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Abstract  

Charles University   

Faculty of Pharmacy in Hradec Králové 
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Candidate: Daria Prokofeva 

Supervisors: Dr. Burkhard Horstkotte, Ph.D., M.Sc.  

Consultant: Doc. PharmDr. Hana Sklenářová, Ph.D. 

Title of Diploma Thesis: Study of size selectivity measurement of cell subpopulation using 

field-flow fractionation. 

 

Cell separation effectiveness of Sedimentation Field Flow Fractionation (SdFFF) was studied 

by cell isolation and further characterization. In this thesis, we considered only Sedimentation 

Field-Flow Fractionation (SdFFF).  

Colorectal cancer (CRC) cell lines - WiDr, HCT116 were used as analytes. Polydispersed 

complex cell population as CRC cells, contents the cells in different stages of differentiation. It 

includes the cancer stem cells, which are considered responsible for driving growth and therapy 

efficacy of treatment. 

In this study, SdFFF in the so-denoted hyperlayer elution mode was used to obtain cell 

subpopulations from CRC cell lines. By this, the effectiveness of size-dependent separation and 

characterization method for cell sorting from complex polydispersed population have been 

studied. The cell subpopulations (fractions) were collected from different positions of the 

elution peak. Afterwards, the collected fractions were re-injected to observe the elution profile 

of fractions. The mean diameter and retention time of each collected fraction was determined 

and used to establish the size selectivity (Sd) of the experiments. The experiment was repeated 

three times for WiDr and two times for HCT116. 

The time of fraction collection was set to 10 s, however the elution of re-injected collected 

fraction took 2-3 minutes. The results of the re-injection of collected fractions prove a high 

polydispersity of the cell populations. The variance in the Sd is linked to the diversity of the 

density, shape and rigidity, which impacts the retention time. 

On the base of the found results, the SdFFF cannot be used for the separation of CRC lines by 

one biophysical parameter (size). Other biophysical parameters have also been taken into 

consideration. Therefore, the further investigation and study of SdFFF is required for an 

effective cell separation. 
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Název práce: Studium měření selektivity velikosti buněčných subpopulací pomocí frakcionace 

tokem v poli 

 

Byla zkoumána účinnost buněčné separace sedimentační frakcionací tokem v poli (SdFFF) 

prostřednictvím buněčné izolace a další charakterizace separovaných frakcí. V této práci byla 

testována jen SdFFF.  

Jako analyt byly použity kolorektální rakovinné (CRC) buněčné linie -WiDr, HCT116. 

Polydisperzní heterogenní buněčná populace, jako CRC buněčná linie, obsahuje buňky v 

různých vývojových stadiích diferenciace, včetně rakovinných kmenových buněk, jež jsou 

pravděpodobně zodpovědné za rakovinné bujení a terapeutickou účinnost léčby. 

SdFFF byla pro získání subpopulací (frakcí) kolorektálních rakovinných buněk použita v tzv. 

nadvrstevním režimu a následně byla studována účinnost velikost-zavislé separace a byla 

provedena charakterizace parametrů metody. V prvním kroku byly získány buněčné 

subpopulace pomocí kolekce buněk z různých pozic elučního píku. Získané subpopulace byly 

zpětně nastřikovány do SdFFF přístroje za účelem ziskani elučního profilu každé frakce. 

Změřená průměrná velikost a retenční čas separované frakce byly použity pro zjištění velikostní 

selektivity (Sd) metody. Experiment byl zopakován třikrát pro WiDr a dvakrát pro HCT116 

buňky. 

Doba kolekce frakcí byla 10 s, avšak eluce zpětně nastřikovaných separovaných frakcí trvala 

2-3 min. Výsledky zpětného nastřikovaní frakcí prokazují vysokou polydisperzitu buněčných 

populací. Variabilita a odchylky od předpovězěných hodnot velikostní selektivity Sd jsou 

spojeny s proměnlivými biofyzikální parametry, jako je hustota, tvar, rigidita atd. 

Na základě získaných výsledků SdFFF nelze prozatím použít jako účinnou separační metodu 

pro charakterizaci polydisperzní a komplexní CRC populace založenou pouze na velikosti 

částic; je nutno brát v úvahu také ostatní biofyzikální parametry. K efektivní buněčné separaci 

jsou tedy vyžadovány další výzkum a optimalizace SdFFF metody. 
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Abbreviations 

CRC – colorectal cancer  

DMSO – dimethyl sulfoxide 

EDTA - ethylenediaminetetraacetic acid 

FFF – Field Flow Fractionation 

GrFFF – Gravitational Field Flow Fractionation 

id – inner diameter 

PBS – phosphate-buffered saline 

PEEK – polyether ethyl ketone 

PTFE – polytetrafluoroethylene 

Robs – retention ratio 

RP – release peak 

Sd – size selectivity 

SD – standard deviation  

SdFFF - Sedimentation Field Flow Fractionation 

TP – total peak 

tr – retention time 

UV – ultra violet range 

VIS – visible range  

Vmax – maximal velocity 
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1 Introduction 

Cell sorting is a method, which allows the isolation of some specific subpopulations from a 

complex cellular matrix. The accurate characterization of the isolated populations is vital for 

microbiology, molecular genetics, chemical and cellular therapies, and clinical diagnosis [1].  

Colorectal cancer (CRC) is one of the main causes for mortality in the world. The high 

chemotherapy resistance and hard diagnosis leads to a high mortality. The development and 

effective treatment of CRC can be based on the existence of cancer stem cells. For a detailed 

study of cancer stem lines, an effective separation and further characterization of a specific 

subpopulation is required [2]. 

As a matter of fact, a wide range of techniques and methodologies is available for cell separation 

and characterization. Centrifugation electrophoresis, flow cytometry (fluorescent -activated cell 

sorting or FACS), or magnetic-activated cell sorting (MACS) are all techniques that take 

advantage of some biological criteria (size, density, shape, etc.), electrical charge, or specific 

antigen expression [3]. 

Field-Flow Fractionation (FFF) is a group of different separation techniques, based on 

biophysical parameters of cells, used in a principal similar to liquid chromatography. 

