoptosis, necrosis, inflammation, etc. 

SPION can cause cellular toxicity by induction of oxidative stress. The increased 

production of reactive oxygen species (ROS) can affect the functions of organelles, such as 

mitochondria and nuclei. [91, 106]  

ROS are generated in the endoplasmic reticulum, in the peroxisomes, during 

mitochondrial oxidative metabolism, in the cellular response to xenobiotics, cytokines, and 

bacterial invasion. They are chemically reactive particles that contain oxygen, including 

hydrogen peroxide (H2O2), reactive superoxide anion radicals (O2-), and hydroxyl radicals 

(•OH) [106]. ROS change (increasing or decreasing) leads to oxidative stress, which 

promotes the damage of nucleic acids, proteins, and lipids. This may explain their role 

in regulating cellular signalling pathways, cell proliferation and survival. In addition, ROS 

participates in carcinogenesis, neurodegeneration, atherosclerosis, diabetes, tumour 

metastasis. [106–108]  

The choice of SPION and their dose plays a critical role in cell metabolism and 

in the occurrence of pathologies and diseases. Therefore, fundamental in vitro research 

is very important for the further use of nanoparticles in the field of regeneration and 

therapy.  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanoparticle
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endocytosis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phagocytosis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macropinocytosis
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2.3 MESENCHYMAL STEM CELLS AND THEIR MECHANISMS OF MIGRATION  

German pathologist Cohnheim in his study has found that in the process of wound repair 

such inflammatory cells as fibroblast-like morphology cells that associated with thin fibrils 

take part. On this basis he suggested the possibility that bone marrow may be the source 

of fibroblasts that produce collagen fibres as part of the normal process of wound repair. 

Since 1867 he published studies about the source of fibroblasts in the process of wound 

repair. [109]  

Later Friedenstein et al. managed to isolate fibroblast-like adherent cells from bone 

marrow [110, 111]. Friedenstein's studies about cells presence in bone marrow that can 

differentiate into fibroblasts, osteoblasts, chondrocytes and adipocytes have been available 

since 1976 [111, 112]. Currently, cells isolated from bone marrow with Friedenstein’s 

method referred to mesenchymal stem cells (MSCs) [113] or marrow stromal cells [114]. 

In 2005 Mesenchymal and Tissue Stem Cell Committee recommended a clarification 

of the nomenclature for these important cells [115]. In 2006 International Society for 

Cellular Therapy (ISCT) stated that ‘multipotent mesenchymal stromal cells’ (MSCs) was 

the currently recommended designation and proposed three criteria to define MSCs: 

(i) MSCs must be plastic-adherent (tissue culture flasks) in standard culture conditions, 

(ii) MSCs must express specific surface antigens as CD105, CD73 and CD90 (≥ 95% 

positive), and must not express CD45, CD34, CD14 or CD11b, CD79α or CD19 and  

HL-DR (≤ 2% positive), (iii) the cells must be able to differentiate to osteoblasts, 

adipocytes and chondroblasts under standard in vitro differentiating conditions [116]. 

However, further studies have been shown, that these criteria do not completely 

characterize MSCs. Based on morphology, cell surface markers, differentiation potential, 

it can be difficult to distinguish fibroblasts and MSCs [117]. Currently, it was described 

in many studies that MSCs have the capacity to differentiate into chondrocytes, 

hepatocytes, myoblasts, epithelial cells, cardiomyocyte-like cells, neuron-like cells and 

others [2, 4].  

At the beginning the characteristics of MSCs isolated from mouse bone marrow 

were described [111, 112]. Then the adult human bone marrow MSCs became available for 

research [118]. In addition, with increasing biologic and clinical interest in MSC, some 

other resources were identified. In recent studies more often use MSC that have been 

isolated from bone marrow, adipose tissue, amniotic tissue, chorionic tissue, umbilical cord 

and other foetal or adult tissues. A detailed comparison of MSC isolated from different 

tissues shows that they are not equal. Differences were found between expression of genes 

and surface markers and multipotent differentiation potential. [119–121]  

Cell viability is strongly depends on the composition of the environment 

compartment: structure of extracellular matrix (ECM), presence of ions, growth factors, 

etc. The presence and contact with other nearby and distant cells are also important.  

Cell-to-cell communication regulates processes such as cell division, tissue growth, cell 

differentiation, tissue regeneration and other important processes. One of the types of cell 

communication based on molecular interchanges. The immunomodulatory action of MSCs 

is based on this property. Generally, tissue damage accompanied with inflammation and 
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appearance of necrotic cells. This process is accompanied by the expression of  

pro-inflammatory mediators, such as interferon-γ (IFN-γ), tumour necrosis factor-α  

(TNF-α), interleukin-1 β (IL-1β), various chemokines, leukotrienes, and free radicals [21]. 

These mediators are the signal for MSCs to migrate towards the agglomeration of necrotic 

cells and express immunomodulatory factors, growth factors and surface molecules. The 

most common immunomodulatory factors are prostaglandin E2 (PGE-2), indoleamine  

2,3-dioxygenase (IDO), nitric oxide (NO), TNF-inducible gene 6 protein. The growth 

factors, which MSC producing, are transforming growth factor-β (TGF-β), hepatocyte 

growth factor (HGF), epidermal growth factor, fibroblast growth factor (FGF), vascular 

endothelial growth factor, platelet-derived growth factor (PDGF), vascular endothelial 

growth factor (VEGF), insulin-like growth factor 1 (IGF-1), stromal cell-derived factor 1 

(SDF-1), and angiopoietin-1. Surface molecules, such as galectins, intracellular adhesion 

molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1) also have 

an important role in the regeneration process. [122]  

The ability of MSCs to migrate towards necrotic cells is an important function 

in the regeneration process. This process includes transendothelial cell migration and cell 

migration through the ECM. Chemokines from damaged tissue have a chemotactic effect 

on MSCs. Chemokines or mediators, such as SDF-1, IL-1β and TNF-α, give a signal to 

endothelial cells of blood vessels to activate VCAM-1 adhesion molecules and to express 

ICAM-1 intercellular adhesion molecules. MSCs begin to roll over the surface 

of endothelial cells and express adhesion molecules and integrins include CD44 and a very 

late antigen-4 (VLA-4). VLA-4 binds to VCAM-1 that allows to hold MSCs on the 

endothelial surface and promotes to adhere (Figure 7). MSCs also binds to the endothelial 

surface through the interaction with P-selectin, basic fibroblast growth factor (bFGF), and 

other growth factors and different integrins. Then, MSCs migrate through the endothelium. 

After that, they migrate through ECM toward damaged tissue. Also, MSCs in ECM can 

actively express matrix metalloproteinase 2 (MMP-2), which are involved in cell migration 

in ECM. [122–124]  

The studies show that different types of MSCs can express different amount of 

growth factors, cytokines, and adhesion molecules. Therefore, their role and success in the 

participating of regeneration may be different. For example, adipose-derived MSCs 

secreted higher levels of VEGF and HGF regenerative factors than bone marrow MSCs 

[3]. HGF as antifibrotic factor plays an important role in angiogenesis and damage tissue 

repair [125, 126] Therefore, adipose-derived MSC may be more suitable source for brain 

tissue regeneration [3] and for repair of the heart postinfarction [127]. In the study [128], 

has been shown that IGF-1, VEGF-D, and interleukin-8 (IL-8) to be expressed at higher 

levels in adipose-derived MSCs compared with bone marrow MSCs and MSCs derived 

from dermal tissue. However, the expression of SDF-1 and NGF is higher in bone marrow 

MSCs. VEGF-D stimulate angiogenesis, and SDF-1 enhances tissue repair. SDF-1 factor 

supports viability of cells and attract the MSCs to the damaged area, such as infarcted 

zone, that is promote tissue regeneration [129]. SDF-1 and other chemokines contribute 

to the launch of several processes such as the activation of adhesive molecules that are 

involved in cell migration.  
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Figure 7. Mechanisms of MSC homing toward damaged tissue. Used abbreviations: Mesenchymal stem cells 

(MSC), very late antigen-4 (VLA-4), vascular cell adhesion molecule 1 (VCAM-1), fibronectin (FN), 

hyaluronic acid (HA), junction adhesion molecules (JAMs), matrix metalloproteinase 2 (MMP-2), basic 

fibroblast growth factor (bFGF), stromal cell-derived factor 1 (SDF-1), extracellular matrix (ECM) [122].  

2.4 ADHERENT CELL MIGRATION  

Cells can adapt and change their shape to move through tissues or ECM, divide and 

respond to extracellular conditions. The process of changing the shape occurs due to 

a change in the structure of the cytoskeleton. Tubulin, actin, and proteins forming 

intermediate filament are the major types of proteins that forms the cytoskeleton. [130]  

Usually, adherent cells are constantly moving. They usually move randomly,  

but when responding to different signals, they can move directionally. At the beginning 

of moving the cytoskeletal networks polarize in the direction of migration. The actin 

cytoskeleton starts to form protrusions as lamellipodia and filopodia (Figure 8). The front 

part expands due to the formation of lamellipodia, formed by the polymerization of actin 

in this part. Filopodia is formed by parallel actin bundles. They are mainly taking part 

in migration through ECM and initiate cell-cell contacts. The new adhesions are formed 

in the front part and matured into actomyosin-linked focal adhesions. Then cell body 

contracts due to the contraction of stress fibres. The mature focal adhesions are 

disconnected then the back part of the cell is detached. Thus, the cell body moves in the 

desired direction. [130, 131]  
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Figure 8. Organizational structures of actin, microtubules, and intermediate filaments inside of a cell and 

their physical interactions. [130]  

Migration speed of cells is depends on external conditions, their type and ability to 

react on the present signal. Usually, single-cell migration can be observed during several 

hours or days. The microscopic images are obtained from several time point during 

selected time. Then obtained image sequence is analysed using available software. Usually, 

the position of cells is marked on each image from obtained sequence. Then different 

parameters can be calculated. The main parameters for quantitative analysis of cell 

migration are Accumulated distance and Euclidean distances (Figure 9). Also, the centre of 

mass and directionality can be determined to assess coordinated cell migration.  
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Figure 9. Trajectory plot defining different parameters for analysing cell migration in vitro in 2D. All cell 

trajectories are transformed by setting each starting point to (xi,start, yi,start) = (0,0) at time t = 0.1 ≤ i ≤ n index 

of the cells. [132]  

The total distance daccum (Accumulated distance) of migrated cell is calculated as:  

𝑑𝑎𝑐𝑐𝑢𝑚 = ∑ √(𝑥𝑖 − 𝑥𝑖+1)2 + (𝑦𝑖 − 𝑦𝑖+1)2

𝑛−1

𝑖=1

 

(1) 

Where xi and yi are the coordinates of the cell in the i-th image, xi+1 and yi+1 denote the 

coordinates of the same cell in the (i+1)-th image, n denotes the total number of images in 

the sequence.  

The Euclidean distance deuclid (from the start to the end position) is calculated as:  

𝑑𝑒𝑢𝑐𝑙𝑖𝑑 = ∑ √(𝑥𝑒𝑛𝑑 − 𝑥𝑖𝑛𝑖)2 + (𝑦𝑒𝑛𝑑 − 𝑦𝑖𝑛𝑖)2

𝑛−1

𝑖=1

 

(2) 

Where xini and yini are the coordinates of the cell in the first image (start), xend and yend are 

the coordinates of the same cell in the last image of image sequence, n denotes the total 

number of images in the sequence.  

There are various methods of cell migration study. The scratch assay (or wound 

healing) is widespread method for collective cell migration study [133]. Usually, control 

samples without treatment are compared with the tested treatment samples. Thus, cells are 

seeded at least on two culture dishes (or wells). When cells are reached 100% confluency, 
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then a gap across cell layer is created using pipette tip. After that, cells tend to close the 

created gap and start to migrate into the gap area. Applied treatment may affect the 

physiological functions of cells. Using scratch assay test the velocity of gap closure 

of control and treatment samples is compared. Thus, the effect of applied treatment can be 

assessed. Usually, the microscopic images from observed samples described in different 

time points (Figure 10). Then the evaluation of the result can be performed manually 

or using image processing algorithms [134–136].  

 

Figure 10. Images from a scratch assay experiment at different time points. Human umbilical vein 

endothelial cells (HUVEC) images obtained by phase contrast microscopy (PCM). Scale bar 120 μm. [133]  

This method is applicable for study of two culture lines in co-culture. For this 

it is necessary to create a temporary border on the culture dish to allow to culture two cell 

lines separately in the same dish. The temporary border can be created using inserts, which 

can be removed when the cells reached desired confluency (see Figure 32, Figure 37).  
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3 AIMS OF THE DOCTORAL THESIS  

The main research aim of this dissertation is to assess the properties of fluorescent methods 

in biological research. This work is focused on the methods and properties of specific cell 

cultures in in vitro studies in the field of regenerative medicine. The modern technologies 

of tissue engineering in regenerative medicine are based on biocompatible scaffolds. 

Therefore, there are requirements in 3D imaging and detection of living cells in different 

types of scaffolds. The appropriate microscopic techniques and fluorescent markers are 

needed in the basal in vitro studies. Furthermore, the applied fluorescent markers should 

possess biocompatible and non-toxic properties for their effective and safe use 

in biological research.  

The main objectives of this work can be formulated as follows:  

1. To review a mechanism of mesenchymal stem cell (MSC) migration and 

to identify and provide optimal conditions and protocols for the culture of living 

cells.  

2. To study the limitations and advantages of fluorescent widefield and confocal 

microscopy in long-term cell observation; to select fluorescent probes 

appropriate for cell detection and useful for long-term monitoring of marked 

cells; and to show the benefits of fluorescent markers used in cell detection 

or quantitative analysis of cell migration studies.  

3. To study the properties of rhodamine-derived superparamagnetic maghemite 

nanoparticles (SAMN-R) to determine their size, interaction with living cells, 

and excitation and emission spectra; to study the possible toxic effect 

of SAMN-R on living cells; and to identify an effective concentration 

of SAMN-R for living cells labelling.  

4. To study the effect of SAMN-R-based fluorescence labels on cell motility; 

to apply the appropriate methods for cell migration study using fluorescent 

microscopy techniques; and to design experimental protocols.  

5. To review the possibilities of in vitro studies in the field of cardiac tissue 

regeneration and to design and apply an experimental model to study 

interactions between MSCs and cardiac cells in co-culture. 

Task 1 is considered in Chapters 2.3 and 2.4, where the properties of MSCs and 

mechanism of adherent cell migration are reviewed. The cell culture protocols are 

described in Chapter 4.1. To solve task 2, the principle of fluorescence microscopy 

is reviewed in Chapter 2.1. The necessary conditions and limitations of long-term 

experiments are described in Chapter 4.2. Then fluorescent dyes are selected based on their 

properties (Chapter 5). To implement the solution of task 3, the properties of SPION are 

reviewed (Chapter 2.2). The previous studies about SAMN-R are reviewed and their 

properties are studied using fluorescence microscopy (Chapter 5.1). The solution of task 3 

also includes the study of possible toxic effect of SAMN-R on living cells, which 

is presented in Chapter 6. The solution of task 4 is presented by performing experiments 
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on the study of collective and single-cell migration (Chapters 7.1 and  7.2). To solve task 5, 

a review about using MSCs and cardiac cells in co-culture is carried out in Chapter 8, 

which also contains the experimental model for the study of cell communication.  
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4 CELL CULTURES AND EXPERIMENTAL PROTOCOLS  

Currently, bone marrow and adipose tissue MSCs are commonly used in tissue engineering 

and regenerative medicine research. Bone marrow and adipose tissue are the largest 

resources of MSCs. Isolation of these cells takes place with less risk to the patient, that 

is very important factor. In the initial studies, the use of bone marrow MSCs was popular. 

Currently, the adipose tissue removed during a liposuction procedure is available for many 

researchers. Usually, adipose tissue is a liposuction waste product, thus there is no need to 

subject patients to a special operation to isolate cells. However, MSCs from different 

tissues have a different ability to differentiate into a variety type of cells. Therefore, the 

choice of cell type depends on the applications.  

MSCs isolated from different tissues express the different amount of growth and 

regenerative factors. Therefore, the success of their participation in tissue regeneration 

is different. In this work the area of cardiac tissue regeneration was of interest. This 

process is based on the ability of MSCs to migrate towards necrotic cells, which are the 

outcome of MI [21–23]. Also, MSCs have a great potential in cardiac tissue regeneration, 

due to their paracrine and immunomodulatory properties [3]. Some studies show that 

adipose-derived MSCs may have more success in this area than bone marrow MSCs  

[2, 26]. The use of adipose tissue derived MSCs is becoming popular due to their excellent 

properties, availability, and lower risk to donors during cell isolation. For these reasons 

adipose tissue derived MSCs were chosen for studies in this work.  

Human MSCs isolated from adipose tissue (hMSCs) via protocol [137] were used. 

Adipose tissue was obtained from eight healthy patients (male, age 40–50, weight  

80–110 kg) undergoing abdominal liposuction (collected waste tissue) after gaining 

a signature of written informed consent in accordance with Czech law 372/2011 and the 

Declaration of Helsinki. Adipose tissue was washed with phosphate-buffered saline (PBS), 

mechanical minced, enzymatic digested using collagenase type-1 (treated for 1 hour) and 

hMSCs were separated after centrifuge. Isolated cells were seeded on the polystyrene 

surface of the 24-well plate or T25 flack. It is recommended to use aspiration to remove 

the growth medium and PBS. Then the cells were cultured under standard incubation 

conditions. Isolation cells had well adherence property on polystyrene non-coated surface. 

Good adhesion on a plastic surface is one of the characteristics of MSCs [116]. For this 

work, cells of the second passage were obtained, and then, in the experiments the cells of 

the passages 3–6 were used. Cells were subcultured according to the protocol, which 

is given in chapter 4.1.1.  

Cell morphology was controlled using light, IMC or PCM microscopy. MSCs are 

divided into three morphological subpopulations: rapidly self‐renewing cells; elongated, 

fibroblastic‐like, spindle‐shaped cells and slowly replicating, large, cuboidal or flattened 

cells [138, 139]. This cell types are marked in Figure 11.  
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Figure 11. Human adipose-derived mesenchymal stem cells (hMSCs) demonstrated three morphological 

subpopulations: rapidly self‐renewing cells; elongated, fibroblastic‐like, spindle‐shaped cells and slowly 

replicating, large, cuboidal or flattened cells. They are marked with blue, yellow and red arrow respectively. 

Bright-field microscopy, 10× magnification, scale bar 100 µm.  

For defining MSCs expression of surface markers [116, 140] was analysed. This 

analysis was performed on flow-cytometer Cytomics FC500 (Beckman-Coulter Inc., IN, 

USA) with positive CD73, CD90 (≥95%) and negative CD45 (≤2%) antibodies (Miltenyi 

Biotec, Germany) [141]. The results from flow-cytometry are not shown. Multipotent 

differentiation potential, which is one of the criteria to define MSCs, was not studied.  

Fibroblast cell line 3T3 (Sigma-Aldrich s.r.o., 93061524) was used in the part of 

experiments. Unfortunately, hMSCs were not always available, so it was necessary to 

choose a similar cell line. Fibroblast strains have morphology similar to MSCs. It was 

show in studies [117, 142], that they comply with the minimum criteria for defining 

multipotent mesenchymal stromal cells [116]. Also, they are less demanding in culture 

in vitro as MSCs. Therefore, 3T3 fibroblast cell line (Figure 12) was chosen for 

comparative characterization with MSCs and for replacement in some types of 

experiments. Cells were subcultured according to the protocol, which is given 

chapter 4.1.2.  

 

Figure 12. NIH 3T3 cells. Bright-field microscopy, 10× magnification, scale bar 100 µm.  
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HL-1 cardiac muscle cell line (Sigma-Aldrich s.r.o., SCC065) was used as a cardiac 

tissue model. This cell line was chosen due to morphological, electrophysiological and 

gene expression characteristics. HL-1 is the cardiac muscle cell line, derived from the  

AT-1 mouse atrial cardiomyocyte tumour lineage [143]. It was defined that they express 

similar genes as the adult atrial cardiomyocytes. Also, confluent cell line has an ability to 

contract [143, 144]. It was defined that confluent cultures (Figure 13) exhibited 

synchronous beating [143]. Electroactivity of 90% of confluent culture was confirmed 

by using microelectrode arrays system (MEA2100-System, Multi Channel Systems MCS 

GmbH) in [145]. HL-1 cells maintain electrophysiological properties also after several 

passages. Furthermore, their morphological characteristics are very similar to 

cardiomyocytes. Their properties confirm the possibility of their successful use in the 

MSCs and cardiac tissue communication study. Cells were subcultured according to the 

protocol, which is given in chapter 4.1.3. Cells of the passage 3–6 were used in the 

experiments.  

 

Figure 13. HL-1 cardiac muscle cell line. Bright-field microscopy, 10× magnification, scale bar 100 µm.  

4.1 CELL SUBCULTURING PROTOCOLS  

The cells were cultured in clean room in biosafety conditions [146]. Cells were incubated 

at 37°C in a humidified atmosphere containing 5% CO2. Procedure of subculturing and 

feed of cells were performed in laminar-flow hood following protocols. The work surface 

was cleaned with 70% ethanol before and after work. The outside of containers, flasks, 

plates, dishes, pipettes boxes, pipettors and other used items were disinfected with  

70% ethanol before placing them in the laminar-flow hood. Also work surface were 

sterilized after work with ultraviolet light. Media, reagents, and chemicals were stored 

according to manufacturer's instructions. Cell culture flasks (T25, Sigma-Aldrich s.r.o.), 

Petri dishes (TPP Techno Plastic Products AG, BIO-PORT Europe s.r.o.), multi-well plates 

(Sigma-Aldrich s.r.o.), and 8-well chambered cover glasses (Celvis) were used for 

cell culture. The laboratory (Department of Biomedical Engineering, Faculty of Electrical 

Engineering and Communication, Brno University of Technology) was equipped with 

a standard equipment: Laminar-flow hood (Alpina BIO 100), Humidified CO2 incubator 

(MEMMERT INCOmed), Refrigerator (LIEBHERR Thermostatic cabinet), Freezer  
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(–20°C and –80°C, Hyundai, National lab), Water bath (Julabo ED), Centrifuge  

(Hettich EBA 20, Biosan LMC-3000), Pipettes (PZ HTL S.A.), Macroman (Eppendorf, 

Gilson), Aspiration pump (FTA-1, Biosan), Cell counter (LUNA-II, Logos Biosystems, 

Inc.), pH meter (S2K712, ISFETCOM), Vortex mixer (MS 3 basic, IKA), Inverted light, 

phase contrast and fluorescence microscope (ZEISS Axio Observer 5), Autoclave  

(Nova-3, Tuttnauer), Ultrasonic homogenisers (SONOPULS HD 3200, Bandelin 

electronic).  

4.1.1 PROTOCOL OF SUBCULTURING OF HUMAN ADIPOSE-DERIVED MESENCHYMAL STEM 

CELLS  

Phosphate buffered saline (Sigma-Aldrich s.r.o., P4417-100TAB), Accutase (PAA 

Laboratories GmbH, L11-007), low glucose Dulbecco's Modified Eagle Medium (DMEM; 

Sigma-Aldrich s.r.o., D6046), foetal bovine serum (FBS; Sigma-Aldrich s.r.o., F0804), 

Penicillin-streptomycin (Sigma-Aldrich s.r.o., P4333) were used for cell culturing.  

Complete low glucose DMEM contains (100 mL): 94 ml of low glucose DMEM,  

5 mL of FBS, 1 mL of Penicillin-streptomycin (100 U·mL-1:100 µg·mL-1). Supplemented 

medium was stored at 5.2°C. Medium was changed two or three times in a week. Cells 

were subcultured when they reached a confluency of 80–100%. Cells were subcultured 

according to the protocol based on [147], which is given below:  

1. Warm any reagents to 37°C,  

2. Remove the medium from well of 24-well plate by aspiration,  

3. Wash the monolayer of cells with 500 mL of PBS and remove the solution by 

aspiration,  

4. Pipette 300 µL of Accutase into the well of 24-well plate. Move 24-well plate to 

incubator (37°C, 5% CO2) for about three minutes,  

5. After three minutes, control the cells under an inverted microscope. It is 

recommended to use a PCM. If the cells are not detached, then remove the 

Accutase from the well and wash the cells twice. If it is necessary, hold the 

Accutase within additional time (15 minutes maximum),  

6. Pipette 900 µL of complete low glucose DMEM to the well to inhibit further tryptic 

activity,  

7. Resuspend the cell suspension and transfer an equal volume to a two 1.5 mL sterile 

microtube,  

8. Centrifuge the microtubes at 1000 rpm for 5 minutes to pellet the cells,  

9. Meanwhile, prepare 24-well plate for cell seeding: add 800 µL of low glucose 

DMEM to well or several wells, if it necessary,  

10. After centrifugation, aspirate the supernatant from the microtubes without 

disturbing the cell pellet,  

11. Resuspend the cells in 200 µL of complete low glucose DMEM, by gently pipetting 

the cells,  

12. Count the cells with a cell counter,  
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13. Place the necessary number of cells into the new wells of 24-well plate (generally 

30% by cell suspension) and use required number of cells for the experiments,  

14. Incubate at 37°C, 5% CO2 atmosphere.  

4.1.2 PROTOCOL OF SUBCULTURING OF NIH 3T3 CELL LINE  

PBS (Sigma-Aldrich s.r.o., 79382), 0.25% Trypsin-EDTA solution (Sigma-Aldrich s.r.o., 

T4049), high glucose DMEM (Sigma-Aldrich s.r.o., D6429), FBS (Sigma-Aldrich s.r.o., 

F0804), Penicillin-streptomycin (Sigma-Aldrich s.r.o., P4333) were used for cell culturing.  

Complete high glucose DMEM contains (100 mL): 89 mL of high glucose DMEM,  

10 mL of FBS, 1 mL of Penicillin-streptomycin (100 U·mL-1:100 µg·mL-1). Supplemented 

medium was stored at 5.2°C. Medium was changed two or three times in a week. Cells 

were subcultured when they reached a confluency of 80–100%. Cells of the passage 10–25 

were used in the experiments.  

Cells were subcultured according to the protocol based on [148], which is given 

below:  

1. Warm any reagents to 37°C,  

2. Remove the medium from T25 culture flask by aspiration,  

3. Wash the monolayer of cells with 3 mL of PBS and remove the solution by 

aspiration,  

4. Pipette 1 mL of 0.25% Trypsin-EDTA solution into the T25 flask. Make sure that 

solution covers all the cells. Move T25 flask to incubator (37°C, 5% CO2) for about 

three minutes,  

5. After three minutes, do control the T25 flask under an inverted microscope. Release 

the rounded cells from the culture surface by hitting the side of the flask against 

your palm until most of the cells are detached,  

6. Pipette 3 mL of complete high glucose DMEM to the flask to inhibit further tryptic 

activity,  

7. Resuspend the cell suspension and transfer to a 15 mL sterile conical centrifuge 

tube,  

8. Centrifuge the conical tube at 1000 rpm for five minutes to pellet the cells,  

9. Meanwhile, add 5 mL of high glucose DMEM to sterile T25 flask,  

10. After centrifugation, aspirate the supernatant from the tube without disturbing the 

cell pellet,  

11. Resuspend the cells in 1 mL of complete high glucose DMEM, by gently pipetting 

the cells,  

12. Count the cells with a cell counter,  

13. Place the necessary number of cells (generally 20% by cell suspension) into T25 

flask filled with 5 mL of the complete high glucose DMEM and use required 

number of cells by the experiments,  

14. Incubate at 37°C, 5% CO2 atmosphere.  



32 

 

4.1.3 PROTOCOL OF SUBCULTURING OF HL-1 CARDIAC MUSCLE CELL LINE  

Calcium and magnesium free PBS (Sigma-Aldrich s.r.o., D8537), 0.05% Trypsin-EDTA 

solution (Sigma-Aldrich s.r.o., T3924), soybean trypsin inhibitor (Sigma-Aldrich s.r.o., 

T6522), Claycomb medium (Sigma-Aldrich s.r.o., 51800C), FBS (Sigma-Aldrich s.r.o., 

TMS-016), Penicillin-Streptomycin (Sigma-Aldrich s.r.o., P4333), L-Glutamine  

(Sigma-Aldrich s.r.o., G7513), Norepinephrine (Sigma-Aldrich s.r.o., A0937), L-Ascorbic 

acid (Sigma-Aldrich s.r.o., A7506), Distilled water (Sigma-Aldrich s.r.o., W3500), 

Fibronectin (Sigma-Aldrich s.r.o., F1141), Gelatine from bovine skin (Sigma-Aldrich 

s.r.o., G9391) were used for cell culturing.  

Complete Claycomb medium is contains (100 mL): 87 mL of Claycomb medium,  

10 mL of FBS, 1 mL of Penicillin-Streptomycin (100 U·mL-1:100 µg·mL-1), 

Norepinephrine (0.1 mM), L-Glutamine (2 mM). Supplemented Claycomb Medium were 

mixed every two weeks and were store at 5.2°C protected from light. Medium was changed 

three times of a week. Cells were subcultured when they reached a confluency of  

80–100%. Cells of the passage 3–6 were used in the experiments.  

Cells were subcultured according to the protocol based on [149], which is given 

below:  

1. About 30 minutes before culturing cells, prepare gelatine/fibronectin solution: 

dilute 1 mL of fibronectin (1 mg·mL-1) in 199 mL of 0.02% gelatine from bovine 

skin,  

2. Coat a culture T25 flask with 2 mL of gelatine/fibronectin solution. Make sure that 

solution covers entire surface. Move T25 flask to incubator (37°C, 5% CO2) about 

40–60 minutes,  

3. Warm any reagents to 37°C,  

4. Remove the medium from culture flasks by aspiration,  

5. Rinse gently the monolayer of cells with PBS and remove the solution by 

aspiration,  

6. Pipette 1 mL of 0.05% Trypsin-EDTA solution into the T25 flask. Make sure that 

solution covers all the cells. Incubate at room temperature for one minute. Then 

remove and add 1 mL of fresh 0.05% trypsin-EDTA. Incubate at room temperature 

for two minutes,  

7. After that, do control the T25 flask under an inverted microscope. If the cells are 

still adhered, rap the flask on the benchtop or hitting the side of the flask against 

your palm,  

8. When the cells are detached, pipette 1 mL of soybean trypsin inhibitor to the flask,  

9. Resuspend the cell suspension and transfer to the two 15 mL sterile conical 

centrifuge tube (evenly 1 mL to each tube). Then add 2 mL of complete Claycomb 

medium to each tube and resuspend the cell suspension again,  

10. Centrifuge the conical tubes at 600 rpm for five minutes to pellet the cells,  

11. Meanwhile, remove the gelatine/fibronectin solution from T25 flask, and add 8 mL 

of complete Claycomb Medium,  
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12. Arter centrifugation, aspirate the supernatant from the tubes without disturbing the 

cell pellet,  

13. Resuspend the cells in 1 mL of complete Claycomb medium, by gently pipetting 

the cells,  

14. Count the cells with a cell counter,  

15. Place the necessary number of cells (generally 30% by cell suspension) into 

gelatine/fibronectin coated T25 flask filled with 8 mL of the complete Claycomb 

medium, and use required number of cells by the experiments,  

16. Incubate at 37°C, 5% CO2 atmosphere.  
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4.2 PREPARING FOR LONG TERM LIVE-CELL IMAGING USING CONFOCAL MICROSCOPY  

Planning is the foundation of the experiment. It includes such fundamental points as setting 

goals, preparation of the necessary equipment including a microscope, study of the 

hardware and software capabilities of the equipment used, providing incubation conditions, 

choosing cells, culture media, culture vessels, fluorophores or fluorescent markers.  

Generally, an inverted microscope is used for cell imaging applications. In the 

design of an inverted microscope, the objectives are located under the stage. When 

focusing, the objective approaches the bottom of the culture dish or other culture vessel 

from the outside. This allows to minimize the distance between the front lens and the 

observed specimen. Therefore, it is possible to use objectives with a short working 

distance, which is defined by the distance between the front lens element and the surface of 

the culture vessel bottom, when the specimen is in sharp focus. This distance depends on 

magnification and numerical aperture (NA) of objective, which are marked on the 

objective. Light waves pass through the specimen, and they are refracted, diffracted, or 

reflected on the specimen’s structure. The objective lens collects these waves and creates 

an intermediate image. The resolving power of the objective is determined by NA, which 

determines the amount of light collected. Higher NA means that the objective can collect 

more light at a wider angle and therefore gives higher resolution. Thus, it is an important 

parameter of an objective lens that affects the resolution and brightness of images, as well 

as the intensity of images in the case of fluorescence microscopy. The NA is defined us:  

𝑁𝐴 = 𝑛 sin 𝜃 (3) 

where n is the refractive index of the medium between the front lens of the objective and 

the specimen cover glass (air, water, glycerol, oil or other immersion media), and θ is half 

of the angle of the cone of light which can be collected by the front lens of the objective 

(angular aperture). [62, 150]  

Usually, objectives with low magnification up to 40× do not touch the bottom of 

culture vessel when the specimen is in the focus plane. Thus, there is an air space between 

the objective lens and the bottom of the culture vessel, therefore these objectives are called 

"dry". The maximum value of the angle θ is 90° and the refraction index of air is ~1.00 

(generally used n=1.00), therefore according to the formula 3 the numerical aperture of 

"dry" microscope objectives cannot exceed 1. To exceed this value and achieve high 

aperture values, it is necessary to achieve a high refractive index of the medium between 

the objective lens and the specimen. For this purpose, it is necessary that light passed 

through the medium with the equivalent refractive index value. Therefore, higher 

magnification objectives (from 60×) are usually designed for use with an immersion 

medium. In this case, the oil (n=1.51), glycerol (n=1.41) or water (n=1.33) are used as 

immersion medium for filling the space between the objective lens and the bottom of the 

specimen dish. The type of that media is determined by the characteristic of the objective. 

For imaging of fixed samples, for example in glycerol mounting medium (n=1.45) and 

covered with cover glass (n=1.52) it is better to use oil immersion objectives. In the case of 

visualization of live cells cultured on borosilicate glass (n=1.47) in cell culture medium 
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(n=1.31-1.33), it is better to use the water immersion objectives. Nevertheless, the choice 

of objective magnification and numerical aperture depends on the purpose of the study. 

[151]  

Usually, high magnification immersion objectives have a very short working 

distance (~60 µm) [62]. Front lens and the bottom of the culture vessel nearly touch each 

other when the specimen is in focus. This requires the use of confocal dishes and chamber 

slides with a thin glass (borosilicate) bottom. Usually their thickness range is 0.16–0.19 

mm (#1.5H grade number). In addition, glass-bottom chambered coverslips are widely 

used in experiments when it is necessary to observe and compare different samples 

cultured under the same conditions. Also, the use of dishes and chambered slides with 

a thin glass bottom helps to minimize spherical aberration [62, 150].  

Unfortunately, many types of cells have a poor ability to adhere on the glass 

surface. Different coatings are used to increase the adhesive strength. For example, ECM 

such as fibronectin and collagen can adsorb on the glass surface. They involve as 

attachment proteins that create bindings with transmembrane integrins [152]. Also, 

gelatine, collagen, PLL and Poly-d-lysine (PDL) are commonly used for promoting cell 

adhesion [152, 153]. In some types of experiments in this work, fibronectin and 

gelatine/fibronectin coating were chosen. The coating creates an additional layer between 

the glass and cells. Thus, the distance between the objective front lens and the cells 

in a focal plane increases. Therefore, it may be necessary to use dishes or chambered cover 

glass with a glass bottom of thickness 0.13–0.16 mm (#1H) or 0.083–0.13 mm (#0H). 

In this work objective with 10× magnification, 0.3 NA and 11 mm working distance 

(HC PL FLUOTAR10x/0.30 Dry) and oil immersion objective with 63× magnification, 

1.4 NA and 140 µm working distance (HC PL APO CS2 63x/1.4 Oil) according to the 

specification were mainly used. For the immersion objective, the glass thickness of #1.5H 

was optimal, including the used coating.  

Cells usually incubated at 37°C in a humidified atmosphere containing 5% CO2. 

Cell growth medium condition is important for cell survival in vitro. Maintaining 

an atmospheric CO2 of 5% in cell culture incubators is necessary for maintaining acidity 

level of growth medium on pH 7.4. This level also changes depending on the amount of 

metabolic products of the cells. Usually, cell growth medium includes phenol red for 

monitoring the pH level. By the colour range from yellow to red, the pH of solutions from 

acidic to alkaline can be visually controlled. It is recommended to use growth medium 

without phenol red, saline-based solutions or transparent buffers for live-cell imaging using 

fluorescence microscopy, because the less transparent liquids can contribute to background 

noise [154]. However, buffers and saline-based solutions do not include a major 

constituent of the growth cell media, which are necessary for cell growth, therefore they 

are not suitable for long-term experiments. Nevertheless, in this work the growth medium 

with phenol red was used. Since the confocal microscopy was mainly used, it was possible 

to compensate the noise level using the settings of microscope software.  

For long-term observation of cells, the incubation conditions must be observed. 

Microscope incubators are available for this purpose. They usually include a temperature, 
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gas, and humidity control. One of the types is a cage incubator with a large space around 

the microscope. This type has the advantage that the whole sample with cells is inside 

in constant conditions. The study sample can be of a nonspecific size or include several 

parts of equipment that can be located inside the incubator space. For example, fluidic 

systems, microelectrode array and other types of electrical stimulators, etc. The other type 

is a stage top incubator with a small chamber that installed on the stage of the microscope. 

The chamber constructed for culture dishes, slides, and multi-well plates. Typically, 

construction includes a transparent lid and a heated frame. In this case, the conditions 

in the vicinity of the sample in a small space are more accurately controlled. In this work, 

the stage top incubator was used (The Stage Top Chamber, OKOLAB).  

After transferring the cells from the laboratory incubator to the microscope stage 

incubator, it is necessary to wait some time before setting up the experiment. During the 

installation of the sample on the heated microscope stage, the incubator is open, therefore, 

the set parameters of the oxide level and atmospheric humidity are disturbed for some 

time. During the movement, the culture dish with adherent cells and growth medium cools 

down by several degrees, therefore condensation may form on the dish lid. Condensation 

is an obstacle on the optical path when imaging a sample. The image will be blurry, and 

the Z plane will be selected incorrectly. For these reasons, the experiment settings were 

started 30 minutes after the sample was placed in the microscope incubator. Also, it is very 

important to fix the object well on the microscope stage. Unstable position of the sample 

on the stage may affect the displacement of it on the focus plane. Thus, the correct 

focusing or the X, Y positions can be negatively affected. The position of the microscope 

construction on the anti-vibration table helps to eliminate the influence of mechanical 

vibrations of the floor on the displacement of the specimen.  

In planning long-term experiments not only the technical equipment of the 

microscope is important, but also the possibilities of software settings. Developments 

in software functions improve the conditions for long-term experimentation. The ability to 

acquire images from several fields of view one after another automatically and sequentially 

has expanded the possibilities for research. It can be a selected area consisting of adjacent 

fields of view (tile scan function, Las X software) or several fields of view located at 

a distance from each other (mark and find function, Las X software). The cells in various 

types of experiments can be seeded on uneven surfaces and different shapes, especially 

in the case of using 3D scaffolds. Therefore, it may be necessary to adjust the individual 

focus in each selected field of view. Modern versions of the microscope software have 

an option to select an individual focus in each field of view. In addition, because of cell 

motility, focus can change over time. To solve these problems, autofocus systems based on 

image processing techniques are being improved. In addition, Las X confocal microscope 

software includes the sequence scan function. With this option, it is possible to obtain the 

3D image sequences from several selected fields of view. This option is especially 

important for creating long-term experiments. This function allows to configure acquiring 

of image sequences from one or several fields of view, including 3D, with a selected time 

interval and duration. In addition, when acquiring images from several fields of view, 

it is necessary to consider the error of microscope stage movement. For example, 
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according to the specification, the reproducibility of the automatic stage movement of the 

used confocal microscope is equal to 1 µm. In the case of the fast phenomena study or 

when using a lens objective with high magnification, this can create unwanted errors.  

The choice of image resolution, scanning speed, time interval between acquisitions, 

dimensions size, and the number of fields of view are interrelated. A compromise needs to 

be found considering important factors. In some cases, the quality of images is neglected in 

order to reduce the time interval or to increase the number of fields of view. When 

planning a long-term experiment, the phototoxicity effect must also be considered, because 

it negatively influences on live cells [155]. Fluorophores react with oxygen and degrade 

during the excited state. This process leads to the formation of excess ROS, that can cause 

phototoxicity [154]. It is necessary to reduce the number of images of one field of view, 

as much as possible. Also, it is important to adjust the excitation laser intensity to the 

lowest effective value. High intensity of the excitation can cause fluorophore degradation 

and subsequent loss of fluorescence (photobleaching effect). The number of images of one 

field of view is regulated by the choice of the z-stacks number (2D or 3D), time interval 

and duration of the experiment. In this work, in the long-term experiments the images were 

obtained with a resolution of 1024 × 1024 pixels with a 100 Hz scan speed (number of 

scanned lines per second). This parameter was set to the optimal considering subsequent 

image processing. The proposed time interval and duration was chosen according to the 

needs of the planned experiment and was confirmed experimentally.  

If the sample was stained with several fluorophores, then it was possible to obtain 

images from several fluorescence emission channels using sequential image acquisition 

method. In this case the images from each channel were acquired separately in sequence 

one after another. Accordingly, the image acquisition time of one field of view is directly 

proportional to the number of channels. The using of sequence mode can help if the used 

confocal microscope is equipped with only one HyD detector. For simultaneous use, 

fluorophores should be selected with different wavelengths of excitation and emission 

maximum, and with the smallest overlap of its spectra. In some cases, this choice is very 

difficult. For example, when it is necessary to stain the cell nuclei, DAPI  

(4′,6-Diamidino-2-phenylindole dihydrochloride) or Hoechst 33342 (bisBenzimide 

H 33342 trihydrochloride) are often chosen. Both of them have almost identical spectra. 