Sedimentation Field Flow Fractionation (SdFFF) is a technique, which appears to be well suited 

for separation and characterization of micron-sized species such as cells. The separation in 

SdFFF is achieved by the combined action of 1st, a flow of parabolic profile of a mobile phase 

through a flat flow channel and 2nd, an external centrifugal (multi-gravitational) field applied 

perpendicular to the flow direction [2,4,5].  

The advantages of SdFFF application are 1st, a drastic limitation of cell-surface interactions due 

to the use of an empty channel without any stationary phase and 2nd, elution in “hyperlayer 

elution mode”, i.e. avoiding interactions of the cells with the flow channel walls [2]. 

SdFFF can be a useful cell sorting method for providing purified, viable, and usable cell 

fractions [4,5,6]. 

The separation effectiveness can be measured and demonstrated by the establishment of 

experimental (observed) size selectivity (Sd). The observed Sd can be compared with a 

theoretically predicted value, which shows the effectiveness and applicability of the method for 

separation of the much complex, polydispersed cell population [7]. 

This work aimed to study the applicability of SdFFF in hyperlayer elution mode for cell sorting 

of CRC cell lines and characterization of the usability of this technique. 
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2 Objectives 

The main objective was to obtain the size selectivity of tested cell population and characterize 

the effectiveness of SdFFF cell separation for polydispersed population. 

Specific objectives for this were: 

▪ To demonstrate and characterize the elution under hyperlayer elution mode. 

▪ To demonstrate the high polydispersity of cell collected fractions. 

▪ To demonstrate and evaluate the separation effectiveness and system’s performance 

considering elution conditions being flowrate, field strength, and cell concentration. 

▪ To evaluate the suitability of SdFFF for the separation of polydispersed cell population. 
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3 Theoretical part 

This work deals with the separation of WiDr, HCT116 cells by a Sedimentation Field Flow 

Fractionation. Therefore, in the following, an introduction to the used Field Flow Fractionation 

technique and background of cell characterization is given.  

3.1 Field-Flow Fractionation 

3.1.1 The principle  

Field Flow Fractionation, abbreviated FFF, is a family of techniques for separation and 

characterization of macromolecular and particulate materials such as proteins, polysaccharides, 

nucleic acids, colloids, nanoparticles, viruses, exosomes, cells. The general concept of FFF was 

invented in mid-1960s by J. Calvin Giddings [8]. 

In all FFF techniques, a force field is applied to a fluid suspension pumped through a long flow 

chamber (following denoted “flow channel”). The field is perpendicular to the direction of flow 

and causes that analyte cannot move as fast as the flow in the channel. This causes the separation 

of particles introduced into the flow channel with the sample. The flow drives the sample 

components along the chamber, eventually flushing them out into a detector and/or collection 

device for further characterization (Figure 1). Its flow origin puts FFF in the same broad 

category as chromatography [9,10]. 

 

Figure 1. The basic principle of separation in FFF. Elution of particles, driven by flow stream and 

applied field [11]. 

Separation in Field Flow Fractionation (FFF) is obtained by the combined actions of: 

(1) A parabolic profile generated by the flow of the mobile phase through a flow chamber. 

(2) An external field applied perpendicularly to the flow direction [2,9]. 

https://en.wikipedia.org/wiki/Suspension_(chemistry)
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In the following, the different types of FFF techniques, i.e. modes of operation, and different 

kinds of field for separation are described. The basic instrumentation and concerns are shortly 

explained. 

3.1.2 FFF techniques according to the type of applied field 

The diversity of sub-families in FFF and the versatility of the technique is a direct result of the 

variety of applicable fields listed in Table 1.  

Table 1. Practical and hypothetical (in bold) FFF fields, and the corresponding techniques [10]. 

Technique Abbreviation Field type Separation according to 

Flow FFF FlFFF Crossflow (Fl) Biophysical properties  

(Size and density) 

a. Symmetrical flow 

FFF 

b. Asymmetrical 

flow FFF 

c. Hollow fiber FFF 

 

 

FIAFlFFF or 

AF4 

HF5 

 

 

 

Crossflow 

 

 

Size and density 

 

 

Sedimentation FFF SdFFF Earth gravitation  Biophysical properties 

(Size and density) 

 

a. Centrifugal FFF 

or Sedimentation 

FFF 

b. Gravitational 

FFF 

SdFFF 

 

 

GrFFF 

Centrifugal force 

 

 

Earth gravitation 

Size and density 

 

 

Size and density 

Thermal FFF ThFFF Thermal (temperature 

gradient) (Th) 

Size and chemical 

composition 

Electrical FFF ElFFF  Electrical (El) Size and charge 
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Magnetic FFF MgFFF 

 

  Magnetic (Mg) Magnetic properties 

Dielectrophoresis 

FFF 

 

DlFFF 

 

 Dielectric (Dl)  Size and charge 

FFF  
Concentration gradient 

Acoustic 

Shear 

 

 

Different types of external fields divide Field Flow Fractionation to corresponding techniques: 

1. Flow FFF (FlFFF) - in this technique, the field consists in the second independent flow 

stream (called the crossflow stream), that drives the sample component towards the 

accumulation wall. The accumulation wall is a permeable membrane. The technique is 

applicable to synthetic polymers and biological macromolecules.  It can be divided into 

three types: 

a. Symmetrical FlFFF is a sub-technique, the crossflow is achieved by pumping 

the carrier liquid (flow) directly across the channel through porous frits. In this 

kind of FlFFF, both channel walls are permeable. The accumulation wall is 

covered by an ultrafiltration membrane, impermeable to the sample components.  

b. Asymmetrical Flow FFF (FIAFlFFF or AF4) - only one wall is permeable, the 

carrier liquid passes across the channel [9]. 

c. Hollow fiber FFF (HF5) is the field-flow fractionation technique, similar to 

asymmetrical Flow FFF, separation is achieved by applying a crossflow, but 

instead of using a channel, a hollow fiber cartridge is used for the separation. 