The DAPI and Hoechst 33342 spectra have a wide stokes shift. Their emission spectrum 

overlaps with emission spectrum of fluorescein (FITC) and have an efficiency of about 

50% at the maximum of emission FITC (Figure 14 (A)). Therefore, if DAPI  

(or Hoechst 33342) and FITC fluorophores excited at the same time, then the first 

fluorescence emission channel contains DAPI stained nuclei and the second channel 

contains DAPI stained nuclei and FITC stained organelles. This example is shown 

in Figure 14 (B). This effect can be avoided by exciting both fluorophores separately  

(Figure 14 (C, E)). Figure 14 (D) shows an example of settings for image acquisition from 

sample stained with three fluorophores [156]. The acquisition of images from the channels 

was performed one after another in a sequence. This method significantly improves the 

quality of images when using several fluorophores with overlapping spectra. Nevertheless, 

when fast moving cells or organelles are observed, this method may not be suitable. 
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In some cases, it is necessary to sacrifice the image quality by decreasing the resolution 

and increasing the scanning speed.  

Therefore, when choosing fluorophores, it is necessary to consider the following 

factors: cell and organelle motility, spectral characteristics, number of fluorophores, 

whether the fluorophore is suitable for living cells, how long it is retained in the cells.  

 

Figure 14. Bovine pulmonary artery endothelial cells, stained with DAPI (nuclei), Alexa Fluor® 488 

phalloidin (F-actin) and MitoTracker® Red CMXRos (mitochondria) [156]: (A) Excitation and emission 

spectra of DAPI, Alexa Fluor® 488 phalloidin and (D) MitoTracker® Red CMXRos with marked excitation 

(Ex) and emission (Em) wavelength settings (created with Spectra Viewer tool [157]); (B) Fluorescent 

images from several channels with simultaneous and (C, E) sequential excitation of fluorophores; Confocal 

microscopy, 63× magnification, scale bar 25 µm.   
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5 FLUORESCENT MARKERS FOR LONG-TERM EXPERIMENTS  

There are a large number of fluorophores, which are intended for fixed cells only. Some of 

them are designed for immunofluorescence staining when the fluorophore is conjugated to 

specific antibodies used for the target antigen. In this work it was necessary to focus on the 

choice of fluorophores to imaging the living cells. The implementation of long-term 

experiments such as observation of cell migration was planned. Therefore, long-term 

stability and non-toxicity of dyes were important factors in the selection of fluorophores. 

Also, the ability to apply semi/fully automatic algorithms for cell segmentation 

or detection was important to speed up the further analysis of the results.  

The study of cell proliferation, motility and migration is based on cell detection. 

A widely used method is cell detection based on cell nuclei segmentation. DAPI and 

Hoechst 33342 are the most common dyes for cell nuclei staining used in fluorescence 

microscopy. Manufacturers generally recommend using DAPI to stain fixed cells. Some 

manufacturers allow its use even for living cells, but at high concentrations of the dye for 

better penetration into the cell nuclei. However, this creates a risk of toxic effects of the 

dye on cells. Hoechst 33342 binds to DNA (A-T regions) and is designed to stain the 

nuclei of living cells; thus, it is appropriate for live cell imaging and was chosen for this 

work (Figure 15 (A)). It is, at its optimal concentration which can vary for different cell 

types, non-toxic and non-mutagenic to cells [158]. Nevertheless, for each cell type, it is 

necessary to find a suitable concentration. Hoechst 33342 is suitable for staining adherent 

cells and cells in suspension.  

Hoechst 33342 has a blue fluorescent spectrum with excitation and emission 

wavelengths of 346 and 460 nm respectively [159]. When cells stained with 

Hoechst 33342 were observed using confocal microscope, the excitation wavelength was 

set to 405 nm and the detection range was set between 415 and 475 nm. The available 

confocal microscope was not equipped with a UV laser of a suitable wavelength for this 

dye excitation, so the closest short wavelength 405 nm laser was used. According to the 

Hoechst 33342 spectrum (Figure 15 (C)), the excitation efficiency at this wavelength is 

less than 10%. Therefore, it is impossible to use the lowest concentration and the shortest 

staining time recommended by the manufacturer. In addition, it is the reason that high laser 

power is used during image acquisition. These conditions can cause photobleaching effect 

that can be detrimental to living cells. In this work, an optimal concentration of 50 µM and 

a treatment time of 15 minutes was determined and used. The nuclei of the studied cell 

cultures under these staining conditions remained visible and detectable for four hours 

(data not shown). The toxicity and mutagenicity of the dye have not been tested.  

In time-lapse experiments, it is necessary to reduce the number and resolution of images 

from one field of view in order to reduce the negative impact on the vital activity of cells 

[160, 161]. These limitations can affect the quality of images, which may be insufficient 

for the application of segmentation algorithms and large time intervals, which will be 

insufficient for the cell migration tracking. Therefore, in this work, this dye was used only 

in short-term experiments as a marker for cell counting.  
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Figure 15. Human adipose-derived mesenchymal stem cells (hMSCs): (A) stained with Hoechst 33342;  

(B) stained with Calcein-AM. Confocal microscopy, 10× magnification, scale bar 100 µm. The excitation 

(blue) and emission (red) spectra of (C) Hoechst 33342 [162] and (D) Calcein-AM [163].   
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Another method suitable for cell detection is the staining of the entire intracellular 

compartment. With this method of staining, the morphology of the cells is clearly visible, 

therefore, changes in the shape of the cells and their adhesion can be observed. It can be 

used to study the single-cell migration, collective cell migration in scratch assay, cell 

confluency changes during proliferation or when they are under the influence of any factor, 

cells in microfluidic systems or scaffolds for modelling ECM, etc.  

One of the suitable fluorescent dyes is Calcein acetoxymethyl ester (Calcein-AM) 

which was used in this work. This dye is widely known as suitable for determining cell 

viability and cytotoxicity assay. Nonfluorescent Calcein-AM penetrates to intracellular 

compartment, where it converts into green fluorescent Calcein after acetoxymethyl ester 

hydrolysis by intracellular esterases. Thus, the intracellular compartment is stained and the 

entire cell is detectable. It is worth considering the fact, that this dye is stable only within 

four hours, then the rate of dye spontaneous leakage increases [164]. Therefore,  

Calcein-AM is not recommended for long-term cell research, if the duration of the 

experiment is longer than four hours. This duration may differ depending on the type of 

cells and on their metabolism. In some cases, this dye can be detectable even after 

24 hours. Usually, in this case the fluorescence is very weak, and the staining is uneven. 

Depending on the application, this dye can be used for experiments up to 24 hours, but 

with the given restrictions. Calcein-AM can be used to stain cells in suspension. This has 

the advantage that the cells can be stained before seeding. This staining method is 

applicable for seeding cells into an ECM, scaffolds, microfluidic systems, etc. [164, 165]  

Calcein-AM was used for study cell proliferation and cell viability. Calcein-AM 

has a green fluorescent spectrum with excitation and emission wavelengths of 496 and 

516 nm, respectively (Figure 15 (D)) [165]. When cells stained with Calcein-AM were 

observed using confocal microscope, the excitation wavelength was set to 496 nm and the 

detection range was set between 510 and 550 nm. Based on its spectrum, Calcein-AM is 

compatible with the aforementioned DAPI and Hoechst 33342 dyes. The excitation and 

emission wavelength settings for the confocal microscope are shown in Figure 14.  

From fluorescent CellTracker™ reagents, the green-fluorescent CellTracker™ 

Green CMFDA Dye (CMFDA) and the red-fluorescent CellTracker™ Red CMTPX Dye 

(CMTPX) dyes were chosen for long-term experiments. These probes have the ability to 

freely pass through cell membranes, where they conjugate with glutathione (glutathione  

S-transferase-mediated reaction). Glutathione is synthesized in the cytoplasm where  

it is present at millimolar concentrations (up to 10 mM). In contrast to CMTPX, CMFDA 

requires enzymatic cleavage. After conjugation with glutathione, non-fluorescent CMFDA 

is hydrolysed to the fluorescent 5-chloromethylfluorescein by cellular esterases, that  

cleave off the acetates [166]. Both fluorescent probes evenly stain the cytoplasm  

(Figure 16 (A, B)). Additionally, CMFDA stains a nucleus compartment, which allows 

visualization of the entire cell. Also, since they display good fluorescence for a long time 

(for at least 72 hours), and transferred to daughter cells, these probes are a good choice for 

cell tracking. [167, 168]  
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Figure 16. Human adipose-derived mesenchymal stem cells (hMSCs): (A) stained with CellTracker™ Green 

CMFDA Dye (CMFDA); (B) stained with CellTracker™ Red CMTPX Dye (CMTPX). Confocal 

microscopy, 10× magnification, scale bar 100 µm. The excitation (blue) and emission (red) spectra of (C) 

CellTracker™ Green CMFDA Dye [167] and (D) CellTracker™ Red CMTPX Dye [168].   
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CMFDA has a green fluorescent spectrum with maximum of excitation in 492 nm 

and emission in 517 nm (Figure 16 (C)) [167]. When cells stained with CMFDA were 

observed using confocal microscope, the excitation wavelength was set to 492 nm and the 

detection range was set between 505 and 545 nm. CMTPX has a red fluorescent spectrum 

with maximum of excitation in 577 nm and emission in 602 nm (Figure 16 (D)) [168]. 

When cells stained with CMTPX were observed using confocal microscope, the excitation 

wavelength was set to 577 nm and the detection range was set between 590 and 630 nm. 

CMFDA and CMTPX were used to monitor cell migration in the long-term experiments, 

location and proliferation. Based on their spectrum (Figure 16), these fluorescent dyes can 

be used together. For example, when it is necessary to separate two types of cells on 

a sample. CMFDA and CMTPX can be used to stain cells in suspension. Furthermore, 

adherent cells can be stained before subculturing (passage), after which a stained 

suspension is obtained. Therefore, cells can be stained before seeding. There are some 

other dyes for whole cell staining, such as ViaFluor® SE Cell Proliferation Kits, but they 

have not been tested in our laboratory.  

Cell membrane staining is another way to mark cells that suitable for subsequent 

cell detection. It is useful and convenient manner to define cell borders. There are some 

plasma membrane fluorescent dyes that are suitable for living cells staining. However, 

most of them are lipophilic dyes, so they are quickly absorbed (by endocytosis). Thus, the 

staining becomes primarily intracellular. For example, CellMask™ plasma membrane 

stains and Wheat germ agglutinin conjugates are recommended to use for imaging of living 

cell membrane for only 30–90 minutes after staining [169, 170]. This is a very short period 

of time and is usually insufficient for cell motility studies. CellBrite™ Steady Membrane 

Labeling Kits are the modern alternative cell membrane fluorescent probes [171]. They 

allow visualization of cell surface membranes of living cells within several days. Their 

principle is based on the presence of the second component (enhancer), which reduces or 

eliminates intracellular staining. However, these dyes cannot be used for staining cells 

in suspension. Also, they are not suitable for co-culture experiments because they are 

transferred between cells. Therefore, this type of dyes was not chosen for long-term 

experiments in this work.  

The staining of organelles such as mitochondria, vesicles, and others, can also be 

used to detect cells. In the case where the stained organelles present in large numbers and 

tend to be evenly distributed in the cytoplasm, the basic algorithms of image segmentation 

are applicable. Various organelles can be stained with available fluorescent dyes or with 

fluorescent proteins, such as green fluorescent protein (GFP). Proteins can be successfully 

introduced into cells using transfection methods [85]. Transfected cells can express 

fluorescent proteins in different organelles or cell membrane within several days or weeks. 

The chemical reagents diethylaminoethyl (DEAE)-dextran, calcium phosphate and PEI are 

commonly used for in vitro cell transfection. Proteins form a complex with these chemical 

reagents, that uptake to cells by endocytosis. Currently, using synthetic cationic lipids and 

nanoparticles, as SPION, is very popular. These methods have relatively high efficiency of 

transfected complex transfer, the possibility of using in long-time experiments, in in vitro 

and in vivo experiments [86, 90, 172].  
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5.1 PROPERTIES OF RHODAMINE-DERIVED SUPERPARAMAGNETIC MAGHEMITE 

NANOPARTICLES  

Rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) were 

available in our laboratory. These nanoparticles have been of great interest. It was 

necessary to test their compatibility with cell cultures and the possibility of using them 

in long-term experiments. SAMN-R are iron oxide nanoparticles, which have a spherical 

shape. Maghemite structure (γ-Fe2O3) of prepared iron oxide nanoparticles was determined 

on the first day after preparation and confirmed in one year using Mössbauer spectroscopy 

[60, 61, 92]. Preparation protocol was previously published in several studies [60, 61, 91, 

92, 141]. SAMN-R colloidal suspension dissolved in water showed that it can maintain 

their colloidal stability at least six months [92]. Distribution of nanoparticle diameter and 

polydisperse index was quantified using dynamic light scattering (DLS, Zetasizer Nano 

ZS, Malvern Instruments). Value of polydisperse index was 0.22 ± 0.03 in dH2O and 

0.47 ± 0.03 in culture growth medium [141]. These nanoparticles size varied mainly from 

20 to 50 nm (Figure 17), that was confirmed in several previous studies [58, 60, 88, 92] 

with use of scanning electron microscope (SEM) and transmission electron microscope 

(TEM). SAMN-R are functionalized with Rhodamine B isothiocyanate fluorescent dye 

(Figure 17 (C)). The rhodamine shells on the maghemite surface are shown in  

Figure 17 (A, B) [92].  

 

Figure 17. Microscopic image of Rhodamine-derived superparamagnetic maghemite nanoparticles  

(SAMN-R) demonstrating the rhodamine shell on the maghemite surface. TEM, (A) scale bar 40 nm,  

(B) 10 nm [92]. (C) Schematic formation of rhodamine bound magnetic nanoparticles.   
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Since there was an interest in using iron oxide nanoparticles in in vitro research, 

SAMN-R were applied in cells treating study. In the initial study it was confirmed that iron 

oxide nanoparticles penetrate intracellular compartment and are located in the cell 

cytoplasm [58, 60, 91]. Cells were treated with nanoparticles about 24 hours [58, 60, 61, 

141] or 48 hours [58, 60]. In the study [60], MSC cells were treated with iron oxide 

nanoparticles for 48 hours and then stained with Prussian blue to confirm the nanoparticles 

penetration into the cell cytoplasm. Then in continuation of the study [58, 59], it was 

shown that iron oxide nanoparticles are localized in endosomes or lysosomes surrounding 

cell nuclei (Figure 18 (A, B)). It was confirmed mainly by SEM and TEM.  

 

Figure 18. Microscopic image of human mesenchymal stem cells (hMSCs) treated with superparamagnetic 

iron oxide nanoparticles (SPION): (A) Distribution of vesicles around the nucleus (Nu – labelled cell 

nucleus); (B) Detail of the nucleus surrounded by a clear region of endosomes containing nanoparticles 

(white arrows). Field emission SEM, magnification (A) 4300×, (B) 8000× (JEOL 7401F), scale bar = 1 μm. 

[58] 

Additional analysis using confocal microscopy technique was performed in the 

studies [61, 141]. In the study [61], hMSCs were treated with SAMN-R and then LysoBrite 

fluorescent marker (Cell Navigator™ Lysosome Staining Kit-green, AAT Bioquest) was 

applied for lysosomes staining. Since excitation and emission spectrum of SAMN-R and 

fluorescent marker used do not overlap, it was possible to detect SAMN-R and lysosome 

localization separately. In Figure 19 (A) hMSC cells stained with SAMN-R and LysoBrite 

dye are shown. The fluorescence intensity profiles of SAMN-R (red channel) and 

LysoBrite (green channel) overlap shows that nanoparticles are mainly localized in 

lysosomes (Figure 19 (C)). In Figure 19 (E) hMSC cells stained with SAMN-R and 

Hoechst 33342 nuclei dye are shown. The fluorescence intensity profiles of SAMN-R  

(red channel) and Hoechst 33342 (blue channel) overlap shows that they are located 

in different areas of the cell (Figure 19 (G)). The intensity of noise in the background and 

in the area inside nuclei shows that SAMN-R are located mainly in cytosol or 

in intracellular organelles. It is important to mention that SAMN-R nanoparticles were not 

present in the cell nuclei [58, 60, 141] (Figure 18, Figure 19 (E, G)). It was observed on 

3T3 cells, hMSCs and HL-1 cells.   
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Figure 19. Colocalization analysis of rhodamine-derived superparamagnetic maghemite nanoparticles 

(SAMN-R): (A) Human mesenchymal stem cells (hMSCs) marked with SAMN-R and LysoBrite dye (Cell 

Navigator™ Lysosome Staining Kit-green) and (E) hMSCs marked with SAMN-R and Hoechst 33342 dye 

(scale bar 25 µm); (C, G) relative intensity profile of the pixel values under the white line; (B, F) Scatterplot 

of red and green pixel intensities of the images shown in (A) and scatterplot of red and blue pixel intensities 

of the images shown in (E); (D, H) Pearson’s correlation coefficients (PCC) and Manders overlap coefficient 

(MOC) of 20 images of internalized SAMN-R and LysoBrite in hMSC and 20 images of internalized 

SAMN-R and Hoechst 33342 in hMSC.   
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Colocalization analysis is also presented graphically using scatterplots.  

Figure 19 (B) shows 2D histogram between the intensities of red pixels from the SAMN-R 

channel versus the intensity of the green pixels from the LysoBrite channel. Based on the 

shape of the 2D histogram that shows the clustered values around the diagonal, the high 

correlation between the colour channels can be observed. It means that images from these 

channels are colocalized. Figure 19 (F) shows the comparison of the image from the red 

(SAMN-R) channel with the image from the blue (Hoechst 33342) channel. In this graph 

the points are distributed into two groups. High-intensity pixels from one channel overlap 

with low-intensity pixels or pixels without signal in the second channel. Images from these 

channels are not colocalized.  

In addition, a quantitative analysis of colocalization of images from two channels 

was performed using Pearson’s correlation coefficient (PCC). The PCC for images 

acquired from two channels is calculated as [173]:  

𝑃𝐶𝐶 =
∑ (𝑋𝑖 − 𝑋̅) × (𝑌𝑖 − 𝑌̅)𝑖

√∑ (𝑋𝑖 − 𝑋̅)2 × ∑ (𝑌𝑖 − 𝑌̅)2
𝑖𝑖

   (4) 

where Xi and Yi  refer to the intensity values of the first and second channels, respectively, 

of pixel i, and 𝑋̅ and 𝑌̅ refer to the mean intensities of the first and second channels, 

respectively, across the entire image. When two images are perfectly colocalized then PCC 

value is near 1. PCC is near zero when images from two channels are not colocalized. 

Inverted images have a coefficient of -1. Usually, fluorescent images have a noise on the 

background. This can distort the results, because the pixels with positive intensity from the 

noise on both channels can be coincident. Based on [173], it was decided to use also 

Manders overlap coefficient (MOC), that is sensitive to detect coincident pixels in both 

channels at all signal levels. MOC value is sensitive for background. Therefore,  

it is recommended to use thresholded (binary) images. MOC is described by the equation:  

𝑀𝑂𝐶 =
∑ (𝑋𝑖 × 𝑌𝑖)𝑖

√∑ 𝑋𝑖
2 × ∑ 𝑌𝑖

2
𝑖𝑖

   
(5) 

where Xi and Yi  refer to the intensity values of the first and second channels, respectively, 

of pixel i. When this value is near 1, then images from two channels are colocalized. And 

when this value is near zero, then images are not colocalized [173].  

Graphs in Figure 19 (D) shows PCC and MOC values obtained from 

20 microscopic images of hMSCs treated with SAMN-R and stained with LysoBrite 

lysosomal dye. The number of nanoparticles penetrated into cells, quality of lysosome 

staining, and the level of background noise affect the values of these coefficients. 

Nevertheless, these values indicate that SAMN-R nanoparticles are located mainly 

in lysosomes. Figure 19 (H) shows PCC and MOC values obtained from 20 microscopic 

images of hMSCs treated with SAMN-R and stained with Hoechst 33342 nuclei dye. 

Hoechst 33342 can stain mitochondria. Usually, a signal from the mitochondria area 

is very low and can be easily removed by applying a threshold for image segmentation. 
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The intensity level of noise in the background and in the area inside nuclei is similar. Thus, 

it can be perfectly removed by applying threshold too. The performed quantitative 

colocalization analysis confirmed that SAMN-R nanoparticles are not localized in cell 

nuclei.  

Leica TCS SP8 X confocal microscope is equipped with white light source [68]. 

WLL in conjunction with AOTF allows to select specific excitation wavelengths from 470 

to 670 nm. Emission detection range is detected by sensitive HyD. This technical solution 

enables explore the spectral properties of the fluorescence dyes. For this purpose, LasX 

Leica confocal software is equipped with Lambda square (λ2) fluorescence mapping 

function [174]. The optimal SAMN-R spectrum was determined with this function. In the 

previous study [92], the spectrum of SAMN-R suspension in water was controlled using 

fluorescence spectroscopy. The excitation wavelength was determined at 554 nm and the 

emission wavelength at 580 nm. In this work, it was necessary to determine a spectrum 

of SAMN-R within cells.  

Microscopic images were acquired using Leica TCS SP8 X confocal microscope 

with 10× magnification. Excitation wavelength interval was set from 470 to 670 nm with 

a step of 10 nm. Emission interval range was set from 480 to 700 nm with bandwidth of 

20 nm. Images were obtained with a resolution of 512 × 512 pixels and a scan speed of 

100 Hz. In this experiment, hMSCs treated with SAMN-R were observed. In each obtained 

sequence 3–5 ROIs were selected (fluorescent marked area of cells), the total number  

was 70. To be able to compare the spectrum of 70 ROIs their values were normalized.  

The averaged spectrum is demonstrated in Figure 20. Maximum of excitation and emission 

is on 560 nm and 581 nm, respectively. These wavelengths were defined as optimal for 

image acquisition. Accordingly, when stained with SAMN-R nanoparticles cells observed 

by confocal microscope, then excitation wavelength was set at 560 nm and the detection 

range was set between 570 and 610 nm.  

 

Figure 20. Excitation and emission spectra (left) for rhodamine-derived superparamagnetic maghemite 

nanoparticles (SAMN-R) obtained by mean lambda square fluorescence maps. Example of lambda square 

fluorescence map (right).   
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5.2 IMAGE PROCESSING  

5.2.1 ALGORITHM FOR MEASUREMENT OF CELL CONFLUENCY  

Cell morphology and proliferation rate can be used to assess the health of the cells. 

Confluency is one of the indicators of cell proliferation. It is defined as the percentage of 

the surface of a culture vessel that is covered with adherent cells. Confluency and cell 

count are directly proportional [175, 176]. By the area of coverage of the adherent cells, 

it is possible to determine whether they are in normal conditions. Fluorescence microscopy 

can be useful when cells are cultured in various 3D scaffolds because in some cases  

it is impossible to focus on cells inside construction, especially if the cultivation surface 

is not flat. Also, based on the measurement of confluency, the transfection efficiency of the 

fluorescent protein can be assessed. The analysis of confluency has wide application. This 

prompted the development of programs for the image-based analysis of biological samples 

to include this application [134–136]. These programs include analysis of microscopic 

images obtained with PCM, light and fluorescence microscopy.  

In this work, MATLAB (The MathWorks, Inc.) computing environment was used 

to implement the developed method for the image processing and segmentation of the 

fluorescence images. This algorithm (Figure 21) is designed to detect cells marked with 

a fluorescent dye, that stains whole cells. In this work Calcein-AM and CMFDA cell 

tracker dyes were used. When images are acquired using a fluorescent confocal 

microscope, then the focal plane should be set very close to the surface of the culture 

vessel. Also, the surface plane of the culture vessel may be slightly tilted. In this case the 

images from the several focal planes can be acquired. Then, this z-stack can be averaged to 

avoid errors due to the possible tilt of the sample. Analysis of cell confluency provided by 

suggested algorithm [176] (Figure 21):  

1. Noise is reduced by linear image filtering with Gaussian low pass filter,  

2. Binary image of segmented cells is obtained by thresholding of the parametric 

image (threshold value was set experimentally),  

3. Individual false positive pixels are removed by median filtering,  

4. Confluency is determined as an area ratio of white to black pixels.  

 

Figure 21. Image processing pipeline for evaluating of cell confluency. From left to right: original grey-scale 

image processed by a Gaussian low pass filter; thresholded binary image; Individual false positive pixels are 

removed by median filtering.  
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5.2.2 ALGORITHM FOR QUANTITATIVE ANALYSIS OF SCRATCH ASSAY  

Gap closure or healing/scratch assay is a widespread use method for investigating 

collective cell migration. A gap is made at confluent cell monolayer. The cells then tend to 

migrate into free area and close the gap. A quantitative method is based on calculating the 

open area present at the scratch area in the middle of the microscopic image. Usually, the 

images are obtained at several time intervals up to close the gap. Then from the images 

obtained at different times the width or area of the scratch are determined and compared. 

Commonly used algorithms are based on scratch borders detection. Usually, the borders of 

the scratch are uneven (Figure 22), so the open area unevenly closes. In some part, the 

scratch closes faster. Therefore, quantification analysis based on open area calculation 

is preferable. It may be expressed using metric scales or as the percentage change 

in normalized measurement area to the initial open area [133, 177, 178]. In this work, the 

images acquired for each sample were analysed quantitatively by a custom algorithm using 

MATLAB software. This algorithm is designed for bright-field and fluorescence images, 

where cells are marked with a fluorescent dye, that stains whole cells. In this work, 

CMFDA cell tracker dye was used to stain the intracellular compartment. When the z-stack 

was obtained in a fluorescent channel, then it was summed at the beginning of an 

algorithm. The scratch measurement is provided by following algorithm (Figure 22) [141]:  

1. Thresholding of fluorescent image with manually selected threshold,  

2. Morphological filtering by closing and filling holes,  

3. Determination of scratch borders by morphological filtering,  

4. Computation of mean scratch width over all rows and scratch area.  

 

Figure 22. Basic pipeline of image processing approach for automatic scratch assay analysis. From left to 

right: original grey-scale image with pseudo-coloured cells; thresholded binary image; segmented image after 

application of morphological operations with detected scratch border; original image merged with detected 

scratch border, schematic of scratch width measurement.  
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5.2.3 CELL NUCLEI DETECTION  

In this work, an algorithm for detecting nuclei stained with a fluorescent dye was designed. 

The use of this algorithm helps to replace most of the routine manual cell marking. 

The automatically detected false positive and false negative cell nuclei were manually 

corrected. Usually, the images were acquired in parallel in fluorescence channel and bright 

field. In the bright field channel, we can see the cell morphology, that helps to control the 

false detections. The MATLAB computing environment was used to implement the image 

processing algorithm.  

The cell counting was performed by semi-automatic determination of the number of 

cell nuclei (Figure 23), which were stained with Hoechst 33342. Proposed algorithm [141] 

can be briefly described in a few steps:  

1. Noise is reduced by linear image filtering with Gaussian low pass filter,  

2. Nuclei edges are enhanced by a computation of a local standard deviation,  

3. Binary image of segmented nuclei is obtained by thresholding of the 

parametric image (threshold value was set experimentally),  

4. Individual false positive pixels are removed by median filtering,  

5. Mutually adherent cells in binary image are divided by computation of 

a distance transform and subsequent application of watershed segmentation 

algorithm,  

6. False positive groups of the smaller number of pixels than experimentally 

selected threshold value are excluded,  

7. Centroids of the remaining binary objects are counted – number of cells,  

8. Result can be eventually manually modified – correction of possible false 

positive/negative detections.  

 

Figure 23. Image processing pipeline for semi-automatic cell counting. From left to right: original grey-scale 

image processed by a Gaussian low pass filter; resized thresholded binary image; resized image with nuclei 

divided by a watershed algorithm; resized image with nuclei with marked centroids; the resulting image of 

centroids after manual corrections mapped to the resized original grey-scale image: positive detections are 

marked with green plus sign, false positive with red plus sign, false negative with blue plus sign.   
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There are several factors that affect the success of nuclei segmentation. The shape 

of the nuclei is not perfectly round and the size of some of them can differ significantly 

in the microscopic image. Dividing cells change their size and shape during the phases of 

mitosis. Particularly noticeable the large nuclei size in the metaphase, ellipsoidal nuclei 

shape in the anaphase, and small nuclei size in the telophase. In cells that are in contact, the 

nuclei can be at a very small distance from each other. Those nuclei can be connected 

in the binary image after threshold operation. Then the watershed segmentation algorithm 

can help to separate connected nuclei. Unfortunately, this algorithm can also split the 

ellipsoidal nuclei. Consequently, false-positive detection can occur (see red plus sign 

in Figure 23). Also, the nuclei of some cells can be less stained due to different degrees of 

dye absorption, therefore, they are less intense. Also, it is necessary to pay attention to the 

staining principle. For example, molecules of Hoechst 33342 bind to DNA, thus nuclei are 

stained unevenly, and weak fluorescence can be observed in mitochondria. At the threshold 

phase of the segmentation algorithm, unevenly and less stained nuclei can be detected 

as noise or several small objects. Therefore, false-negative or false-positive detections may 

occur. In this case, noise level and image resolution are important factors.  

The surface plane of the culture vessel, which is on the microscope stage, may be 

slightly tilted. This can be facilitated by inaccuracies in the manufacture of culture vessels 

or in their placement on the microscope stage. A change in the temperature of the culture 

vessels material may also cause slight deformations. Using confocal scanning microscope, 

we get an image of an object slice from the focal plane. When the culture vessel is slightly 

tilted, then the focal plane is in the different height of cells, which are on opposite sides of 

the field of view. The differences in the transparency, intensity, and size of the objects 

in different parts of the microscopic image can appear. Thus, the number of false-negative 

detections may increase. When the images from the several focal planes can be acquired, 

these z-stacks can be averaged at the beginning of the algorithm to avoid errors due to the 

possible tilt of the sample. However, in some cases, it is impossible to increase the number 

of z-stacks, for example, in time-lapse experiments due to the time limit.  

Usually, when there are a small number of cells in the image, there are only a few 

false detections. Threshold value is set manually, and its value is chosen experimentally. 

With a small number of objects, it is easier to select the optimal threshold value 

to minimize false detections. With a large number of nuclei in the image, there is a high 

probability of finding adjacent, small, large, low-intensity and/or ellipsoidal nuclei. 

Therefore, the amount of false-positive and false-negative detections increases. 

The sensitivity of the algorithm is stable, even with a large number of nuclei in the 

microscopic image. The values of calculated sensitivity (true positive rate (TPR)), positive 

predictive value (PPV) and F1-score are shown in Figure 24. These values were 

statistically analysed using MATLAB software. Firstly, it was controlled whether the 

values in each group are normally distributed using the Shapiro-Wilk test (Table 1) [179]. 

The null hypothesis states that the values of compared groups are normally distributed. 

When p-value is greater than 0.05, then the data are normally distributed (marked in bold 

in the Table 1). When the p-value is less than 0.05, then the tested data significantly 

deviate from a normal distribution.  
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Figure 24. The values of sensitivity (true positive rate (TPR)), positive predictive value (PPV) and F1-score 

of presented semi-automatic nuclei detection algorithm. The first boxplots display values from all 

microscopic images. Then boxplots from the groups, divided by the number of nuclei in the image, are 

presented separately.   
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The results of this test show that the data in some groups are not normally 

distributed. Therefore, the Kruskal-Wallis nonparametric test [180] was used to determine 

whether any of the differences between the medians of compared groups are statistically 

significant (Table 1). The null hypothesis states that the medians of compared groups are 

equal. When the p-value exceed 0.05 (marked in bold in the Table 1), then the differences 

between the medians are not statistically significant. When the p-value is lower (or equal) 

than 0.05, then the differences between some of the medians are statistically significant. 

[180]  

Table 1. Statistical test applied on values of sensitivity (true positive rate (TPR)), positive predictive value 

(PPV) and F1-score of presented semi-automatic nuclei detection algorithm. Table of p-values from  

Shapiro-Wilk and Kruskal-Wallis statistical tests. P-values greater than 0.05 marked in bold (null hypothesis 

is accepted). A first group includes all the studied microscopic images. The following groups are divided  

by the number of cells in the image.  

 Statistical test 

 Shapiro-Wilk (p-value) Kruskal-Wallis (p-value) 

Group TPR PPV F1-score TPR PPV F1-score 

37-99 nuclei 0.0274 0.0449 0.1560 

0.1010 0.0015 0.0000 

100-199 nuclei 0.0019 0.7337 0.1211 

200-299 nuclei 0.0834 0.1976 0.7740 

300-599 nuclei 0.0148 0.6656 0.0132 

600-875 nuclei 0.3335 0.6048 0.5644 

It was confirmed that the differences between the medians of TPR are not 

statistically significant. Therefore, it can be assumed that the medians of the sensitivity 

do not depend on the density of cells in the images. However, the PPV and F1-score 

in images with different cell densities are statistically significant.  

The difference between each group was calculated separately using Tukey-Kramer 

post hoc test (Table 2) [181]. This test compares all possible pairs of means of groups, 

whether they are equal. The null hypothesis states that the means of two groups are equal. 

When the p-value is less than 0.05, then we can reject the null hypothesis.  

The results of this test show that the differences between the sensitivities of nuclei 

detection algorithm applied on images with different cell number in the image are not 

statistically significant. The significance of correctly true positive detected nuclei 

in images with different cell number are randomly distributed. The dependence of the  

p-value when comparing groups with a larger and smaller number of cells was not 

revealed. PPV values are irregular. Therefore, values of F1-score are randomly distributed 

when comparing groups with each other.  
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Table 2. Statistical test applied on values of sensitivity (true positive rate (TPR)), positive predictive value 

(PPV) and F1-score of presented semi-automatic nuclei detection algorithm. Table of p-values from  

Tukey-Kramer statistical test. P-values greater than 0.05 marked in bold (null hypothesis is accepted).  

 
Statistical test 

Turkey-Kramer (p-value) 

Compared groups TPR PPV F1-score 

37-99 nuclei 100-199 nuclei 0.9915 0.0586 0.0324 

37-99 nuclei 200-299 nuclei 0.5312 0.0193 0.0044 

37-99 nuclei 300-599 nuclei 0.9998 0.8974 0.9905 

37-99 nuclei 600-875 nuclei 0.8240 1.0000 0.9924 

100-199 nuclei 200-299 nuclei 0.8789 0.9997 0.9902 

100-199 nuclei 300-599 nuclei 0.9608 0.5485 0.1823 

100-199 nuclei 600-875 nuclei 0.4637 0.0340 0.0041 

200-299 nuclei 300-599 nuclei 0.4015 0.3395 0.0412 

200-299 nuclei 600-875 nuclei 0.0463 0.0100 0.0004 

300-599 nuclei 600-875 nuclei 0.9402 0.8206 0.8451 

The values of TPR, PPV and F1-score are the highest in the images with cell 

number lower than 100. On these images the number of false detections is lower 

in comparison with the images with a larger cell number. In the used microscopic images, 

the cell confluency reaches 100% when the number of cells is more than 300. On these 

images there are more false detections. Cell nuclei detection in such images requires 

a large number of corrections of false detections. Nevertheless, the number of false 

detections relative to the total number of cells is low. This explains the high values of 

the TPR, PPV and F1-score on the groups with large number of cells in the image.  
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5.2.4 CELL TRACKING ALGORITHM 

Cell detection provided by suggested algorithm (Figure 25):  

1. Noise is reduced by non-linear image filtering with median filter,  

2. Binary image of segmented cells is obtained by thresholding of the parametric 

image (threshold value was set experimentally),  

3.  The connection of cell filopodia, that have a low intensity at the original 

image, with cell body and separation of potentially touch cells is performed 

using morphological operations (fill holes, open),  

4. Objects located on the border of images are excluded,  

5. Elimination of the false positive objects with small area size, in comparison 

with the size of cells,  

6. Detection of centres of mass on the remaining objects.  

 

Figure 25. Image processing pipeline of cell detection and cell tracking. On the top images from left to right: 

original grey-scale image; detail of the original image processed by median filter; thresholded binary image 

followed by application of morphological operations; small false positive objects removed and centres of 

mass of the cells determined, marked with red circle. At the bottom images from left to right: acquired image 

sequence from time-laps experiment with a marked area in a blue square; detection of the cell centres of mass 

at the image sequence (algorithm is on the top) showed on the marked area; determination of the accumulated 

(red) and Euclidean (blue) distances.  
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This algorithm was introduced in [24]. It is designed to detect cells marked with 

a fluorescent dye, that stain whole cells, such as CMFDA cell tracker dye and Calcein-AM, 

that were used in this work. This algorithm for cell detection can be applied for image 

sequences. Thereby, it is possible to determine the position of the cells in each time 

interval. Then migration tracks can be calculated from subsequent coordinates.  

For example, see accumulated and Euclidean distances visualised on the original 

microscope image on the Figure 25. Unfortunately, cells can extend beyond the edges of 

the field of view with time. In addition, high cell density, connected cells and cells in the 

phases of mitosis may cause complications in cell segmentation. In this algorithm that 

objects were manually removed. Also, it is not suitable for images with high cell density.  

The method of cell identification in the different frames can be improved 

by applying other successful methods. For example, in [182] segmentation of whole cells 

was performed in each image in described stacks from the one field of view.  

Then segmented cells in two adjacent images were compared. Cell in two frames was 

determined as the same, when their segmented area in the first frame overlaps the most 

with the location of segmented cell in the next frame. This method is acceptable,  

when observed cell type do not move quickly and when frame rate is selected 

appropriately.  

Presented algorithm was used during the first experiments where only stained cells 

were used together with a short frame rate (2.5 min). The experimental protocol was 

subsequently changed. It was decided to observe several cell groups simultaneously. 

Therefore, the number of fields of view and frame rate were increased. Also, it was 

necessary to change time interval due to photobleaching effect. The frame rate from five to 

ten minutes was defined as optimal. Then it was decided to include control cell group 

without any treatment. Presented algorithm is not applicable to non-labelled cell groups. 

It was the main reason to use the manual tracking only in the part of single-cell migration 

study.  

Currently, cell segmentation, detection and tracking are very important fields 

in biological research. Different microscopic techniques are used to the cell motility.  

The most popular are PCM, digital holographic microscopy (DHM), fluorescence 

microscopy and fluorescent confocal microscopy. Using of PCM and DHM has 

an advantage in possibility to study non-labelling cells. However, it is primary 2D and 

pseudo-3D research. Currently, cell tracking is still a great challenge [183]. There are 

many of new solutions including methods for division cells tracking [184, 185]. 

Furthermore, to improve the detection of nuclei in microscopic images, in addition to the 

basic segmentation methods, deep learning algorithms became the state-of-the-art approach 

for the complete automatic detection of nuclei. Furthermore, in [186], nuclei detection was 

realized on label-free microscopic images using Convolution Neural Network (CNN).  
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5.3 CEL LABELLING PROTOCOLS  

5.3.1 HOECHST 33342  

To prepare a stock solution, dissolve 5 mg of Hoechst 33342 (14533, Sigma-Aldrich) 

powder in 177 µL of sterile dH2O to prepare dye in concentration of 50 mM. For cell 

nuclei staining use the work solution in concentration of 50 µM. For example, dilute 1 µL 

stock solution dye in 1 mL growth medium. To stain cell nuclei of adherent cells, remove 

growth medium. Then gently wash cells by PBS and add 50 µM work solution. Move cells 

to humidified incubator at 37°C for about 15 minutes. After that, remove dye solution and 

gently wash cells by PBS twice. Then cultivate cells in growth medium. [159]  

5.3.2 CALCEIN AM  

To prepare a stock solution, dissolve 1 mg of Calcein-AM (17783, Sigma-Aldrich) powder 

in 100 µL of DMSO to prepare dye in concentration of 10 mM. Before staining, prepare 

work solution in final concentration of 10 µM. For example, dilute 1 µL stock solution dye 

in 1 mL growth medium. To stain adherent cells, remove growth medium and gently wash 

cells by PBS. Then add 10 µM dye solution and incubate it for 15 minutes in humidified 

incubator at 37°C. Then remove dye solution, gently wash cells by PBS and cultivate it 

in growth medium. [165]  

5.3.3 CELLTRACKER™ GREEN CMFDA DYE AND CELLTRACKER™ RED CMTPX DYE  

CMFDA (C7025, Invitrogen) and CMTPX (C34552, Invitrogen) have the same protocol of 

work solution preparation and cell stain. The dye vial, which contains 50 µg of powder, 

warm to room temperature and centrifuge at 1000 rpm for 5 minutes. Then dissolve it 

in 100 µL of Dimethyl sulfoxide (DMSO; PENTA s.r.o.) to make a 1 mM stock solution. 