Consequently, crossflow is applied towards the porous fiber wall, whereas AF4 

uses crossflow towards a flat membrane. A wide size ranged from several nm to 

µm can be covered by HF5 [13]. 

2. Sedimentation-based FFF 

a. Multigravitational or centrifugal FFF is based on a multi-gravitational field 

described below. 

b. Gravitational FFF (GrFFF) is based on earth gravity. It employs the Earth’s 

gravitational field to fractionate a variety of particulate analytes in the 

micrometer size range. This technique can be used for the separation and 

characterization of cells, microorganisms and large particles [12]. 

3. Thermal FFF (ThFFF) - the field force is the temperature difference across the channel. 

A relatively small temperature difference applied between the top and bottom walls of 

the channel and produces a high temperature gradient causing thermal diffusion. This 
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is a classical technique for polymer analysis as it separates by difference of size and 

chemistry [9]. 

4. Electrical FFF (ElFFF) - the separation is based on the difference in electrical charges 

at components of analyte. This technique was introduced for separation of proteins. 

Electrical FFF is likely to be an important technique in future applications, particularly 

in analysis of biomaterials [12]. 

Some further FFF techniques exist as well, but are less frequently used and a mainly directed 

for specific sample types: magnetic FFF, dielectrophoresis FFF, as well as some, only 

theoretically proposed, FFF techniques based on concentration gradients or shear-flow [10]. 

 

3.1.3 Characterization of flow 

The laminar flow in the separation channel shows a parabolic or near-parabolic flow velocity 

profile, illustrated in Figure 2. The flow velocity varies with the distance from the walls of the 

channel. At the channel walls, it is zero and increases towards the channel center, where it 

reaches its maximum value. Depending on its vertical position, a particle is carried downstream 

through the channel at different velocity. Without the application of the separation field, 

particles would change their position in the flow by diffusion, so that its average velocity if the 

carrier flow is only applied. Due to the perpendicular field, the vertical position of a particle, 

depending on its size and other characteristic is changed. The relative distribution of the 

analytes over the parabolic flow profile determines the retention time in the channel. Different 

types of distribution correspond to different operating modes [9,10]. The three frequently used 

operating modes are described in section 3.2.8. 

 

Figure 2. Parabolic profile in FFF. Vmax = maximum velocity [9]. 

 

3.1.4 Structure of flow channel 

Channels in FFF are flat and made therefore from thin, ribbon-like materials (Figure 3). 

Usually, the channel is flat-type shaped obtained by cutting a plastic, thin foil that is sandwiched 

between two flat walls as shown on Figure 4. The material of walls should be capable of 
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transmitting the field across channel volume, and biocompatible with components of analyte 

[9]. The field is applied across the major faces of the channel driving particles away from one 

wall (depletion wall) towards the opposite wall (accumulation wall). The parabolic flow profile 

develops between the depletion and the accumulation walls. The channel has V-shaped ends to 

ensure homogeneous flow inlet and outlet of the system.  

 

Figure 3. Ribbon-like channel structure typically used for FFF [9]. 

 

 

Figure 4. The channel cut from ribbon-like thin spacer and sandwiched between two walls [9]. 

3.1.5 Fractogram 

Fractogram is the graph of a detection signal versus time and the result of a performed FFF. 

The x-axis represents the elution time (retention time), usually in minutes; the y- axis represents 

the signal intensity, e.g. the absorbance. When a compound is detected, it is registered in the 

fractogram as a peak. The fractogram consist on two peaks. Void volume peak corresponds to 
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less retained particles; the second peak is analytical species. The shape of the main peak 

depends on of the used technique and the detected particles. 

 

Figure 5. Sedimentation FFF fractogram. AUFS is absorbance unit full scale. F1-F6 is collected 

fractions.TP is total the population, TP=F1-F6. ER corresponds to the channel rotation (external 

field strength =0 g). RP is residual signal corresponding to the release peak. 

 

3.2 Sedimentation-based Field Flow Fractionation 

3.2.1 The principle of Sedimentation-based Field Flow Fractionation 

Sedimentation-based FFF is based on the sedimentation of the particles in the flow channel and 

is a gentle, noninvasive, and labeling free technique [1]. 

Regarding the nature of the field, gravitational FFF (GrFFF) using simply earth gravity and 

centrifugal FFF, classically defined as sedimentation FFF (SdFFF), using centrifugal force to 

create at a multi-gravitational external field, which can be distinguished. In SdFFF, the field is 

generated by rotation of the separation channel in a rotor basket. In the next section, 

Sedimentation Field-Flow Fractionation (SdFFF) will be described in detail [2]. 

GrFFF appears a more accessible FFF (simple schematized device given in Figure 6) than 

SdFFF by using natural earth gravity as an external field yet does not allow separation of 

particles with low sedimentation rate (low density, small size etc.). On the other hand, SdFFF 

requires a much more complicated arrangement (Figure 7) but allows also far better separation 

(which can be adapted by changing the speed or rotor diameter of the centrifuge) of smaller 

particles (e.g. nanoparticles) or of lower density species such as cells, being therefore of interest 

in this work [2]. 
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Figure 6. The principle of GrFFF. The flow and sample pass a classical FFF flow channel placed 

horizontally so that earth gravity acts perpendicular to the flow [14]. 

 

 

Figure 7. The principle of SdFFF. The sample and flow pass through the curved channel. The field 

generated by rotation of centrifuge acts perpendicular to the flow [14]. 

 

3.2.2 Channel insertion 

In FFF system (see section 3.1.2) the separation channel is usually a spacer in which the channel 

is carved. The channel thickness is defined by the spacer thickness. The channel presents a 

symmetrical geometry with two V-shaped ends allowing gentle flow rate transition between 

inlet/outlet tubing and channel limiting sample dispersion. In contrast to other FFF devices, the 

separation channel is not sandwiched between two flat parallel plates, but rather should be 

curved to be inserted between the curved depletion and accumulation walls implemented into a 

specific holder, called the centrifugation bowl or centrifuge basket. This implementation 

presents important objectives and issues, which are in need of hermetical clamping of channel 

to avoid mobile phase and sample leakage, but without any modification of channel cross 

section [9,15]. 
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Figure 8. SdFFF – insertion of the channel in the rotating bowl. “ASSEMBLY” [14]. 