Before staining, warm 1 mM stock solution to 37°C and then dilute it to a final 

concentration of 1 µM in serum free medium. For example, dilute 1 µL dye in 1 mL serum 

free medium. To stain adherent cells, remove growth medium and gently wash cells by 

PBS. Then add pre-warmed 1 µM dye solution and incubate for 15 minutes in humidified 

incubator at 37°C. Then remove dye solution, gently wash cells by PBS and cultivate 

in growth medium. [167, 168]  

5.3.4 RHODAMINE-DERIVED SUPERPARAMAGNETIC MAGHEMITE NANOPARTICLES  

SAMN-R (Regional Centre of Advanced Technologies and Materials, Palacký University, 

Olomouc) suspension was homogenised during 20 minutes using ultrasonic homogeniser 

(30W, 0.5s/3s pulse) before use. To prepare stained solution, mix SAMN-R in warm 

growth medium (37°C) at a dose value of 20 µg·cm-2 [141]. To stain adherent cells, 

remove growth medium and gently wash cells by PBS. Add the prepared solution to the 

culture vessel with adherent cells. After 24 hours, remove medium with nanoparticles, 

wash cells with PBS twice and add fresh growth medium. Method of synthesis and 

SAMN-R preparation was introduced in [92].  
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6 STUDY OF RHODAMINE-DERIVED SUPERPARAMAGNETIC MAGHEMITE 

NANOPARTICLES TOXICITY IN CELL CULTURES  

When nanoparticles used to live cells labelling it is necessary to control their dose or 

concentration to avoid toxic effects on the cells. SAMN-R diluted in the water demonstrate 

colloidal behaviour within several days [92]. For cell staining it is necessary to dilute this 

concentrated colloidal solution of nanoparticles in cell culture medium. As seen  

in Figure 26 nanoparticles form a precipitate (black flecks in bright-field images) in the 

interaction with cell growth medium. Nevertheless, nanoparticles successfully penetrate 

into the intracellular environment of cells. In the previous studies [60, 61, 92] SAMN-R 

were used in concentration of 50 μg·mL-1. Since the suspension of nanoparticles does not 

retain a colloidal state in culture medium it was decided to study the dose parameter of 

nanoparticles in terms of mass per unit area surface of the culture dish (µg·cm-2). Also, this 

choice was influenced by the fact that the cell culture flasks, dishes and different scaffolds 

have a different growth area and required volume of medium.  

Human MSCs and 3T3 cells were treated with different concentrations of SAMN-R 

to study the dose parameter. The analysis was based on an assessment of visible changes in 

cell morphology. Eight-well chambered cover glasses (Cellvis) were chosen for SAMN-R 

toxicity test. Suspension of nanoparticles was homogenised during 20 minutes using 

ultrasonic homogeniser (30W, 0.5s/3s pulse) before use. The glass surface was coated with 

fibronectin solution (FN; Sigma-Aldrich) in concentration of 1 μg·cm-2. After subculturing, 

cells were seeded at a density of 4·103 cells·cm-2 in each well. When the cell confluence 

reached 70–80%, then growth medium was removed and fresh growth medium with 

SAMN-R were added for 24 hours. To find the optimal dose of particles, the following 

values were selected: 5 µg·cm-2, 10 µg·cm-2, 15 µg·cm-2, 20 µg·cm-2, 25 µg·cm-2, 

30 µg·cm-2 and 35 µg·cm-2. One of the wells was without nanoparticles treating for 

control. On the next day, medium with nanoparticles was removed, cells were washed with 

PBS and fresh growth medium were added. Then cell morphology was controlled using 

a confocal microscope. Representative results are shown in Figure 26.  

A dose of nanoparticles in value of 30 µg·cm-2 were identified to be toxic because 

of the appearance of a large number of necrotic cells (Figure 26). When using 

nanoparticles at a dose level of 25 µg·cm-2 the visible changes in cell morphology were 

observed – there were areas where cell adhesion was impaired. This effect was observed 

only in 3T3 cell samples. There were no visible changes in hMSCs samples, but a large 

amount of precipitate was observed. The use of this dose is not recommended, since the 

structure of some cells is not visible and it is difficult to determine the result of the 

nanoparticle influence. A dose of 20 µg·cm-2 was determined to be safe and was used 

in following studies. In this work cells were treated with SAMN-R during 24 hours. 

Thereafter, they were washed with PBS before adding the fresh growth medium. This step 

in the cell stain protocol helps to remove a significant part of the nanoparticle clusters.  
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Figure 26. Influence of rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) at a dose 

level of 20 µg·cm-2, 25 µg·cm-2 and 30 µg·cm-2 on 3T3 (left) and hMSCs (right) cell morphology.  

The images on top represent the samples without nanoparticle treatment (control). Confocal microscopy, 

bright-field channel (BF), fluorescence channel (FL) 10× magnification, scale bar 100 µm.  

The dose value has been determined by non-quantitative measurement using  

bright-field and fluorescence microscopy. This method was used to determine the 

approximate dose of nanoparticles that can be suitable for labelling living cells.  

6.1 REACTIVE OXYGEN SPECIES  

Nanoparticles influence the generation of ROS, that is the main factor of their toxic effect. 

ROS is an important factor connected with the beginning of cell stress and the developing 

of pathological cell changes. ROS production by hMSCs and 3T3 cells treated with 

SAMN-R was determined by fluorescent ROS probe CM-H2DCFDA (C6827, Invitrogen). 

Human MSCs and 3T3 cells were seeded on 96-well plate in density of 5·103 cells·cm-2.  

At the next day growth medium was removed and fresh growth medium with SAMN-R 

were added for 24 hours on some wells. There were control wells without treatment and 
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tested wells treated with 10 μg·mL-1, 50 μg·mL-1 and 100 μg·mL-1 of SAMN-R. Then, 

cells were stained during 45 min with CM-H2DCFDA in final concentration of 10 µM·L-1 

in Hank's balanced salt solution (HBSS). After that, the fluorescent signal from each well 

was measured using an Infinite PRO M200 microplate reader (Tecan, Austria).  

The excitation wavelength was set on 505 nm and emission wavelength was set on 529 nm. 

The intensity of treated cells with SAMN-R was compared with intensity of cells without 

treatment (control samples). This experiment was performed three times. In Figure 27 

graphical overview of measured ROS values is shown.  

 

Figure 27. Measurement of reactive oxygen species (ROS) using CM-H2DCFDA fluorescent probe.  

The intensity of CM-H2DCFDA from samples of hMSCs and 3T3 cells treated with SAMN-R 

in a concentration of 20 μg·mL-1, 50 μg·mL-1 and 100 μg·mL-1 in compare with control samples without 

treatment. The horizontal segment (whiskers) marks the standard deviation of fluorescence intensity.  

In order to determine if SAMN-R treatment affects ROS changes, statistical 

analysis was performed (using the MATLAB software). Using Shapiro-Wilk test [179] 

it was determined whether the values in the groups are normally distributed. The null 

hypothesis states that the values of compared groups are normally distributed. P-value 

in all groups is greater than 0.05 (marked in bold in the Table 3), therefore it was 

confirmed that the values in all groups are normally distributed. Then, the Bartlett’s test for 

homogeneity of variances was used to test whether variances are equal [187]. The null 

hypothesis states that the variances of all compared groups are equal. Calculated p-values 

are greater than 0.05 (marked in bold in the Table 3), therefore a null hypothesis was 

not rejected. Thus, the conditions for the ANOVA test were confirmed [180]. ANOVA test 

was used to compare the means of ROS values from cells treated with SAMN-R 

in different concentrations. The null hypothesis states that the means of ROS values in all 

groups are equal. The values from treated 3T3 cells were compared, p-value was greater 

than 0.05 (marked in bold in the Table 3), therefore a null hypothesis was accepted.  

Thus, the distinction between compared data sets is considered as not statistically 

significant. It can be assumed that SAMN-R in studied concentrations do not have 

a significant effect on ROS in 3T3 cells. However, the result of this test applied on the 

ROS values from hMSCs is not the same. P-value from this data set is less than 0.05 

significance level (see values in regular type in the Table 3). It means, that the mean value 

of ROS for at least one concentration is different. It can be assumed that at least one 
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concentration of SAMN-R can have a significant effect on ROS in hMSC cells. Therefore, 

it was decided to use post-hoc Tukey HSD (Honestly Significant Difference) statistical test 

to compare values from all groups separately [180]. The null hypothesis states that 

the means of two compared groups are equal. It was confirmed that there is difference 

between means of ROS values from control group and hMSCs treated with SAMN-R 

in a concentration 20 μg·mL-1. P-value from this data set is less than 0.05 significance level 

(see values in regular type in the Table 4). The results show that some concentrations of 

SAMN-R can affect ROS production. Nevertheless, more test experiments are needed to 

study the toxic effect of nanoparticles on living cells. According to the working volume 

(200 μL) of growth medium and growth area of 96-well plate (0.32 cm2), concentration 

of tested SAMN-R in this experiment of 20 μg·mL-1 corresponds to 12.5 µg·cm-2, 

50 μg·mL-1 corresponds to 31.25 µg·cm-2 and 100 μg·mL-1 corresponds to 62.5 µg·cm-2. 

In the following experiments in this work the dose value of 20 µg·cm-2 was used.  

This value is the intermediate value among the tested values.  

Table 3. Statistical tests applied on values of ROS production by hMSCs and 3T3 cells treated with SAMN-R 

in different concentrations. Table of p-values from Shapiro-Wilk test, Bartlett’s test and ANOVA. P-values 

greater than 0.05 marked in bold (null hypothesis is accepted).  

Cell line 

 

Group with 

different 

concentration of 

SAMN-R  

Statistical test 

 

Shapiro-Wilk  

(p-value) 

Bartlett’s test 

(p-value) 

ANOVA  

(p-value) 

3T3 cells  

 

Control 0.9082 

0.9782 0.2059 
20 μg·mL-1 0.9420 

50 μg·mL-1 0.9521 

100 μg·mL-1 1.0000 

hMSCs 

Control 0.9559 

0.3401 0.0163 
20 μg·mL-1 0.7262 

50 μg·mL-1 1.0000 

100 μg·mL-1 0.8428 

 

Table 4. Statistical tests applied on values of ROS production by hMSCs cells treated with SAMN-R 

in different concentrations. Table of p-values from post-hoc Tukey HSD test. P-values greater than 0.05 

marked in bold (null hypothesis is accepted).  

Compared 

groups with 

different 

concentration 

of SAMN-R 

Control /  

20 μg·mL-1 

Control /  

50 μg·mL-1 

Control /  

100 μg·mL-1 

20 μg·mL-1/ 

50 μg·mL-1 

20 μg·mL-1/ 

100 μg·mL-1 

50 μg·mL-1/ 

100 μg·mL-1 

Tukey HSD 

statistical test 

(p-value) 

0.0178 0.0913 0.7835 0.6470 0.0627 0.3124 
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6.2 STUDY OF THE CELL PROLIFERATION 

The toxicity analysis is often based on the detection of live/dead cells. It can be performed 

using cell dyes as Trypan blue, Propidium iodide, Calcein-AM, Ethidium homodimer-1, 

etc. A decrease in the number of living cells changes a cell growth curve. Thus, the toxic 

effect of the different chemicals can be studied using the cell growth curve. In this work 

the study of the possible influence of SAMN-R on the cell proliferation was carried out 

using a cell growth curve. This study was performed on the 3T3 cells. Two types of 

nanoparticle application have been tested: treating with nanoparticles before  

(Figure 28 (B)) or after subculturing (Figure 28 (A)).  

At first the method of treating cells with nanoparticles after cell subculturing was 

studied. To test this type of nanoparticle application the 3T3 cells were seeded on two  

8-well chambered FN-coated cover glasses (Celvis) at a density of 4·103 cells·cm-2. After 

18 hours cell were controlled and three wells on each cover glasses were treated with  

SAMN-R in a dose of 20 µg·cm-2. Then nuclei of the cells in two nontreated wells were 

stained by Hoechst 33342 and Calcein-AM. Then fluorescent images were acquired by 

confocal microscope. After six hours cells treated with nanoparticles were washed with 

PBS (24 hours after cell seeding) and then culture medium was added. Then cell nuclei on 

two nontreated wells and two wells treated with nanoparticles were staining after 24, 48, 

72 hours after seeding. After image acquisition ten staggered fields of view in the middle 

of the wells were selected. On these images the cell count was determined by counting the 

nuclei stained with Hoechst 33342. For cell nuclei segmentation and semi-automatic 

determination of number of cells a custom-made algorithm in MATLAB software was 

used (chapter 5.2.3). The obtained cell growth curve is shown in Figure 28 (A). For cell 

viability and confluency control (data not shown) [176], cells on the wells prepared to 

image acquisition were stained with Calcein-AM. Experiments were repeated three times.  

In the first method the cells were treated with nanoparticles during six hours.  

In the study [91], treated cells were controlled after two, seven and 24 hours. After seven 

hours a good fluorescence signal was detected. During this time, a lot of particles 

penetrated intracellular compartment of the cells [96, 188], which also was confirmed by 

many observations (data not shown). Nevertheless, the effect of long-term nanoparticle 

treating (24–48 hours) was of interest in many types of experiments [58–61, 91]. It was 

decided to treat cells with nanoparticles during 24 hours in the second type of the 

experiment and in all subsequent experiments to comply with the same conditions. In turn, 

the use of fluorescent markers has a widespread use for automatically cell segmentation 

[189–191]. For this reason, the CellTracker™ Green CMFDA was tested for comparison 

with SAMN-R. This choice was made because this dye is a low toxic and suitable for  

long-term experiments.  

To test the effect of fluorescent markers application before cell seeding the 

3T3 cells were seeded on three wells of 24-well plate (growth area per well: 1.9 cm2;  

Sigma-Aldrich s.r.o.). When cell confluency reached 80–90%, then cells on the first well 

were treated with SAMN-R, on the second well were stained with CMFDA. The third well 

was the control sample without influence. After 24 hours cells were washed with PBS and 
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subcultured. Then each cell type were seeded in eight wells on three 8-well chambered  

FN-coated cover glasses (Celvis) at a density of 4·103 cells·cm-2. After 24, 48, and 

72 hours, two wells from each type were stained with Hoechst 33342 and then fluorescent 

images were acquired by confocal microscope. The same algorithm as in the first type of 

experiments was used for cell count. Experiments were repeated three times. The obtained 

cell growth curve is shown in Figure 28 (B).  

 

Figure 28. Cell growth curve of 3T3 cells. Each column represents the number of cells in an area of 1 mm2 

from ten field of view by three groups of samples: control cells without treatment (blue), treated with 

rhodamine-derived superparamagnetic maghemite nanoparticles (red), stained with CellTracker™ Green 

CMFDA Dye (green).  

Statistical analysis was performed to identify the effect of SANM-R and CMFDA 

labelling on cell proliferation. Initially, it was determined whether the values in the groups 

are normally distributed. It was evaluated using Shapiro-Wilk test [179]. The null 

hypothesis states that the values of compared groups are normally distributed. P-value 

in all groups is greater than 0.05. Thus, it was confirmed that the values in all groups are 

normally distributed (marked in bold in the Table 5, Table 6). Then, the F-test [180] was 

used to compare the variances of two data sets from the first graph (Figure 28 (A)) and 

to compare three data sets with each other from the second graph (Figure 28 (B)). The null 

hypothesis states that the variances of compared groups are equal. All p-values are greater 

than 0.05 (marked in bold in the Table 5, Table 7), therefore a null hypothesis was 

accepted. The variances of compared data sets in the first (non-labelled cells and  

SAMN-R-treated cells) and second graph (non-labelled cells, SAMN-R-treated cells and 

cells stained with CMFDA) are equal. Also, T-test was used to compare the means of data 

sets from the first graph (Figure 28 (A)) and ANOVA test was used to compare the means 

of data sets from the second graph (Figure 28 (B)) [180]. The null hypothesis states that the 

means of two groups are equal. All p-values are greater than 0.05 (marked in bold  

in the Table 5, Table 6), therefore a null hypothesis was accepted. The results of this test 

show that the distinction between compared data sets is considered as not statistically 

significant. It can be assumed that SAMN-R and CMFDA do not have a significant effect 

on cell proliferation. The MATLAB software was used to perform statistical analysis.  
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Table 5. Statistical tests applied on values of cell nuclei count in different time from cell growth curve of 3T3 

cells (first method). Table of p-values from Shapiro-Wilk test, F-test, and T-test. P-values greater than 0.05 

marked in bold (null hypothesis is accepted).  

Time (hours) Group 

Statistical test 

Shapiro-Wilk  

(p-value) 
F-test (p-value) T-test (p-value) 

24 
Control 0.2525 

0.4050 0.1324 
SAMN-R 0.7444 

48 
Control 0.8299 

0.5709 0.0657 
SAMN-R 0.4136 

72 
Control 0.4288 

0.8710 0.8281 
SAMN-R 0.6116 

Table 6. Statistical tests applied on values of cell nuclei count in different time from cell growth curve of 3T3 

cells (second method). Table of p-values from Shapiro-Wilk test and ANOVA statistical tests. P-values 

greater than 0.05 marked in bold (null hypothesis is accepted).  

Time (hours) Group 
Statistical test 

Shapiro-Wilk (p-value) ANOVA (p-value) 

24 

Control 0.7270 

0.8692 SAMN-R 0.6063 

CMFDA 0.3699 

48 

Control 0.0532 

0.6003 SAMN-R 0.0738 

CMFDA 0.9685 

72 

Control 0.3564 

0.9173 SAMN-R 0.6275 

CMFDA 0.7840 

Table 7. Statistical tests applied on values of cell nuclei count in different time from cell growth curve of 3T3 

cells (second method). Table of p-values from F-test. P-values greater than 0.05 marked in bold  

(null hypothesis is accepted).  

 

F-test (p-value) 

 

Time (hours) 

Compared groups 24 48 72 

Control SAMN-R 0.4773 0.1146 0.3351 

Control CMFDA 0.1411 0.0834 0.4547 

SAMN-R CMFDA 0.1292 0.4251 0.2950 
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6.3 DISCUSSION  

Nanoparticles are of great interest in biological research because they can be used for cell 

marking and drug delivery. Their widespread use is due to unique properties such as their 

biocompatibility, biodegradability, and ability to penetrate cells [56, 57, 192]. 

Nanoparticles are a promising material that is suitable for in vitro research in the field of 

regenerative medicine and therapy, but many studies have shown that they exert a toxic 

effect on living cells. The interactions between nanoparticles and cell membranes are 

affected by their material, size, surface compound, and charge [96, 101, 105]. SPION are 

currently very popular and have yielded successful results in many fields of research. 

In the first studies they have mainly been used for MRI [45, 46, 82, 83], but the discovery 

of new characteristics has expanded their application to tumour and cancer therapy, 

hyperthermia therapy, and cardiovascular research, among other fields [45, 47–53].  

In recent research, different organic and inorganic coatings have been used for the 

functionalization of nanoparticles including polymers, lipids, peptides, proteins, drugs, 

silica, carbon, metals, and oxides [55, 56, 192]. SAMN-R are functionalized with 

Rhodamine B isothiocyanate fluorescent dye and therefore SAMN-R-treated cells can be 

detected by means of fluorescence microscopy. For this reason, they are used for cell 

marking in, for example, tissue engineering [36, 42], but coatings can lead to surface 

charges and influence interactions with the cell membrane [96, 105], which can also affect 

their toxicity.  

Recent studies have revealed that nanoparticles such as SPION affect ROS 

production [106–108]. ROS are normally generated during metabolic reactions, but their 

production can also be influenced by physical or chemical exposure. Changing ROS 

production (either by increasing or decreasing it) can lead to the damage of 

macromolecules such as DNA, proteins, and lipids, and therefore cell treatment with 

nanoparticles can promote a toxic effect. It is very important to measure changes in ROS 

production at the beginning of in vitro studies to exclude concentrations that have 

a damaging effect on living cells. In this work, three concentrations of SAMN-R  

(20 μg·mL-1, 50 μg·mL-1, and 100 μg·mL-1) are tested, after which a statistical analysis 

confirmed that significant changes in ROS production occur in hMSCs treated with 

SAMN-R in a concentration of 20 μg·mL-1. It should be noted that due to limited access 

to the necessary equipment, only three measurements were performed for this study.  

Iron oxide nanoparticles form clusters in the cell growth medium because of the  

zeta-potential changes [96]; they do not retain their colloidal stability in this environment, 

thus form sediment in culture vessels. A large number of sizeable clusters can exert 

a damaging effect on cell membranes [105, 193] and, for cell treatment in in vitro 

experiments, it is usually necessary to mix nanoparticles in the cell growth medium.  

It was decided that for this study, it was more appropriate to research the concentration of 

nanoparticles in a per-surface-area unit in order to determine what dose of SAMN-R would 

not have a toxic effect on living cells. The first test was performed based on observations 

of changes in cell morphology (Chapter 6), which helped to define a tentative dose suitable 
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for marking living cells. A dose of 20 µg·cm-2 was determined to be safe, but it was first 

necessary to test for possible toxic effects via quantitative methods.  

There are several methods of testing the toxic effects of chemicals on living cells 

[108], but some of the most common methods of testing the effects of nanoparticle 

treatment are inappropriate or difficult to follow. For example, for lactate dehydrogenase 

assay and flow cytometry, cells are prepared in suspension, so must be used after passage, 

but when cells are marked with SAMN-R nanoparticles, they are treated within 24 hours, 

indicating that control and treated samples may be affected by differences in passage 

conditions. The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) 

assay is another widely used assay employed to determine cell viability by examining 

mitochondrial activity. Here, adherent cells are stained with special dyes and 

measurements are performed by quantifying the amount of light absorbance at a specific 

wavelength. The number and functional viability of cells can be measured by their 

absorbance value, but the SAMN-R nanoparticles form a sediment at the bottom of the 

culture vessel or the cells’ surface, which distorts the absorption value. Because it is 

difficult to prepare a control sample for this assay, in this work, cell growth curves were 

described by counting cells at different time points. The number of cells was determined 

using a custom-made algorithm based on counting the number of nuclei stained with 

fluorescent dye (Chapter 5.2.3). In one part of the experiment, the cells were also stained 

with Calcein-AM to control cell viability. In the other part the effect of SAMN-R treatment 

and CMFDA staining on cells was studied. The subsequent statistical analysis did not 

confirm the assumed significant difference between the proliferation of the treated and the 

control cells.  

Previous studies have used TEM and SEM microscopy to confirm that SAMN-R 

are mainly found in lysosomes [58, 59]. In study [61], a team from our department 

confirmed the absence of SAMN-R in mitochondria using confocal fluorescence 

microscopy, and this work has also observed their absence in cell nuclei following 

a colocalization analysis (chapter 5.1). Despite this, there is a risk of a cytotoxic effect 

when the cellular uptake of nanoparticles takes place at high concentrations, which can 

lead to damage to the lysosomal membrane [105]. This contributes to the leakage of metal 

ions and nanoparticles to the cytoplasm, can cause changes in ROS production, and 

promotes the penetration of nanoparticles from the cytoplasm into the nucleus during 

mitosis.  

In the first studies conducted, the toxicity of SAMN-R was tested using the 

available methods and, based on the results, a dose value of 20 µg·cm-2 can be said to have 

no damaging effect on living cells or on cell proliferation.  
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7 STUDY OF MIGRATION OF CELLS TREATED WITH RHODAMINE-DERIVED 

SUPERPARAMAGNETIC MAGHEMITE NANOPARTICLES  

7.1 COLLECTIVE CELL MIGRATION STUDY USING SCRATCH ASSAY METHOD 

The scratch assay (or wound healing assay) is a simple widespread method for the analysis 

of 2D cell migration [133]. This method is often used to study the effect of treatment on 

cell migration [194–196]. In this work, CMFDA fluorescent dye and SAMN-R 

nanoparticles cytotoxicity was studied by scratch assay. This analysis was performed on 

the 3T3 cells. Fibroblasts play a crucial role in the processes of tissue repair and 

regeneration. The desire of cells to heal an artificial wound in this case is a natural process. 

Collective migration research can help determine the effect of the treatments on the vital 

functions of the cell.  

Typically, cells form cellular protrusions, as filopodia, lamellipodia and blebs, for 

the ability to move and migrate [197]. Filopodia and lamellipodia (Figure 8), which is 

driven by actin polymerization, have an important role in this process. Lamellipodia and 

blebs provide a displacement of the cytoplasm in the direction of migration, thereby 

moving the cells forward. They attach to the surface on which they move using adhesion 

plaques – mainly transmembrane integrins. Usually, growth cell medium is supplemented 

with FBS includes vitronectin (VN), which mediates cell adhesion to glass and polystyrene 

surfaces of culture vessels. VN can simply adsorb onto these types of surfaces. Then 

transmembrane integrins bind to VN. Often, different coatings are used to increase 

adhesive strength. For example, ECMs such as FN and collagen that can adsorb on the 

surfaces of culture vessels. They are involved as attachment proteins that create bindings 

with transmembrane integrins. Usually, coating is used to improve cell adhesion and to 

bring in vitro experiments closer to in vivo conditions. The coating enhances cell adhesion 

so that the confluent cell monolayer is not disturbed at the scratch boundaries. [152]  

In long-term experiments, it is important to observe the same area at different time 

intervals. One solution is to use culture dishes with a grid on the bottom. This modification 

is suitable for scratch assay experiments where the observed area is controlled in several 

long-time intervals. This method was used in this work. The grid was marked with 

a marker on the outside of the dish bottom. Commercial culture dishes with a scribbled 

grid are an alternative. A disadvantage of this option is the non-smoothness of the surface 

because of the engraved grid cavities, which is an excessive factor affecting cell adhesion. 

Depending on the microscopic technique used, these options may not be suitable. For 

example, with the use of bright field microscopy or contrast methods as PCM, IMC, DIC, 

because the grid may be visible in the field of view and thus prevent further processing of 

the obtained images. When using fluorescence microscopy, the grid is less visible.  

The collective 3T3 cells migration was studied by a scratch assay. For each 

experiment the three groups of cells were prepared: control group without staining, treated 

with SAMN-R, staining with CMFDA dye. Samples were prepared according to the 

protocol provided below.  
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Cell were seeded on three FN-coated culture dishes (TPP Techno Plastic Products 

AG) with a growth area of 9.2 cm2. Before seeding a grid were marked on the outer bottom 

of the dish. This was necessary to obtain the same field of view during the image 

acquisition. When cell confluency reached 75–80% then one of the dishes was treated with 

SAMN-R within 24 hours and the second dish was stained with CMFDA. At the next day 

cell confluency reached 100%. Cells were washed with PBS and growth culture medium 

were exchanged. Then scratches (gaps) were made with p200 pipette tip at the dishes 

bottom. Medium with detached cells were removed. Cells were gently washed with PBS 

and dishes were filled by 3 ml of fresh growth medium. Then the images of the scratch 

areas were acquired by confocal microscope. After 24 and 48 hours the images from the 

same areas were obtained. These areas have been found since the grid was marked at the 

bottom. The experiment was repeated ten times and images from 60 field of view of each 

group were obtained. Areas with a narrow and with a wide scratch were considered 

separately (Figure 29). These results were introduced in [141].  

 

Figure 29. Scratch assay applied to 3T3 cells: non-labelled (control), treated with rhodamine-derived 

superparamagnetic maghemite nanoparticles (SAMN-R), and stained with CellTracker™ Green CMFDA 

Dye (CMFDA). Images were detected at the beginning and after 24 and 48 hours. The white line marks the 

initial scratch border. Confocal microscopy, 10× magnification, scale bar 150 µm.  

The scratch assay analysis was based on calculating the open area present at the 

scratch area. The acquired images from bright-field and fluorescence channel were 

analysed by a custom algorithm using MATLAB software (Chapter 5.2.2). The scratch 

width and area from each obtained image were determined.  

As can be seen from the data in Table 8 and Table 9, the areas with a narrow 

scratch were overgrown within approximately 24 hours, and the areas with a wide scratch 

were overgrown within 48 hours.   
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Table 8. Size values of the open area of narrow scratch in the scratch assay experiment.  

Item 
Time 

(hours) 

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Scratch width 

(µm) 
0 311.54 493.62 408.01 325.04 477.73 416.44 329.51 491.50 427.76 

Scratch area 

(mm2) 

0 0.36 0.58 0.48 0.38 0.56 0.49 0.38 0.57 0.50 

24 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.02 0.00 

Table 9. Size values of the open area of wide scratch in the scratch assay experiment.  

Item 
Time 

(hours) 

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Scratch width 

(µm) 
0 502.18 689.57 554.24 438.18 711.15 548.73 447.23 621.20 541.37 

Scratch area 

(mm2) 

0 0.59 0.80 0.65 0.51 0.83 0.64 0.52 0.73 0.63 

24 0.17 0.53 0.31 0.14 0.57 0.32 0.16 0.56 0.36 

48 0.00 0.09 0.03 0.00 0.05 0.02 0.00 0.23 0.03 

Time-dependent changes in the open area due to 3T3 cell migration are shown 

in Figure 30 (A, B). The effect of SANM-R and CMFDA labelling on collective cell 

migration in scratch assay was studied by statistical analysis performed in MATLAB 

software. Using the Shapiro-Wilk test [179], the normal data distribution was not 

confirmed in the majority of groups (see values in regular type in the Table 10. Therefore, 

the Kruskal-Wallis nonparametric test [180] was used to determine whether any of the 

differences between the medians of non-labelled, SAMN-R treated and CMFDA stained 

groups are statistically significant (Table 10).  

 

Figure 30. Time-dependent changes in the size of the open area due to 3T3 cell migration in (A) narrow 

scratch and in (B) wide scratch. Each column represents scratch areas in 30 images in each group of samples: 

control cells without treatment (blue), treatment with rhodamine-derived superparamagnetic maghemite 

nanoparticles (red), stained with CellTracker™ Green CMFDA Dye (green).  
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Table 10. Statistical tests applied on values of the open area in different time from narrow and wide scratch. 

Table of p-values from Shapiro-Wilk and Kruskal-Wallis statistical tests. P-values greater than 0.05 marked 

in bold (null hypothesis is accepted).  

Scratch Time (hours) Group 

Statistical test 

Shapiro-Wilk  

(p-value) 

Kruskal-Wallis  

(p value) 

Narrow 

0 

Control 0.2288 

0.2609 SAMN-R 0.0431 

CMFDA 0.0546 

24 

Control 0.0110 

0.5274 SAMN-R 0.0004 

CMFDA 0.0010 

Wide 

0 

Control 0.0106 

0.5887 SAMN-R 0.9569 

CMFDA 0.2920 

24 

Control 0.1862 

0.2642 SAMN-R 0.2089 

CMFDA 0.1583 

48 

Control 0.2518 

0.3579 SAMN-R 0.0029 

CMFDA 0.0049 

The null hypothesis states that the medians of compared groups are equal. When the 

p-value exceed 0.05 (marked in bold in the Table 10), then the differences between 

the medians are not statistically significant. This test was applied on data sets in different 

time intervals. The null hypothesis was accepted in all tested groups.  

Then the difference between each group in different time intervals was calculated 

separately using Tukey-Kramer post hoc test (Table 11) [181]. This test compares 

the means of tested groups, whether they are equal. The null hypothesis states that the 

means of two groups are equal. When the p-value is greater than 0.05 (marked in bold 

in the Table 11), then we can accept the null hypothesis.  

Table 11. Statistical tests applied on values of the open area in different time from narrow and wide scratch. 

Table of p-values from Tukey-Kramer statistical tests. P-values greater than 0.05 marked in bold  

(null hypothesis is accepted).  

 
Turkey-Kramer (p-value) 

 

 Narrow scratch Wide scratch 

 Time (hours) Time (hours) 

Compared groups 0 24 0 24 48 

Control SAMN-R 0.8923 0.5052 0.5615 0.9464 0.4923 

Control CMFDA 0.2494 0.7453 0.8196 0.2703 0.3826 

SAMN-R CMFDA 0.4915 0.9245 0.9000 0.4366 0.9740 

The significant differences between medians of non-labelled, SAMN-R treated and 

CMFDA stained groups were not found. The statistical Kruskal-Wallis test and  

Tukey-Kramer test showed that SAMN-R and CMFDA did not have a significant effect 

on collective cell migration.  
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7.2 SINGLE-CELL MIGRATION STUDY  

Single-cell migration of hMSCs was studied to determine the effect of SAMN-R treatment 

on cell motility. One set of experiments consist of three groups of samples: control cells 

without treatment, treated with SAMN-R, stained with CMFDA fluorescent dye.  

After passage cells were seeded on three 35 mm glass-bottom dishes (14 mm 

well size, Cellvis) at a density of 3·103 cells·cm-2. At the next day cells on the one of the 

dishes were stained with CMFDA dye and cells on the second dish were treated with 

SAMN-R during 24 hours. A third dish was used as control sample. Cells were gently 

washed with PBS and fresh growth medium was added one hour before the image 

acquisition. An experiment with control sample was performed first. When this experiment 

was finished, an experiment with a CMFDA-stained sample was performed. A third 

sample was tested after 24 hours of nanoparticle treatment.  

Cells were observed by confocal microscope (Leica TCS SP8 X) in long-term 

mode. The atmosphere of 5% CO2 and 37°C temperature was maintained during the entire 

time of experiment using a microscope incubator (The Stage Top Chamber, OKOLAB). 

The objective with magnification of 10× was used. Experiment was setting for six hours. 

During this time the image of field of view (1.16 × 1.16 mm) was acquired with intervals 

of five minutes. Images were obtained with a resolution of 1024 × 1024 pixels and 

a 100 Hz scan speed and bidirectional scanning (double the speed). In the first experiment 

(Patient 1) only one field of view was observed. In the next experiments (Patients 2–4) 

several fields of view (Table 21) were selected with help of multi-view mode (mark and 

find function). Images from the selected fields of view were obtained one after another 

with the specified intervals.  

In the obtained image sequences, it was necessary to select cells for migration 

tracking. The cells that do not remain in the field of view or divided during observed time 

were not chosen. Number of the cells in each study groups was the same (18, 20, 50,  

50 cells from four patients respectively). For cell detection in image sequences manual 

tracking plugin by ImageJ [198, 199] was used. Then data of cell distribution were 

analysed by a custom algorithm using MATLAB software. Obtained coordinates were used 

for calculating value of velocity, accumulated distance and Euclidean distance of migrated 

cells. The data were normalized by converting pixels to micrometres (pxl size = 1.13 µm). 

The calculated values are listed in Table 12–Table 15. Rose plots of cell migration tracks 

from Patient 1–4 are in Figure 31. Tracks shown are from non-labelled, SAMN-R treated 

and CMFDA stained hMSCs. The starting points of each cell were set to origin 

of coordinates. These results were introduced in [141].  
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Table 12. Migration of hMSCs in Patient 1 from 18 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown. 

[141]  

Item  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated distance 

(µm) 62.76 271.85 153.99 86.36 241.65 148.85 73.92 200.72 136.97 

Euclidean distance 

(µm) 10.23 217.19 81.90 8.83 123.17 55.36 7.91 97.74 41.92 

Velocity  

(µm/min) 0.17 0.76 0.43 0.24 0.67 0.41 0.21 0.56 0.38 

Table 13. Migration of hMSCs in Patient 2 from 20 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown. 

[141]  

Item  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated distance 

(µm) 32.82 294.80 104.90 44.64 362.05 118.83 51.73 221.71 114.01 

Euclidean distance 

(µm) 7.24 248.21 69.32 6.87 316.28 80.86 12.22 194.51 82.98 

Velocity  

(µm/min) 0.09 0.82 0.29 0.12 1.01 0.33 0.14 0.62 0.32 

Table 14. Migration of hMSCs in Patient 3 from 50 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown. 

[141]  

Item  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated distance 

(µm) 48.06 288.48 156.00 45.15 270.70 143.62 43.02 282.62 154.66 

Euclidean distance 

(µm) 9.72 190.26 65.91 15.74 226.10 99.33 2.26 193.26 68.11 

Velocity  

(µm/min) 0.13 0.80 0.43 0.13 0.75 0.40 0.12 0.79 0.43 

Table 15. Migration of hMSCs in Patient 4 from 50 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown. 

[141]  

Item  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated distance 

(µm) 33.29 179.74 90.96 30.09 181.34 84.78 37.08 263.26 79.96 

Euclidean distance 

(µm) 9.71 147.88 61.31 8.03 102.06 40.66 3.41 243.35 42.51 

Velocity  

(µm/min) 0.09 0.50 0.25 0.08 0.50 0.24 0.10 0.73 0.22 
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Figure 31. Rose plots of cell migration tracks. Cell migration tracks are shown from non-labelled, SAMN-R 

treated and CMFDA stained hMSCs from four patients. Each line represents the track of an individual cell 

for a six-hour period. The number of the tracks in the three groups are the same: 18, 20, 50, 50 cells from 

four patients, respectively.  
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After evaluating the results from four patients, the experimental conditions were 

improved. Three groups of cells (without staining, SAMN-R treating, CMFDA stained) 

were observed simultaneously. For this, on 35 mm glass-bottom dishes (20 mm well size, 

Cellvis) was embedded 3-well silicone insert (ibidi, GmbH) with 0.22 cm2 growth area per 

well. In this case cells were seeded on three wells of insert (Figure 32). At the next day 

cells in one of the wells were treated with SAMN-R nanoparticles during 24 hours and 

cells in the second well were stained with CMFDA. After this time, cells in all wells were 

gently washed with PBS and fresh growth medium was added. Cells were observed by 

confocal microscope under the same conditions as the cells of the first four patients. Three 

fields of view from each well were chosen. Z-stacks with distance between adjacent 

images of 20 µm (focus on fluorescence and bright-field channel) were acquired from each 

field of view. Experiment was setting for six hours and during this time the images of 

fields of view were acquired with intervals of ten minutes. From each field of view images 

from bright-field channel, Green (CMFDA) and red (SAMN-R) fluorescence spectrum 

in sequence mode were obtained.  

 

Figure 32. Cells preparation pipeline for single-cell migration experiment. Silicone insert marked with 

transparent blue colour. Cell culture medium marked with pink colour. CellTracker™ Green CMFDA Dye 

(CMFDA) mixed in serum free culture medium marked with green colour. Rhodamine-derived 

superparamagnetic maghemite nanoparticles (SAMN-R) in culture medium marked with red colour.  

A disadvantage in this embodiment is a small grow area. It is possible to choose 

only three field of view from one well. On the other hand, it has some advantages. Using  

3-well insert is suitable for three experiments in parallel. Also, because of short distance 

between of the wells and accordingly field of views, the microscope stage movement error 

gives less impact on the result. The cells from next four patients (Patient 5–8) were used 

in this type of experiment. The calculated value of velocity and accumulated and Euclidean 

distance hMSCs are listed in Table 16–Table 19. Rose plots of cell migration tracks from 

Patient 5–8 are in Figure 33. 

  



76 

 

Table 16. Migration of hMSCs in Patient 5 from 44 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown.  

Item 

  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated 

distance (µm) 60.13 309.06 154.09 39.52 318.52 149.09 35.49 294.68 156.96 

Euclidean distance 

(µm) 8.27 278.90 120.09 11.19 310.13 119.15 4.68 285.19 127.68 

Velocity  

(µm/min) 0.17 0.86 0.43 0.11 0.88 0.41 0.10 0.82 0.44 

Table 17. Migration of hMSCs in Patient 6 from 50 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown.  

Item 

  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated 

distance (µm) 51.37 306.78 105.34 24.24 315.11 116.01 48.33 203.33 98.19 

Euclidean distance 

(µm) 29.66 299.23 87.87 13.83 297.23 93.03 22.41 193.09 76.91 

Velocity  

(µm/min) 0.14 0.85 0.29 0.07 0.88 0.32 0.13 0.56 0.27 

Table 18. Migration of hMSCs in Patient 7 from 103 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown.  

Item 

  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated 

distance (µm) 98.14 535.08 300.74 77.91 506.45 286.54 70.03 501.12 276.59 

Euclidean distance 

(µm) 12.55 442.68 207.26 6.91 471.11 209.12 25.53 444.76 204.94 

Velocity  

(µm/min) 0.27 1.49 0.84 0.22 1.40 0.80 0.19 1.39 0.77 

Table 19. Migration of hMSCs in Patient 8 from 32 cells of control, CellTracker™ Green CMFDA 

(CMFDA) labelled, and rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) 

treatment groups. The velocity, accumulated, and Euclidean distance values for a six-hour period are shown.  

Item 

  

Control SAMN-R CMFDA 

Min Max Mean Min Max Mean Min Max Mean 

Accumulated 

distance (µm) 91.87 237.61 165.42 71.97 411.99 196.22 72.63 308.86 166.75 

Euclidean distance 

(µm) 49.83 196.03 116.36 32.53 378.20 148.28 9.64 254.00 96.26 

Velocity  

(µm/min) 0.26 0.66 0.46 0.20 1.15 0.55 0.20 0.86 0.46 
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Figure 33. Rose plots of cell migration tracks. Cell migration tracks are shown from non-labelled, treated 

with rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R) and stained with 

CellTracker™ Green CMFDA (CMFDA) hMSCs from four patients. Each line represents the track of 

an individual cell for a six-hour period. The numbers of the tracks in the three groups are the same: 44, 50, 

103, 32 cells from four patients, respectively.  
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In the cell motility studies the main investigated parameter is cell velocity. 

In Figure 34 and Figure 35 the sets of single-cell velocities from eight patients are 

demonstrated. These boxplots show the data without outliers, which were defined using 

quartile range. In each group the number of studied cells from one patient was the same.  

 

Figure 34. Calculated velocity from single hMSCs. Each box represents the complete set of single-cell 

velocities from four patients. There are 18 cells in each group from Patient 1, 20 cells from Patient 2, and 50 

cells both from Patients 3 and 4. Boxes are composed of main box edges (25th and 75th percentiles), black 

dots (velocity values), central red horizontal line (median), whiskers (the most extreme values, outliers are 

not considered), and red squares (outliers).  
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Figure 35. Calculated velocity from single hMSCs. Each box represents the complete set of single-cell 

velocities from four patients. There are 44 cells in each group from Patient 5, 50 cells from Patient 6, 103 

cells from Patients 7, and 32 cells from Patient 8. Boxes are composed of main box edges (25th and 75th 

percentiles), black dots (velocity values), central red horizontal line (median), whiskers (the most extreme 

values, outliers are not considered), and red squares (outliers).  