 

3.2.3 External field force  

In SdFFF, the force exerted on the particle is given by equation 1 [7,14]. 

|𝐹| = 𝑚′𝐺 = 𝑚 
(𝜌𝑝−𝜌𝑙)

𝜌𝑝
𝜔2𝑟 (Eq 1) 

where m' is the effective mass of a particle defined by a mass m and a density ρp, carried by a 

mobile phase of density ρl, and submitted to an acceleration G, which depends on the angular 

speed ω of the centrifuge rotor with a curvature radius of r (distance from the rotation axis to 

the center of the separation channel). 

By modulating ω, it is possible to alter the field strength. It is done by an electrical motor 

connected to the rotation axis by a system of gears or by a transmission belt and changing either 

the mechanical transmission or the rotation speed of the motor by the applied power supply. 

Generally, the gravitational field is constant (isocratic elution) but if the motor speed is 

computer-controlled, a linear or exponential field decay can be performed, corresponding to a 

lower retention of the particles. 
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3.2.4 Rotating seals 

Rotating seals are one of the major and strategic parts of the SdFFF device. They allow 

continuous flow of mobile phase and a sample from the static part of the device (pump, 

injector), to the rotating separation channel, and then after elution, from the rotating part to the 

posterior static parts of the device, the detector and, if used, the fraction collector. This 

connection of flow must exist without any leakage of mobile phase and sample, which is of 

highest importance to avoid system contamination by biological samples or any turbulence, 

which would undo the obtained separation. High rotation speed and flow rate are crucial for 

nanoparticles sorting while for cells, elution needs to be with low field strength and therefore 

also low flow rate to insure cell integrity and recovery [2]. 

 

3.2.5 Channel wall material 

One of the great advantages of FFF is the lack of any stationary phase. In the case of cell sorting, 

this limits any harmful cell-cell/cell-surface interactions and shear stress, which is of primary 

importance for maintaining cell integrity and functionality.  

Channel poisoning is a progressive accumulation at the channel walls of cells, cell debris 

(membranes, organelles, cytoplasmic contains) or residuals from the culture cultivation and 

trypsitization. The consequence of channel poisoning is a decrease in repeatability and recovery 

by enhanced cell trapping, which can lead to crossover effects and microbial contamination. 

Cell death occurring into the channel could also lead to the release of apoptotic signal, which 

may in turn induce apoptosis in the next injected cell population [2]. 

The first solution to reduce channel poisoning, is the selection of biocompatible mobile phase 

and materials for channel walls. The second, described later, is to apply optimal elution 

conditions i.e. promoting the hyperlayer elution mode. The third is the use of 

cleaning/decontamination procedures (described in the Experimental part). 

In SdFFF, the channel walls are solid, non-permeable materials, but their composition greatly 

influences the sample recovery. Plastic materials such as polycarbonate, polystyrene or 

polytetrafluoroethylene (PTFE) present advantages such as resistance to many solvents 

including alkaline hypochlorite (used for decontamination), hydrophobicity, which reduces cell 

or proteins adsorption, and finally, biocompatibility, i.e. non-toxic to the injected cells [9].  

 

3.2.6 Mobile phase 

The classical mobile phase for cell sorting is a neutral (pH 7.4) isotonic phosphate buffer saline 

(PBS) solution without Ca2+ or Mg2+, cations which enhances cell-cell /cell-surface attachment 

[2]. It is possible to add a low percentage of antibiotics or anti-fungal agents to prevent 

microbial contamination, in particular for tissues or surgical biopsies elution [3]. 
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3.2.7 Injection procedure 

The injection procedure usually used for cell separation is described as a “flow injection 

procedure”, in which the sample is introduced and sorted without interruption of flow and 

without relaxation step. The “stop flow procedure” (or “relaxation step procedure”) is usually 

used for nanoparticles and includes a step of stopping the flow while the external field is applied 

at the moment in which the sample reaches the separation channel. This allows particles to 

reach an equilibrium position, which is important for obtaining high selectivity of their 

separation. In the case of micron-size particles e.g. cells, in absence of hydrodynamic lift 

forces), particles are then under the influence only of external field forces, which increases cell-

wall interactions and channel poisoning. Therefore, the “flow injection procedure” is more 

suitable for cell separation [1,2]. 

 

3.2.8 Operating mode of SdFFF separation 

The relative distribution of different components over the channel determines their order of 

elution, separation selectivity, band broadening, and other separation characteristics. The 

different distribution corresponds to different operating modes (elution modes). 

After the particles enter the flow channel, the external field drives them towards the 

accumulation wall. However, the displacement of particles towards the accumulation wall 

rapidly stops even though the field continues to be applied. When particles are close to the 

accumulation wall, opposing forces arise and counteract the primary force of the external field. 

The balancing of primary and opposing forces leads to the formation of an equilibrium position 

[9]. 

The equilibrium of particles depends on their biophysical properties: size, density, deformity, 

rigidity, etc. The nature of the opposing forces determines the operating elution mode of FFF. 

The three most frequently used modes are described below. 

 

3.2.8.1 Normal (Brownian) elution mode 

This mode governs the migration of most sub micrometer particles (macromolecules, polymers, 

proteins, polysaccharides, nucleic acids, colloids, nanoparticles, virus, exosomes, etc.). When 

sub micrometer-sized particles are driven towards the accumulation wall, their concentration 

increases with lower distance from the accumulation wall. This creates a concentration gradient 

that causes a diffusion away from the wall, perpendicularly to the flow direction [2]. As the 

particles buildup continues and the concentration gradient increases, opposing diffusion or 

Brownian motion increases proportionally until it reaches an equilibrium state. Then the particle 

concentration c approaches an exponential function of elevation z above the accumulation wall 

as described by equation 2 [14]: 

𝐶 = 𝐶0 ∙ 𝑒
−𝑧

𝑙  (Eq 2) 
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co is the concentration at the accumulation wall, c is the concentration at position z in the 

channel, l is a distance between the accumulation wall and the center of gravity of the analyte 

zone. 

The next equation represents the parameter l. The l of each component in the channel can be 

related to the force applied on each individual particle [9,14]. 

𝑙 =
𝑘∙𝑇

𝐹
 (Eq 3) 

k is the Boltzmann constant, T is the absolute temperature (°K), and F the force of the external 

field applied to the particles. 

 

Figure 9. Normal (Brownian) elution mode. V1,2 is velocity of analytes, ω is channel thickness [6]. 

In the normal elution mode, the smaller or less dense particles always migrate faster and elute 

earlier than the larger particles because they show a higher diffusion speed and are less affected 

by the centrifugation force than larger or denser ones, so that they penetrate further into the 

central streamlines of the parabolic flow profile. The retention time is therefore shorter for 

particles with lower mass or size [3]. 

  

3.2.8.2 Hyperlayer elution mode 

This elution mode is applicable for micron-sized species such as bacteria, yeast, starch granules, 

or mammalian cells. Due to their size, their diffusion away from the wall is negligible. Their 

distribution in the channel thickness is the consequence of two opposed forces. The first 

corresponds to the external field strength, which is homogenous for all particles. The field, 

applied perpendicularly to the flow direction, drives particles to the accumulation wall. The 

second causes a hydrodynamic lift also called near wall lift forces. Simplified, the faster flow 

rate is above the particle rather than below - due to the parabolic flow profile - causes a 

hydrodynamic lift like an airplane wing. An effect, which becomes greater for a higher 
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difference between both the flow rates below and above the particle and therefore the particle 

diameter. As the flow profile becomes flatter towards the center of the flow channel, the effect 

diminishes leading to a focusing effect (equilibrium position) [14].  

The lift forces increase with the particle radius and the flow rate and decrease with the channel 

depth. Thus, larger particles, at equivalent density, generate more lift forces and are focused in 

faster streamlines and eluted first than smaller particles. Denser particles are focused closer to 

the accumulation wall than lighter ones of the same diameter and will therefore be eluted later. 

The equilibrium position depends on the intrinsic biophysical properties of the analyte as size, 

density, shape, rigidity etc. Larger particles, at equivalent density, generate more lift forces and 

are focused in faster streamlines and eluted first than smaller particles [2]. 

Lift forces are exerted perpendicularly to the flow direction in opposite direction of the external 

field and drive particles to the center of the channel, playing a similar role as diffusion forces 

in normal elution mode. 

 

Figure 10. Hyperlayer elution mode. L1.2 is the distance of center of gravidity of analyte to 

accumulation wall. V1,2 is velocity of particles. ω is channel thickness [6]. 
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The important parameters for fractogram characterization are retention time and retention ratio 

Robs defined as following: 

𝑅𝑜𝑏𝑠 =
𝑡0

𝑡𝑟
 (Eq 4) 

where to is retention of less retained substance (void volume peak, Robs ≈ 1), tr the particle 

retention time (Robs < 1). Each new study of cell separation required the investigation of the 

retention time at various flow rates and external field strengths [2,3]. 

In the hyperlayer elution mode, the retention ratio depends on the flowrate and the external 

field. At constant flow, an increase of the external field strength leads to an increase of the 

retention time (Robs ↘), while at a constant field, increase of the flow rate leads to a decrease of 

the retention time (Robs ↗) [1] 

Description of hyperlayer elution mode predicts that sample will not be in close contact with 

accumulation wall. The approximate cell distance from accumulation wall s is calculated using 

by using the equation 5: 

𝑅𝑜𝑏𝑠 = 6
𝑠

𝜔
 (Eq 5) 

in which Robs is the retention ratio, ω is the channel thickness, and s is the distance from the 

center of the focused zone to the channel wall (cell elevation). The approximate average cell 

distance s is calculated by using experimental Robs value. If s is equal to the cell radius, particles 

are eluted under steric elution mode in close contact to the accumulation mode. If s is greater 

than average particle radius, particles are eluted away from the accumulation wall [2]. 

 

3.2.8.3 Steric elution mode 

The limit case of the hyperlayer mode is the steric mode. This mechanism occurs if lift forces 

are offset because of a very high external field or too low flow rate. The particles are then eluted 

and remain in close contact to the accumulation wall. 

Larger particles form thicker layers and because of their greater elevation and deeper 

penetration into the flow channel, they are displaced more rapidly than smaller particles. 

Indeed, steric and hyperlayer FFF elution modes are closely related and generally produce 

similar results. Sometimes, they are referred to together as steric-hyperlayer FFF. 

As in steric elution mode, particles elute in close contact with the accumulation wall, the Robs 

value becomes dependent only on the particle size (Eq 5). Attachments to the wall however 

leads to harmful particle-solid phase interactions causing decrease in functional integrity as well 

as repeatability, reproducibility, and recovery by channel poisoning [1]. 

For determination of the elution mode, the approximate average cell elevation s is used by 

experimental Robs values (Eq 5). If s is equal to the particle radius, the particles are eluted in 

steric elution mode. 
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Figure 11. Steric elution mode. L1,2 is the distance from the center of gravidity of analyte to 

accumulation wall. V1,2 is the velocity of particles. ω is channel thickness [14].  

 

 

Figure 12. Comparison of the three described elution modes: normal, hyperlayer and steric elution 

modes [14] 

 

3.2.9 Size selectivity 

Selectivity is a measure of the inherent ability of the technique to separate two components. It 

can be defined in terms of mass or size. The size-based selectivity is defined by equation 6 as 
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𝑆𝑑 = |
𝑑 (𝑙𝑜𝑔10 𝑡𝑅)

𝑑 (𝑙𝑜𝑔10 𝑑)
| (Eq 6) 

Where Sd is the size selectivity, tR is retention time, d is mean diameter of eluted particles. 

Prediction of size selectivity in hyperlayer elution FFF mode is complicated because of the 

difficulty to obtain a reliable expression of the hydrodynamic lift forces in experimental 

conditions. Practical detailed analysis conducted by Williams et al. [17,18] allowed them 

predicting values for Sd below 1 for SdFFF. This prediction is in agreement with the 

experimental value, for monodisperse standard, which generally falls in the range of 0.6-0.9 for 

SdFFF [7]. 