The effect of SANM-R and CMFDA labelling on cell motility was studied by 

statistical analysis performed in MATLAB software. Using the Shapiro-Wilk test [179], 

it was controlled whether the values in each group are normally distributed. The null 

hypothesis states that the values of compared groups are normally distributed.  

If the p-value was greater than 0.05 then the null hypothesis was accepted. The normal data 

distribution was not confirmed in the majority of groups (see values in regular type  

in the Table 20). Therefore, the Kruskal-Wallis nonparametric test [180] was used to 
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determine whether there are any statistically significant differences between the means 

of the three tested groups.  

Then the difference between non-labelled cells, SAMN-R-labelled cells and 

CMFDA-labelled cells was evaluated separately using Tukey-Kramer post hoc test [181]. 

In both statistical test the null hypothesis states that the means of compared groups 

are equal. When the p-value exceed 0.05, then the null hypothesis was accepted.  

The results show that SAMN-R and CMFDA do not have a significant effect on 

cell motility (marked in bold in the Table 20) in the studied cells from all patients except 

Patient 4 (see values in regular type in the Table 20). Kruskal-Wallis test applied on the 

data from Patient 4 shows that there are differences at least between one of tested group. 

Then by the Tukey-Kramer test it was confirmed that the means of cell velocity from 

control and CMFDA stained cells are unequal. This result could be influenced by the fact 

that the groups of cells were observed separately at different times.  

Table 20. Statistical tests applied on values of the velocity of single cells. Table of p-values from  

Shapiro-Wilk and Kruskal-Wallis, and Tukey-Kramer statistical tests. P-values greater than 0.05 marked 

in bold (null hypothesis is accepted).  

  

  
Statistical test 

  Shapiro-Wilk (p-value) 

Kruskal-

Wallis  

(p-value) 

Tukey-Kramer (p-value) 

Group Control SAMN-R CMFDA All 
Control / 

SAMN-R 

Control / 

CMFDA 

CMFDA / 

SAMN-R 

Patient 1 0.9160 0.1319 0.5933 0.5913 0.9823 0.5996 0.7129 

Patient 2 0.0057 0.3797 0.7872 0.2585 0.4063 0.2748 0.9650 

Patient 3 0.0228 0.2784 0.2520 0.6145 0.6902 0.9977 0.6498 

Patient 4 0.1617 0.0036 0.0028 0.0399 0.2618 0.0325 0.6172 

Patient 5 0.0408 0.3276 0.1307 0.8879 0.9292 0.9948 0.8887 

Patient 6 0.0277 0.8141 0.5239 0.1478 0.3792 0.8257 0.1364 

Patient 7 0.3051 0.1124 0.2708 0.2909 0.6075 0.2635 0.8152 

Patient 8 0.1761 0.7232 0.3559 0.3060 0.3945 0.9969 0.3538 

According to observations, cells after mitosis cycle have the highest velocity. 

As seen in Figure 35 the distribution of values from Patient 7 is significantly different. 

There is large number of cells with velocity values higher than 1 µm/min. This may be 

explained by the fact that the density of cells was greater (Table 21). The large number 

of cells were divided during the observation time (according to cell growth curve). 

Therefore, it can be assumed that large number of cells could be in the stage after mitosis 

(G1 phase of the cell cycle). It means that these cells could have a high velocity. 

By conducting the long-term experiments using confocal microscopy, it was confirmed 

that nanoparticles do not hamper the cell division (Table 21). As shown in Figure 36, 

SAMN-R and CMFDA are transferred to daughter cells during mitosis. Also, their 

asymmetric distribution can be notice.   
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Figure 36. Division of non-labelled (control), rhodamine-derived superparamagnetic maghemite 

nanoparticles (SAMN-R) treated and CellTracker™ Green CMFDA Dye (CMFDA) stained hMSCs: 

anophase, telophase and cytokinesis mitotic phases. Images acquired with 5 min time interval by confocal 

microscopy: bright field (BF), fluorescence (FL) channel, heat map of fluorescence images (FL-LUT).  

Scale bar 50 µm, 10× magnification.  
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Table 21. Number of cell division during the observation time (6 hours). Data from hMSCs migration 

experiments.  

Patient number  

Number of 

fields of view 

Density 

[cells·mm-2] 

Number of divisions  

Control SAMN-R CMFDA 

1 1 25 0 0 0 

2 2 20 1 0 1 

3 3 25 0 1 1 

4 4 15 2 3 3 

5 3 20 2 2 2 

6 4 15 5 12 0 

7 2 90 29 38 29 

8 4 30 2 1 0 

As previously confirmed, iron oxide nanoparticles penetrate intracellular 

compartment by endocytosis [97, 103, 104]. Therefore SAMN-R are localized 

in endosomes and lysosomes [58, 59, 61, 141]. The number of penetrated nanoparticles 

is random and their distribution in cytoplasm is inhomogeneous [100]. Endosomes and 

lysosomes are portioning into daughter cells with the random distributions [200–202]. 

The toxic effect of nanoparticles can affect cell mitosis. The presence of nanoparticles  

in the cytoplasm due to leakage from lysosomes with damaged membrane and changes  

in the level of ROS production can affect the process of cell division [105, 203].  

The membrane of cell nucleus breaks down during mitosis. Therefore, nanoparticles have 

access to the inner compartment of the nucleus. Thus, they can inhibit cell division or 

cause mutations in the DNA [105, 203]. Previously, the possible effect of SAMN-R on cell 

proliferation was studied in the Chapter 6.2 was assumed that due to the possible effect of 

nanoparticles on the process of cell division, the mitotic cycle will be inhibited or stopped. 

Therefore, cell growth curve of SAMN-R treated cells will differ from the cells of the 

control sample. However, the difference between cell growth curves was not found, thus 

this assumption was not confirmed. In the study of cell proliferation (Chapter 6.2), cells 

were observed with a time interval of 24 hours. The setting of time-lapse experiment 

allows to observe cells with the shorter time interval. When studying the migration of 

single cells, the images from field of view were described every five or ten minutes 

(Chapter 7.2). Therefore, it was possible to observe cells in the different phases of mitosis. 

Figure 36 shows a comparison of duration of the mitotic phases of cells treated with 

SAMN-R, stained with CMFDA dye and cells from control sample. Significant changes 

were not found (quantitative analysis was not performed).  

During long-term observations it has been determined that nanoparticles can remain 

in the intracellular compartment over several generations. Also, SAMN-R demonstrate 

good fluorescence which is able to maintain for a long time [60, 61, 92, 141]. Due to these 

properties, nanoparticles have proven to be suitable for long-term experiments.  
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7.3 DISCUSSION  

The first initial experiments looked at the possible toxic effects of SAMN-R on cell 

viability and determined the optimal concentration of the nanoparticles (Chapter 6). 

Furthermore, the influence of SAMN-R in different concentrations was tested on 3T3 cells 

and hMSCs, and it was confirmed that a concentration of SAMN-R at a dose value 

of 20 µg·cm-2 is safe for living cells. This conclusion is based on the analysis of visible 

changes in cell morphology and changes in ROS production and cell proliferation. 

The selected concentration of SAMN-R was used in subsequent studies.  

Nanoparticles interact with cell membrane receptors and can affect their functions. 

In [141], we controlled for cell size before and after nanoparticle treatment using flow 

cytometry analysis and confirmed that SAMN-R did not affect the size of cells and 

distribution of the tested CD surface molecules. MSCs were positive for CD90 and CD73 

expressions, and 3T3 cells were positive for the CD90 expression. Neither cell line 

expressed CD45 markers. Their differentiation ability was not controlled.  

Nanoparticles can also damage organelles and contribute to the disruption of the 

cytoskeleton, which is involved in cells’ ability to move. Cells form filopodia and 

lamellipodia by actin polymerization [152, 197] and these cellular protrusions allow 

a displacement of the cytoplasm in the direction of migration. In this way, the effect on the 

actin can influence cells’ motility, adhesion, and ability to migrate.  

It was assumed that nonvisible changes in cellular structure can be observed using 

methods of studying cell migration, which was examined in Chapter 7.1 using the scratch 

assay. This is an accessible method of studying collective cell migration because it allows 

researchers to observe changes in cell connections, communications, motility, and the 

potential of wound areas to be closed under the influence of different treatments. In this 

part of the research, the 3T3 cells were observed. It was assumed that cells treated with 

SAMN-R would migrate slowly or lose their tendency to close the wound area due to 

changes in the expression of the cell membrane surface, which plays an important role 

in the regeneration process [122–124], but the statistical test did not confirm any 

significant effect of SAMN-R treatment on collective cell migration.  

MSCs in in vivo conditions display an ability to migrate toward chemokines [122–

124]. During this process, which includes their transendothelial migration and migration in 

ECM, MSCs generally migrate singly, and therefore it was decided to study the migration 

of MSCs as single cells (Chapter 7.2). In this part of the study, the adipose-derived hMSCs 

from eight patients were observed and the possible effects of SAMN-R treatment examined 

by comparing the speed of single-cell migration. Normally, MSCs include a population of 

rapidly and slowly moving cells [138, 139] and therefore the cell speed values can vary 

significantly between patients (Figure 34, Figure 35). The statistical analysis performed did 

not confirm any significant effect of SAMN-R treatment on single-cell migration.  

Groups of cells were stained with the CMFDA dye to look at cell proliferation 

(Chapter 6.2) and collective and single-cell migration (Chapter 7). This dye is presented by 

the manufacturer as non-toxic and suitable for long-term experiments. CMFDA dye [167] 
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stains entire cells, which offers advantages for the application of cell segmentation 

algorithms. These experiments confirmed that this dye exerts no significant effects on cell 

proliferation and motility.  

The segmentation algorithms presented in Chapter 5.2were used for the analysis of 

cell proliferation and collective cell migration. The SAMN-R were not taken up into the 

nuclei and mainly mark the lysosomes that are distributed in the cytoplasm. The detection 

of the cells treated with SAMN-R was similar to that of cells stained with CMFDA. 

An algorithm designed for the segmentation of entire cells can be adapted by including the 

morphological operation of filling holes.  

Cell-tracking algorithms are based on cell segmentation, but the segmentation 

of non-labelled cells on images acquired via a light microscope is problematic. Various 

contrast microscopic techniques can be used to visualise biological samples. Fluorescence 

microscopy offers an advantage in that it makes it possible to observe 3D structures 

in biological samples, cells in ECM, and different scaffolds, while cell labelling can help to 

separate different cell types in the same studied sample. In some experiments  

it is necessary to mark the control sample and, in this case, the use of a non-toxic dye is 

advisable. For this reason, this study compared the effects of CMFDA staining and 

SAMN-R treatment.  

Chapter 5.2.4 presents an algorithm for tracking single cells. This algorithm is not 

fully automatic and includes manual corrections for cell detection. It is appropriate for the 

detection and tracking of cells that are marked with a fluorescent dye that stains whole 

cells. In this study, it was decided to include a control cell group without staining, and 

therefore manual tracking was used to ensure that all cell groups were analysed via the 

same method.  

Microscope manufacturers tend to incorporate algorithms that enable automatic cell 

tracking into modern microscope control software but cell tracking still represents 

a significant challenge [183]. There are many factors that affect the efficiency of basic 

segmentation methods. Researchers use a variety of cell types, markers, and microscopic 

techniques. It is still necessary to solve the problem of tracking mitotic cells [184, 185], 

and researchers also use distinct experiment settings such as image resolution and time 

intervals. The use of deep learning algorithms is a promising solution in the field of fully 

automatic cell detection and tracking.   
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8 HUMAN ADIPOSE-DERIVED MESENCHYMAL STEM CELLS AND HL-1 

CARDIAC MUSCLE CELL LINE IN CO-CULTURE  

The therapeutic potential of MSCs is based on their paracrine and immunomodulatory 

properties [2, 204]. Damaged tissue produces some chemokines, which are the signal for 

MSCs to migrate in the direction of the concentration gradient of chemokines. This process 

is accompanied by producing of different mediators and factors, that can involve the 

proliferation and function of the immune cells. Also, in addition to osteoblasts, adipocytes 

and chondroblasts, MSCs have the capacity to differentiate into hepatocytes, epithelial 

cells, smooth muscle cells, cardiomyocyte-like cells, neuron-like cells, and others [2, 4]. 

These are the main reasons of their widespread use in tissue regeneration research and 

therapy [5–20, 41, 205]. To study regenerative and therapies fields of research MSCs are 

widly used in ex vivo and in vivo experiments. Many studies show, that they are successful 

in regeneration of myocardial damage after MI [9, 26, 34, 35, 37, 39].  

The participation of cells in wound tissue healing after MI is studied in in vivo 

experiments. For example, in [206], rats were subjected to MI by transient coronary artery 

occlusion or to sham MI. Then fluorescently labelled MSCs were delivered by infusion by 

a left ventricular cavity. After one week a histological analysis confirmed MSCs presence 

in infarcted zone. The other method is the delivery of MSCs by injection. For example, 

in [35], MSCs were injected in the border zone of acute infarct. Later, the use of MSC 

in combination with ECM, such as hydrogel, helped to keep most of the applied cells in the 

desired zone [207, 208]. In addition, ECM gels may be functionalized with cytokines and 

growth factors, which promotes damage tissue regeneration. Using MSCs in in vivo studies 

shows great results. Nevertheless, there are some complications as tumorigenicity, 

proinflammation, and fibrosis [40, 41]. Therefore, the capacity of variety in vitro studies 

increases and research in this field is still relevant. They include basic studies on 2D 

as well as pseudo-3D and 3D experiments. The use of different biocompatible scaffolds of 

variable shapes for imitating the ECM helps to expand research in cardiac tissue 

engineering field [36, 42]. Thus, the in vitro conditions may be very close to in vivo 

experiments. Modern technologies such as bioprinting have expanded possibilities in this 

area. In addition, for a better understanding of cells participation in cardiac tissue 

regeneration, the co-culture experiments are performed in in vitro cardiac tissue models.  

There are some studies, where isolated adult cardiomyocytes and MSCs were used 

in in vitro co-culture experiments. For example, in [32], our team used adult 

cardiomyocytes isolated from rat heart. By using the isolation protocol [209], a cell 

suspension containing the separated cells was obtained. Two wells were connected by 

small tunnel (cross-sectional area of 0.8 mm2 and length of 5 mm) that were filled with  

type I collagen from rat tail. Collagen is a suitable material as an ECM. One well was filled 

with cardiomyocytes cell suspension, on the other well rat bone marrow MSCs were 

seeded. Cardiomyocytes produce chemokines, that stimulate MSCs to migrate toward 

them. This chemotaxis effect was studied. Also, it was confirmed that the orientation 

of collagen fibrils can affect the direction of migrating cells. In the other study [31],  

the transwell chambers with porous membrane were used. The lower compartment was 
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filled with freshly isolated porcine primary adult cardiomyocytes. On the upper 

compartment, the porcine bone marrow MSCs were seeded. The two types of cells are 

separated by a porous membrane. MSCs can migrate through the pores to the other side of 

the membrane. Thus, the effect of chemokines or growth factors can be studied. The results 

show that cardiomyocytes in co-culture with MSCs had better survival and viability 

without affect the main mitochondrial and cells contractile functional parameters. In both 

methods, two types of cells were cultured without contact. The adult cardiomyocytes cell 

suspension contains both live and dead cells. A large number of cells die within 24 hours. 

Moreover, cell morphology begins to change: shrinks in length, the edges become round 

and curled, the density of t-tubules changes noticeably. However, cardiomyocytes (with the 

presence of dead cells) can be cultured for up to two weeks under suitable conditions [210, 

211]. Tissue health, successful isolation, culture conditions affect cell viability. Controlling 

the density of living and dying cells is very problematic. Therefore, the experimental 

conditions are very difficult to repeat. However, the ability to select cells from different 

areas of the heart including a specific region of the heart following MI is the main 

advantage of using adult cardiomyocytes.  

Another suitable way is the use of neonatal cells for co-culture experiments. 

In comparison with adult cardiomyocytes, isolation of neonatal cells is simpler and cell 

culture is easier. In the study [33] cardiomyocytes isolated from hearts of rat embryos were 

used in co-culture with human bone marrow MSCs. In this case, cell-to-cell contact could 

be observed. MSCs in suspension obtained after passage were added to cultured 

cardiomyocytes. Then, after 24 hours, cells were analysed. It has been found that, upon 

cell-to-cell contact with neonatal cells, MSCs are capable of transferring mitochondria. 

Probably, this may be one of the ways for MSCs to participate in the cell repair.  

Unfortunately, isolation of cells from living tissue may not be available to the 

laboratory for different reasons. An alternative solution would be to use differentiated 

induced pluripotent stem cells (iPS cells) or MSCs. Adipose-derived MSCs, bone marrow 

MSCs and some other types have potential to differentiate into cardiomyocyte-like cells 

under special in vitro cultivation conditions. A common way is a long-term culture in 

a growth medium containing 5-azacytidine [27–30]. The main disadvantage of this option 

is the long differentiation time. These methods are labour intensive and expensive.  

For some laboratories, the use of proliferative cell lines may be the best solution.  

For example, AC16 human cardiomyocyte cell line and HL-1 cardiac muscle cell line. 

In this work HL-1 cardiac muscle cell line was chosen as a cardiac tissue model.  

In this work hMSCs and HL-1 cells in co-culture were studied using scratch assay 

experiment. HL-1 cardiac muscle cell line was used as a cardiac tissue model. This cell 

line was chosen due to morphological, electrophysiological and gene expression 

characteristics. For this experiment, 2-well and 3-well silicone insert (ibidi, GmbH) with 

0.22 cm2 growth area per well was embedded on 35 mm glass-bottom dishes (20 mm well 

size, Cellvis) (Figure 37). Two adjacent wells of 3-well insert were filled with Claycomb 

growth medium. One (empty) well of 3-well insert and two wells of 2-well insert were 

filled with DMEM low glucose growth medium for hMSCs. After passage HL-1 cells were 



87 

 

seeded on two adjacent wells of 3-well insert. Then hMSCs were passaged and seeded 

on one well of 3-well insert and two wells of 2-well insert. The density for seeding was 

chosen so that cell confluency could reach 80–100% during 24 hours. At the next day, 

24 hours seeding, HL-1 cells were stained with CMTPX dye and hMSCs were stained with 

CMFDA dye. After staining cells were gently washed with PBS. Then, 2-well and 3-well 

silicone inserts were removed. Culture dish was filled with 3 ml of Claycomb growth 

medium.  

 

Figure 37. Pipeline of enhanced scratch assay test preparing for HL-1 and hMSCs. Silicone insert marked 

with transparent blue colour. HL-1 cells in Claycomb medium – light pink, hMSCs cells in DMEM – pink. 

CellTracker™ Green CMFDA Dye (CMFDA) mixed in serum free DMEM medium marked with green 

colour, and CellTracker™ Red CMTPX Dye (CMTPX) mixed in serum free Claycomb medium marked with 

red colour. Adhering cell on the dish after inserts removed – yellow.  

Then cells on the prepared dish were placed on confocal microscope stage, 

equipped with incubator chamber (5% CO2, 37°C). After 30 minutes, the image acquisition 

settings were set. The cell migrating was observed during 24 hours. During this time the 

images of field of view were acquired with 30 minutes interval. In this experiment the 

images were obtained from several fields of view. Three fields of view were chosen 

in each scratch area using multi-view mode (mark and find function). Images were 

acquired in three channels: bright-field, green (CMFDA) and red (SAMN-R) fluorescence 

spectrum. Sequence mode for image acquisition (excitation in these channels occurred 

separately) was set. The objective magnification of 10× was used. The size of field of view 

was 1.16 × 1.16 mm. It was set two Z-stacks with distance of 20 µm (focus on 

fluorescence and bright field channel). Images were acquired with a resolution of  

1024 × 1024 pixels and a 100 Hz scan speed and bidirectional scanning. The dish was 

placed in humidified incubator (5% CO2, 37°C) after image acquisition. At the next day 

cells were controlled. In Figure 38 images from one field of view at five-hour time 

intervals from start and end time are demonstrated. The scratch width was 500 ± 100 µm.   
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Figure 38. Scratch assay of hMSCs and HL-1 cells. Image of the same field of view at five-hour time 

intervals. Confocal microscopy, overlay bright-field, green (CellTracker Green CMFDA Dye) and red 

(CellTracker Red CMTPX Dye) channels, 10× magnification, scale bar 150 µm.   
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The acquired image sequences from bright-field channels were analysed by 

a custom segmentation algorithm (chapte 5.2.2) which were introduced before in this work. 

Analysis was based on calculating the open area present at the scratch area. Results from 

the three experiments are demonstrated in Figure 39. The graphs show scratch overgrowth 

of six fields of view within 24 hours.  

 

Figure 39. Scratch assay of hMSCs and HL-1 cells. Scratch overgrowth graph from three experiments  

(blue, red, yellow). Data from six fields of view was obtained within 24 hours with a time interval of 

30 minutes.  