Practically, measurement of the experimental size selectivity is performed by establishment of 

an experimental size curve according to equation 7: 

Log10 tR = -Sd·log10 d + log10 tR1  (Eq 7) 

where Sd, the slope of the graph, represents the selectivity coefficient, tR the retention time, d 

the mean cell diameter, and tR1 a constant value equal to the retention time of a 1 µm particle. 

It has been demonstrated that in the case of elution of a population containing particles of 

different sizes, but analogous density profiles, the size selectivity curve is a straight line. After 

calibrating the SdFFF device with standard particles (calibrated latex beads), the size-based 

selectivity curve can be used to establish the particle size distribution of an eluted sample of 

particles with equal density. For the cell population, such as polydispersed system, the 

calibration process has not been performed due to absence of adapted standards [1]. 

 

3.3 The analysis of cell lines 

3.3.1 The analytes 

The colorectal cancer (CRC) is one of the most-leading causes of mortality in the world. 

Colorectal cancer is highly lethal, although well diagnosed in early stages. Development and 

resistance of colorectal cancer may be based on cancer stem cells existence. The colorectal 

cancer stem cells have been identified in few types of tumor. The aim of the researches is to 

understand the character of expansion and the nature of colorectal cancer cells better, and, in 

the same time, increase the therapeutic efficacy, the properties of colorectal stem cells should 

be investigated [2]. 

One of the major difficulties in isolation and characterization of stem cells is the low number 

(<1-5%). Various techniques are available for cell separation and characterization with specific 

labelling (e.g. fluorescent- or magnetic-activated cell sorting). In case a further cell use 

separation, specific labelling cannot be utilized. The method based on intrinsic biophysical 

factors (size, density shape, rigidity, etc.) such as Field Flow Fractionation could be of great 
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interest. In the past decade, prototypes and applications for SdFFF cell sorting were developed 

in many fields such as neurology, oncology, and stem cells research [2]. 

 

3.3.2 Cell sorting 

Cell sorting is the ability to separate cells according to their properties. The principal objective 

in cell sorting is the preparation of a sufficient number of identical cells with a high degree of 

purity, viability, and under sterile conditions. 

Figure 13 described the main steps of cell sorting by SdFFF. 

The development of many cell separation techniques which have contributed to many advances 

in life science are studied intensively over the years. Most of works using SdFFF are to explore 

many cellular functional aspects (cell differentiation, cell cycle analysis, phenotypical and 

functional analysis). The present work is focused on cell sorting effectiveness and pre-

optimization of methods for further characterization. 
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Figure 13. Organization of SdFFF cell sorting. Schematic representation of the different 

operations leading to calibrated fractograms and possible application of SdFFF cell separation 

from cell cultures [1]. 
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4 Experimental part 

The experimental part can be divided into 1st, the biological preparation the cell sample and 2nd, 

the SdFFF separation and characterization.  

The cell cultures (WiDr, HCT116) were seeded at the same density 72 hours. For the 

experiments, the cell suspension of defined concentration was prepared (3·106 cells/ml and 

3.3·106, respectively). Rest of cell culture was re-seeded (sub-cultured) for the further 

experiments. SdFFF elution was performed to collect fractions from different positions of 

elution peak. The elution for fraction collection had been made 9-11 times to collect a sufficient 

number of cells. The collected fractions (F1-F5/F1-F6) were centrifuged, separated from 

supernatant and suspended in small volume (150 µl) of PBS. One part was re-injected to obtain 

retention time of each fractions (tR, log10 tR), the rest was used for size measurement (d, log10 d) 

by Coulter Counter method (4.4.4). The curve of size selectivity was built from obtained 

parameters, characterized the elution mode and the size selectivity effectiveness. 

 

Figure 14. The schematic diagram of the work. The cell lines (WiDr, HCT116) were seeded for 72 

hours, rest of cells were re-seeded for the next experiments. TP is total peak, F1-F5 fraction 

collection, tR is retention time, d is diameter. 
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4.1 Reagents and solutions 

Distilled water was used throughout for solution preparation. The following solutions were used 

and prepared as described:  

• A culture medium of WiDr cells (Medium A) was the composition of the base medium 

ATCC-formulated Eagle's Minimum Essential Medium (ATCC, Manassas, VA, USA) 

with added Fetal bovine serum (FBC, ATCC, Manassas, VA, USA) to a final concentration 

of 10%.  

• A culture medium of HCT116 (Medium B) consisted of the base medium for HCT116 cell 

line ATCC-formulated McCoy's 5a Medium Modified (ATCC, Manassas, VA, USA), with 

added Fetal bovine serum (FBC, ATCC, Manassas, VA, USA) to a final concentration of 

10%.  

• 0.25% (w/v) Trypsin- 0.53 mM EDTA (ATCC, Manassas, VA, USA) was used for 

enzymatic resuspension from culture plates. 

• Dimethyl sulfoxide (DMSO, ATCC, Manassas, VA, USA) was used as cryoprotectant. 

• Phosphate-buffered saline (PBS, pH 7.4) (Gibco BRL, Cergy-Pontoise, France) was used 

as mobile phase and sample solvent.  

• Trypan blue solution 0.4% (ATCC, Manassas, VA, USA) was used for the measurement 

cell viability and cell counting. 

• Isoton® diluent (Beckman Coulter, Fullerton, CA) was a medium for Coulter Counter size 

measurement. 

• BD FASCTM Clean® solution (BD Bioscience, USA). 

BD FASCTM Rinse® solution (BD Bioscience, USA). 

• Coulter Clenz® (Beckman Coulter, Fullerton, CA).  

• Sodium hypochlorite 3,2% (w/v) (L’eau de Javel 9,6%, dilution ratio 1:3, La Croix, France) 

were used for cleaning and decontamination processes of the SdFFF device. 
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4.2 Cell lines and culture condition 

4.2.1 Cell lines 

For all experiments, colorectal cancer (CRC) cell lines were used. The human CRC cells - 

WiDr, HCT116 were used as analytes. The WiDr, HCT116 were obtained from American Type 

Culture Collection (ATCC, Manassas, VA, USA) and cultured according to their 

recommendations.  

Cells were preserved before use at -80°C with 1%(v/v) DMSO added. 

All cell cultures were handled in microbiological safety cabinet under sterile conditions. 

For cultivation, cell lines were very quickly defrosted in 37°C water bath. Cells culture was in 

culture medium (medium A, Medium B) inoculated and incubated in a culture box in a 5% CO2. 

When approximately 80% of confluence of the cell culture was observed, sub-culturing i.e. 

culture splitting was required. The protocol is given schematically in Figure 15. 

 

4.2.2 Sub-culturing of cells 

The preparation of subcultures was as following:  

 1. The Medium A or Medium B and 0.25% (w/v) Trypsin- 0.53 mM EDTA were pre-warmed 

to room temperature.  

2. The culture media was carefully discarded from the culture vessel without disturbing the cell 

monolayer. 

3. The cell monolayer was briefly rinsed with 0.25% (w/v) Trypsin- 0.53 mM EDTA (for 75 

cm2 flask approximately 5 ml) to remove all traces of serum and maintained at 37° C incubator 

within 5-7 minutes. 

4. Cell dissociation and cell rounding was confirmed visually under a microscope. The culture 

vessel was gently tapped to promote cell detachment. If there were cells, which were difficult 

to detach, the flask could have been putted in 37°C for 2-4 minutes to facilitate dispersal. 

5. When most of the cells were detached, an equal volume of the complete media was added 

into the culture vessel to neutralize the trypsin-EDTA. The culture suspension was gently 

swirled and mixed to ensure the neutralization was complete. 

6. The culture suspension was transferred to a sterile centrifuge tube (15 ml). 

7. The cell suspension was centrifuged at 1200 rpm for 10 minutes.  

8. The supernatant was aspirated. The cell pellet was re-suspended in a pre-warmed 37°C 

Medium A or Medium B (1 ml). 

9. Appropriate aliquots of the cell suspension was added to new culture vessels. WiDr sub-

cultivation ratio was 1:10 to 1:20; for HCT116 cell line was 1:3 to 1:8. Afterwards 10 ml of the 

Medium A or Medium B was added into the flask. 

10. The newly seeded culture vessel was placed in a 37°C, 5% CO2 incubator and maintained 

there for 72 hours before processing the cells for downstream experiments.  



24 
 

11. The culture media was renewed every 2-3 days, if the cells had not reached 80% confluency. 

If cells were over confluency about 80%, there must be performed a further sub-culturing. 

 

 

Figure 15. Subculture of cell monolayer. Stages in the subculture and growth cycle of a cell 

monolayer after trypsinization (1-8) [19]. 

 

4.2.3 Standard preparation of samples for SdFFF 

Cells were seeded in 37°C incubator during a defined time of 72 hours. After the required time, 

cell monolayer was again suspended by using the Trypsin-EDTA (method is given in 4.2.1) and 

counted by the Trypan Blue Exclusion Method on a Malassez hemocytometer. (see section 4.5.1).  

Finally, cells were suspended PBS at a density 3·106, 3.3·106/ml in a centrifuge flask.  
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4.3 Instrumentation of SdFFF device 

The SdFFF schematic separation device used in this study is given in Figure 16. 

 

Figure 16. Schematic picture of the SdFFF instrument. Components: a) Isocratic HPLC pump, b) 

3-way valve (relaxation/cleaning) c) 6-port injection valve, d) safety box, e) rotating inlet and outlet 

seals, f) inlet and outlet tubing, g) aluminum stand, h) rotor, i) channel clamping system, k) 

centrifugation bowl, l) gears, m) electric motor, and n) UV-Vis spectrophotometric detector [6]. 

The SdFFF separation device used in this study was previously described and schematized [2,4,5]. 

The apparatus was composed of two (length x widths x depths) 880 mm×66 mm×2 mm plates 

(depletion and accumulation walls), which were made from solid, non-permeable materials 

such as polystyrene, separated by a Mylar® spacer, in which a flow channel was carved. The 

channel dimensions were 800mm × 10mm × 0.125mm with two 60mm long, V-shaped ends, 

Mylar® spacer. An electric motor was connected to the rotation axis of the system by gears to 

ensure control of field strength of centrifugal force. The rotation speed was set to 1051 rpm. The 

applied field strength depended on the applied electrical voltage to the motor, which was 

controlled manually. Inlet and outlet tubing were made from PEEK® (Upchurch Scientific, Oak 

Haron-bourg, USA) of 0.504 mm id, which were directly glued to the polystyrene accumulation 

wall).  

The polystyrene plates and Mylar® spacer were sealed into a centrifuge basket (Figure 8). The 

channel is placed in the arc of a circle of the centrifuge basket. The measured total dead volume 

(channel volume + connecting tubing + injection and detection device) was 1123 ± 2 µl (n = 6). 

The void volume had been calculated from the delay time after an injection of a less-retained 

compound (0.10 g/L of benzoic acid, UV detection at 254 nm) at previous experiments. The 

distance of the channel from the rotor axis was measured to be r = 13.80 cm. Two rotating seals, 

drilled to allow 1.62 mm external diameter PEEK® tubing to fit in, were used to permit the 

mobile phase to flow through the channel. A Waters 515 programmable HPLC (High-

performance liquid chromatography) pump (Waters Associates, Milford, MA, USA) was used 
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to pump the sterile mobile phase. The classical mobile phase for cell sorting was a neutral (pH 

7.4) isotonic PBS (Gibco BRL, Cergy-Pontoise, France) solution without addition of Ca2+ or 

Mg2+. Samples were injected by means of a Rheodyne® 7125i chromatographic injector 

(Rheodyne®, Cotati, CA, USA). The elution signal was recorded at 254nm by a Waters 486 

Tunable Absorbance Detector (Waters Associates) and aM1111 (100mVinput) acquisition 

system (Keithley, Metrabyte, Tauton, MA, USA) operated at 4Hz connected to a PC.  Fractions 

were collected into 15ml centrifuge tubes [15]. 