In scratch assay experiment, hMSCs usually move as single cells. The cells 

migrated on the scratch area, distributed throughout the area and gradually increased their 

density until 100% confluency. According to observations the first contact of single 

hMSCs with HL-1 cells occurred within 6–12 hours.  

Human adipose-derived MSCs tended to make contact in the form of nanotubes and 

fill open area in HL-1 cell monolayer over time (Figure 40). According to research [33], 

it is assumed that mitochondria are transmitted through nanotubes from hMSCs to HL-1. 

This assumption has not been tested yet.  

Unfortunately, in this type of experiment, there was a problem of staining cells. 

Fluorescence weakened quickly due to the photobleaching effect. The problem can be 

partially solved by increasing the staining time or the concentration of the dye used. 

Unfortunately, this decision can adversely affect cell viability. This effect (photobleaching) 

was not observed in long-term experiments where hMSCs were cultured in DMEM. It can 

be assumed that this may happen due to reaction with the Claycomb growth medium and 

changes of intracellular metabolism. Another decision to solve problem of cell staining 

is to use alternative fluorescent dyes. In Figure 40 the hMSCs and HL-1 in co-culture 

within 24 hours is demonstrated. In this example hMSCs were treated with SAMN-R. 

In this case, the nanoparticles showed stable fluorescence for a long time. Therefore, 

SAMN-R can be proposed as a suitable type of cell stain for this type of experiment.  
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Figure 40. Cell communication of hMSCs and HL-1 cardiac muscle cell line. Red colour indicates hMSCs 

treated with rhodamine-derived superparamagnetic maghemite nanoparticles (SAMN-R). Nanotube 

formation marked with white arrow. Confocal microscopy, 63× magnification, scale bar 20 µm.  

Human adipose-derived MSCs tended to make contact in the form of tunneling 

nanotubes and fill open area in HL-1 cell monolayer over time (Figure 40). The studies 

show that cells can transfer plasma membrane components, small cytoplasmic molecules 

and organelles between contacting cells through nanotubes [212, 213]. For example, it has 

been confirmed that cells are capable of transferring mitochondria [214, 215]. Thus, the 

formation of nanotubes can have a cell repair role. Additionally, mitochondrial transfer 

from hMSCs to cardiac cardiomyocytes was confirmed [33]. According to these studies, it 

is assumed that mitochondrial transferring through nanotubes from hMSCs to HL-1 

is possible. This assumption has been tested but is not currently confirmed. The results 

obtained are difficult to interpret correctly. To repeat this experiment, it is necessary 

to update the protocol regarding the choice of dyes.  
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8.1 DISCUSSION 

HL-1 cardiac muscle cell line express similar genes to adult atrial cardiomyocytes [143]. 

A confluent culture also has the ability to spontaneously contract [143, 144]. HL-1 can be 

used as an in vitro beating model, which is useful for detailed studies of action potentials 

in the heart muscle. Cell culture electroactivity and intracellular dynamic processes can be 

studied by means of in vitro microelectrode array (MEA) systems, which are based on 

extracellular recordings of voltage fluctuations and allow simultaneous and parallel 

recording from multiple channels for a long period of time, in which it is also possible 

to detect subthreshold potential changes as well as single and multiple action potentials 

[216, 217]. The number, design, shape, and type of metal and the coating of 

microelectrodes are chosen based on the type of cells in use in extant studies [218–221]. 

For example, the use of a nanopillar electrode array allows for the recording of 

intracellular action potentials from single cells in an adherent culture [222]. The use of the 

MEA technique is compatible with traditional patch-clamp methods [222, 223] and optical 

techniques [145]. Novel fluorescent voltage-sensitive dyes or genetically encoded voltage 

indicators (GEVIs) are used to monitor intracellular ion exchanges and protein dynamics 

[224, 225]. GEVIs allow for the tracking of the spatiotemporal electrical activity of single 

cells and tissue cultures, provide a high fluorescence response, and perfectly detect 

subthreshold membrane voltage changes. For instance, Accelerated Sensor of Action 

Potentials 1 (ASAP1) is a fluorescent membrane voltage sensor with a circularly permuted 

GFP that allows for the tracking of subthreshold membrane potential changes,  

single-action potentials, and fast trains of action potentials (up to 200 Hz) [226].  

ASAP1 offers very fast kinetics of about 1–2 ms because it was originally developed for 

the encoding of neural communication [225, 226]. Despite this, it has also been applied 

to other types of cells [88, 145, 225, 226]. For example, in [145], our team performed 

the transient transfection of HL-1 cells with ASAP1 DNA plasmid using a linear PEI 

(Figure 41 (B)). In this work, a combination of MEA and fluorescence techniques has been 

used simultaneously to study the electrical and fluorescence recording of HL-1 cells’ 

electrical activity in response to extracellular Ca2+ changes.  

Gene delivery is often used in experimental medicine. Genetically modified cells 

can express functional ion channels and produce growth factors, antibodies, and viral 

vectors for therapeutic, gene therapy, and vaccine applications [85]. Magnetic 

nanoparticles are employed in the magnetofection method to deliver plasmids to 

intracellular compartments [86, 87]. For instance, iron oxide nanoparticles are 

biodegradable, are not cytotoxic in optimal concentrations, and their surfaces can be 

modified with fluorescent dyes, polymers, and proteins [81]. SPION coated with 

biocompatible polymers such as PEI, PLL, PEG, and Chitosan have improved the binding 

capability of DNA to surfaces. These magnetic nanoparticles are targeted at cells by 

a magnetic field that is generated by an external magnet or by endocytosis. This technique 

also increases the efficiency of DNA delivery and gene expression [89, 90]. 

In [88], we used SAMN-R nanoparticles for intracellular DNA vector delivery and 

post-transfection localization of this vector in the 3T3 cell line (Figure 41 (C)). The surface 
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of SAMN-R was conjugated with Rhodamine B isothiocyanate because fluorescent 

labelling allows for the localisation of nanoparticles that have penetrated into cells. Their 

surface was modified with linear PEI and medium molecular-weight Chitosan to increase 

ASAP1 DNA vector adhesion. ASAP1 membrane voltage sensor with circularly permuted 

GFP can be detected on green channel with settings that correspond to the GFP spectrum.  

SAMN-R nanoparticles can successfully penetrate HL-1 cells (Figure 41 (A)). 

Based on previous studies, it can be assumed that HL-1 cells can be successfully 

transfected using this complex of SAMN-R nanoparticles and ASAP1.  

 

Figure 41. Confirmation of ASAP1 plasmid expression and rhodamine-derived superparamagnetic 

maghemite nanoparticles (SAMN-R) localization: (A) HL-1 cells treated with SAMN-R (red channel);  

(B) HL-1 cells expressing ASAP1 plasmid (green channel); nuclei stained with Hoechst 33342 (blue 

channel); (C) 3T3 cells expressing ASAP1 plasmid (green channel), SAMN-R distribution (red channel). 

Confocal microscopy, 63× magnification, scale bar 20 µm.   
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HL-1 cells are an interesting cardiac tissue model for, for instance, testing the 

functionality of ion channels. At another point, the possible transfer of nanoparticles into 

cells is of interest in conjunction with the possibility of plasmids and drugs delivery. 

The use of nanoparticles offers great potential in gene therapy [172].  

Studies of cell-to-cell communication between hMSCs and cardiac tissue offer 

great potential in regenerative medicine. Previous studies have confirmed that hMSCs 

differentiated to cardiomyocytes and have the ability to perform spontaneous beating [29]. 

It can be assumed that they may possess electroactivity when introduced into HL-1 cardiac 

cell line. This supposition can be confirmed by the use of, for example, MEA systems. 

In [227], mouse bone marrow MSCs were added to an HL-1 monolayer cultured on MEA 

dishes and it was confirmed that MSCs affect the frequency of the spontaneous beating 

of HL-1 cells.  

There are some studies that have looked at the interactions between MSCs and  

HL-1 cell lines such as gained gap junctions, the secreting of paracrine factors, and the 

antiapoptotic effect [123, 227–230]. In this study, adipose-derived hMSCs and HL-1 

cardiac cell lines were used in in vitro co-culture experiments. In this work the scratch 

assay was performed to confirm whether HL-1 cells give a signal that causes hMSCs 

to migrate toward them, and it was observed that hMSCs tend to migrate toward the HL-1 

and close the wound area (Figure 38). The first contact of these two cell lines usually 

occurred 6–12 hours after the removal of the inserts used to create a wound area, which 

had a width of 500±100 µm. The speed of the first contacting cells corresponds to the 

maximum speed of hMSCs in conditions without a chemoattractant or any type of 

stimulation (Chapter 7.2). The character and rate of wound closure of all hMSCs proved to 

be similar (data not shown), while it was also observed that hMSCs in co-culture with  

HL-1 cells form contacts as tunneling nanotubes (Figure 40). A number of studies have 

confirmed the possibility of mitochondrial transfer through formed nanotubes [33, 214, 

215].  

This study attempted to confirm the ability of hMSCs to transfer mitochondria 

to HL-1 cells during the first contact. Unfortunately, it was not possible to draw 

unambiguous conclusions based on the first results. For this experiment, hMSCs 

mitochondria was stained with MitoLite™ Red FX600 (AAT Bioquest, Inc., USA) and the 

membranes of both cell types with CellBrite™ Steady 650 Membrane Staining Kit 

(Biotium, Inc., USA). For HL-1, the stained mitochondria were found (data not shown). 

It was assumed that they can be stained via a small amount of dye in the medium or during 

the contact. It can also be a small piece of hMSCs filopodia. This being so, the results 

obtained cannot be interpreted correctly without confirming or refuting the assumption.  

HL-1 cells in co-culture with MSCs are a promising experimental model and offer 

significant potential in the field of heart disease research and cardiac tissue regeneration. 

Future research would benefit from studying this connection in the context of hMSCs and 

HL-1 cardiac cell line, while the properties of both cell lines open up interesting 

possibilities in the fields of the application of transfection methods and cell electroactivity.   
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9 OVERALL CONCLUSIONS  

This work focused on the application of fluorescent methods in use in in vitro studies to the 

field of regenerative medicine. Of particular interest is the possibility of using MSCs 

in cardiac tissue regeneration and the application of modern fluorescent probes including 

nanoparticles as SPION for long-term cell observation.  

Bone marrow MSCs were widely used in the first studies in this area since they 

were the first to be identified as cultures of MSCs. Bone marrow is one of the largest 

resources of this cell type and their isolation offers minimal risk for patients, but recent 

studies have shown that MSCs isolated from different tissues have very different functions. 

They differ in their ability to differentiate into a variety of cell types, express growth, and 

regenerative factors, among other elements, and therefore have different roles and success 

levels in tissue regeneration. This work has made use of adipose-derived MSCs due to their 

great potential in cardiac tissue regeneration, as has been shown in many previous studies. 

Adipose tissue is an accessible and large source of MSCs, while their ability to be isolated 

during local anaesthesia reduces the risk to the patient. If one is to focus on the field of 

cardiac tissue regeneration, it is necessary to select an appropriate cardiac tissue model. 

Initially, isolated adult cardiomyocytes were used but, unfortunately, their long-time 

cultivation is very demanding and difficult, so it was decided to use an adherent cell line. 

The HL-1 cardiac muscle cell line was chosen due to its morphological, 

electrophysiological, and gene expression characteristics, which are similar to adult atrial 

cardiomyocytes. Some studies have examined MSCs and HL-1 cells in co-culture. Both 

cell lines offer appropriate properties and functions for in vitro cardiac tissue model; 

therefore, in this work it was decided to use adipose-derived MSCs and HL-1 cardiac 

muscle cell line. The subculturing procedures and the preparation of the experimental 

samples were performed in a clean room in biosafety conditions. The protocols for the 

subculturing and use of chemicals are shown in Chapter 4.1.  

It is necessary to use microscopic techniques for 2D and 3D imaging when studying 

tissue engineering and regenerative medicine. Cardiac tissue engineering measurements are 

usually performed on 3D structures such as tissues, biocompatible scaffolds, and ECM 

gels. Such studies include the imaging of 3D structures and the determination of cell 

distribution in 3D models, while in co-culture experiments, it is necessary to mark cells 

to separate different cultures from each other. Fluorescent labelling is often used for this 

purpose. It was decided for this work to use confocal fluorescence microscopy (Leica TCS 

SP8 X). The advantage of this technique is that it allows for the possibility of 3D imaging, 

while modern microscopic software allows the establishment of long-term experiments. 

The main problems with long-term studies of living cells and necessary conditions are 

discussed in Chapter 4.2, which looks at magnification and type of objectives, culture 

vessels and coatings, culture incubation conditions, fluorescent probes, and the possibilities 

and limitations of long-term experiments. In this work, the confocal microscope was 

equipped with a stage top incubator (the Stage Top Chamber, OKOLAB) to provide the 

culture conditions necessary for long-term experiments.  
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There is a wide range of fluorescent dyes available, but only a small number of 

dyes are suitable for long-term cell observation. Usually, the choice of dyes is based on 

their long-term stability, non-toxicity, method of interaction with biological samples, and 

excitation and emission spectra. The use of fluorescent dyes in terms of suitability for 

long-term imaging and image processing is discussed in Chapter 5.  

SPION are widely used as a cell marker in contemporary research, being applied in 

many in vitro and in vivo studies including the field of regenerative medicine. Their 

properties are affected by their composition, size, and surface coating, and therefore  

it is very important to study these properties and their interactions with biological samples. 

This work made use of SAMN-R nanoparticles. It was necessary to study properties such 

as excitation and emission spectra, stability, and toxicity since these nanoparticles are not 

a commercial product (being available from the regional centre of advanced technologies 

and materials, Palacký University, Olomouc). The results of the colocalization analysis are 

detailed in Chapter 5.1. The experiment confirmed that SAMN-R are mainly to be found 

in lysosomes and not in cell nuclei. The optimal settings of excitation and emission spectra 

were described using the Lambda square (λ2) fluorescence mapping function and it was 

found that the maximum excitation and emission values of SAMN-R are 560 nm and 

581 nm, respectively.  

The previous study confirmed that SAMN-R can maintain their colloidal stability 

in water for at least six months but lose these properties in a cell growth medium because 

they bind with the proteins contained in the medium. This changes the zeta-potential to 

lower values and, as a result, nanoparticles form clusters and sediments on the cover of 

culture vessels and adherent cells. Despite this, SAMN-R can successfully penetrate cell 

membranes to reach the intracellular compartment. Unfortunately, SPION can promote 

increases in ROS production, which can exert a toxic effect on living cells. In the previous 

study, the concentration used was determined in units of mass per volume (μg·mL-1) but, 

in this work, it was decided to use the dose parameter of nanoparticles in terms of mass per 

unit area surface of the culture vessel (µg·cm-2) since the suspension of SAMN-R does not 

retain a colloidal state in the culture medium. The results of the study of the toxicity effect 

of SAMN-R on hMSCs and 3T3 cells are detailed in Chapter 6. It was determined that the 

dose value of 20 µg·cm-2 is optimal, and therefore it was used in the following 

experiments.  

Based on the fact that SPION can affect the functions of organelles such as 

mitochondria and nuclei, it was decided to study their effects on cell proliferation and 

motility. The 3T3 cell line was used in the study of cell proliferation, while the analysis 

was performed based on the growth curve obtained. Non-staining cells treated with 

SAMN-R and CMFDA stained cells were used for this experiment. The subsequent 

statistical analysis did not confirm that SAMN-R treatment and CMFDA staining exert 

a significant effect on cell proliferation. The results are shown in detail in Chapter 6.2.  

The effects of SAMN-R on collective migration were examined by means of 

a scratch assay, for which the 3T3 cell line was used. The ability of 3T3 cells to migrate 

into the wound area was studied, and the results were quantified statistically. It was not 
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confirmed that SAMN-R treatment and CMFDA staining exert a significant effect 

on collective cell migration. The results can be seen in Chapter 7.1.  

Single-cell migration was studied via adipose-derived hMSCs taken from eight 

patients (Chapter 7.2) and the cell migration velocity was compared to non-staining cells 

treated with SAMN-R and CMFDA stained cells. The duration of the experiments was set 

to six hours and the frame rate to five and ten minutes. In the first presented experiments, 

the samples were observed one after the other, after which the conditions of experiments 

were improved, and samples were observed simultaneously. The statistical analysis did not 

reveal any significant effect of SAMN-R treatment on single-cell migration velocity, 

but the difference between the mean velocity of non-staining cells and CMFDA staining 

cells from one patient were considered statistically significant. The samples gained during 

this experiment were not observed simultaneously, which could affect the result.  

The model employed to study the interactions between hMSCs and HL-1 cardiac 

muscle cell line as cardiac tissue is detailed in Chapter 8. The scratch assay test was 

applied here, and two cell lines were cultured separately, after which the ability of hMSCs 

to migrate toward the HL-1 cell monolayer was observed. The targeted migration of 

hMSCs toward HL-1 cells was observed and it was seen that hMSCs tend to repair the 

wound and form a monolayer with HL-1 cells. The hMSCs also formed connections in the 

form of tunneling nanotubes. These are specific connections that can be used to transfer 

plasma membrane components, small cytoplasmic molecules, and organelles. This model 

is appropriate for the study of cell-to-cell contacts and their role in cell repair. This being 

so, studies of the communication between hMSC and HL-1 cardiac muscle cell line can 

yield important results for further research in the field of cardiac tissue regeneration.  

Based on the results obtained in this work, it can be confirmed that SAMN-R are 

appropriate cell markers for living cells. In recommended doses for cell treatment, they 

have proven their stability, non-toxicity, ability to maintain a good fluorescent signal for 

a long time, and ability to transfer into daughter cells. It can be confirmed that SAMN-R 

are suitable cell markers for tissue regeneration research. The set goals of this work were 

achieved, and the results obtained have great potential for further research in this field.  

The image processing algorithms that were used to perform the quantitative 

analysis of the cell proliferation and migration studies are detailed in Chapter 5.2.  

The statistical analyses and image processing were performed using the MATLAB  

(The MathWorks, Inc.) computing environment.  

The main results can be found in [141], while the other significant results have been 

published in [24, 32, 88, 145, 176]. Given the above findings, it could be concluded that all 

the main objectives of this thesis have been met.  
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Potentials 1 

 hMSCs Human mesenchymal stem cells 

  HUVEC Human umbilical vein endothelial 

cells 

bFGF Basic fibroblast growth factor   

CMFDA CellTracker™ Green CMFDA Dye  HyD Hybrid detector 

CMTPX CellTracker™ Red CMTPX Dye  ICAM-1 Intracellular adhesion molecule 1 

CNN Convolution Neural Network  IDO Indoleamine 2,3-dioxygenase 

DEAE Diethylaminoethyl   IFN-γ Interferon-γ 

DHM Digital holographic microscopy  IGF-1 Insulin-like growth factor 1 

DIC Differential interference contrast  IL-1β Interleukin-1 β 

DLS Dynamic light scattering  IL-8 Interleukin-8 

DMEM Dulbecco's Modified Eagle Medium  IMC Integrated modulation contrast 

DMSO Dimethyl sulfoxide  ISCT International Society for Cellular 

Therapy 

DNA Deoxyribonucleic acid   

ECM Extracellular matrix  LSFM Light-sheet fluorescence 

microscopy 

FBS Foetal bovine serum   

FGF Fibroblast growth factor  MEA Microelectrode array 

FITC Fluorescein  MI Myocardial infarction 

FN Fibronectin  MMP-2 Matrix metalloproteinase 2 

FPALM Fluorescence photoactivation 

localization microscopy 

 MOC Manders overlap coefficient 
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MRI Magnetic resonance imaging  ROS Reactive oxygen species 

MSCs Mesenchymal stem cells  SAMN-R Rhodamine-derived 

superparamagnetic maghemite 

nanoparticles NA Numerical aperture   

NGF Nerve growth factor  SDF-1 Stromal cell-derived factor 1 

NO Nitric oxide  SEM Scanning electron microscopy 

PALM Photoactivated localization 

microscopy 

 SP Spectral 

  SPION Superparamagnetic iron oxide 

nanoparticles 

PBS Phosphate buffered saline   

PCC Pearson’s correlation coefficient  SQUID Superconducting quantum 

interference device 

PCF Photonic crystal fibre   

PCM Phase Contrast Microscopy  STED Stimulated emission depletion 

microscopy 

PDGF Platelet-derived growth factor   

PDL Poly-d-lysine  STORM Stochastic optical reconstruction 

microscopy 

PEG Polyethylene Glycol   

PEI Polyethyleneimine  TEM Transmission electron microscope 

PGE-2 Prostaglandin E2  TGF-β Transforming growth factor-β 

PLL Poly-l-lysine  TNF-α Tumour necrosis factor-α 

PMT Photomultiplier tubes  TPR True positive rate 

PPV Positive predictive value  VCAM-1 Vascular cell adhesion molecule 1 

RESOLFT Reversible saturable optically linear 

fluorescence transitions 

 VEGF Vascular endothelial growth factor 

  VN Vitronectin 

ROI Region of interest  WLL White light laser 
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