 

4.4 Cell sorting 

4.4.1 Elution condition 

The optimal elution conditions had been determined in previous experiments as follows: 

Injection volume of 0.1ml WiDr and HCT116 cells suspension (3·106 and 3.3·106 cells/ml in 

osmotic PBS, pH 7.4, respectively) and mobile phase flow rate of 0.80 ml /min. Mobile phase 

composition: sterile isosmotic PBS, pH 7.4; external multi-gravitational field strength: 8.00 ± 

0.02 g (WiDr); 20.00 ± 0.02 g (HCT116), spectrophotometric detection at 254 nm. The inlet 

tubing connecting the injection device to the separation channel (via the rotating seals) is 

directly screwed into the accumulation wall [1]. 

 

4.4.2 Elution and fraction collections 

 SdFFF elution of CRC cell suspensions (0.1ml 3·106, 3.3·106 cells/ml) resulted in the 

separation of cell fractions (TP, F1-F5/F6) collected and designated as follow:  

total population (TP) for WiDr was collected during - 5 min 45 s to 8 min 25 s; Collection of 5 

fractions was taken for 10 seconds – Fraction 1 (F1): 5 min 45 s, Faction 2 (F2): 6 min 15 s; 

Fraction 3 (F3): 7 min 05; Fraction 4 (F4); 7 min 40 s; Fraction 5 (F5); 8 min 10 s. The F3 must 

be collected from the maximum of peak.  

For HCT116 the total population(TP) was collected during 5 min 40 s to 10 min 50 s, collection 

of 5 fractions was taken for 10 seconds - Fraction 1 (F1): 5 min 40 s, Fraction 2 (F2): 7 min 

10 s, Fraction 3 (F3): 8min 15 s, Fraction 4 (F4): 9 min 10 s, Fraction (F5): 10 min 50 s. The 

F4 must be collected from the maximum of peak. 

Successive SdFFF fraction collection was performed for total peak (TP) 2 times and collection 

(F1) - (F6) was performed 9 to 11 times to obtain a sufficient quantity of cells for further 

biophysical characterization. The time collection shift ± 5 s was acceptable. Size measurement 

using a Coulter Counter was performed as described in 4.4.4. 

Establishment of size selectivity (section 3.2.9) was done through the equation 7. To reduce 

dispersity, increase retention time and diameter measurement accuracy, it was necessary to 

collect 5-7 small fractions, 10 s each. Furthermore, to obtain sufficient quantity of cells, a 

minimum of 9 successive runs should be performed and fractions should be pooled before 



27 
 

centrifugation. The cell pellet is suspended into a small PBS volume, the one part is re-injected 

(tR measurement, log10 tR), the second part is used for size measurement (d, log10 d). By this 

method a linear relationship between log10 tR and log10 d was obtained, and the slope of curve 

is giving a size selectivity, with a size dependent elution order according to the hyperlayer 

elution mode. 

 

Figure 17. Representative fractogram and fraction collection of HCT116. Elution conditions: 

injection volume of 100 µl cell suspension (3.3·106 cells/ml), flow rate: 0.8 ml/min (sterile PBS, pH 

7.4); external multi-gravitational field: 20.00 ± 0.02 g, spectrophotometric detection at λ = 254 nm. 

TP and F1-F6 represent the collected fractions. ER corresponds to the end of channel rotation 

(mean externally field strength = 0 g). RP is a residual signal corresponding to the release peak of 

reversible cell-accumulation wall adherence. 

 

4.4.3 Reinjection of fractions 

Fractions were collected into a centrifuge flasks (15ml) and centrifuged for 10 min, flowrate 

1200 rpm. Fractions were separated from supernatant, added small volume of PBS (150µl) used 

as medium in further experiments. Re-injections of collected fractions (F1-5/F6, TP) were 

performed in the same elution condition as the flow injection of sample to see the elution profile 

of collected subpopulation of cells. 

 

4.4.4 Size measurement 

A 256 channel Multisizer II Coulter Counter (Beckman Coulter, Fullerton, CA) was used to 

determine the mean diameter and size distribution of fractions of WiDr, HCT116 

subpopulations. The cells were diluted in Isoton® to a final volume of 15 ml to plastic vials. 
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The counting conditions were the following: 500 µl sample volume, cumulative results of 3 

successive assays. Results are given as the mean +- SD (standard deviation) for 3 different 

experiments [2]. 

 

4.5 Operation protocol 

4.5.1 Cell counting in a hemocytometer 

Cells were counted in a Malassez counting chamber (Malassez hemocytometer) using the 

Trypan Blue Exclusion Method. The depth of the counting chamber was 0.2 mm. The counting 

grid was 2 x 2.5 mm². The large rectangles had an area of 0.25 x 0.20 = 0.05 mm², each of them 

was subdivided into 20 small squares with an area 0.05 mm x 0.05 mm = 0.0025 mm². The used 

method of preparation of the cell resuspension from the cell culture was detailed in section 

4.2.2. 

 

Procedure steps for cell counting: 

Resuspension of the cells in 1 ml Medium A or Medium B as given in section 4.2.2. 

• 20 µl of cell suspension was added to a plastic 1.8 ml Eppendorf vial. 

• 20 µl Trypan blue solution 0.4% was added to an Eppendorf vial. 

• 20 µl of suspension was aspirated and placed in a plastic centrifuge tube (50 ml) with 480 

µl PBS. 

• Mixed gently (to avoid bubbles). 

• 0.1 ml of suspension was aspirated, the tip of pipette was placed between the cover slip and 

the Malassez. 

• The Malassez chamber was loaded with sufficient amount of sample. 

 

Live cells appear colorless and bright (refractive) under the microscope. 

Dead cells appear stained blue and non-refractive. Only living cells were counted for the 

experiments. 

 

  



29 
 

In order to aid the accuracy and consistency of cell counts, the counting system illustrated in 

Figure 18 was used [21]. 

 

Figure 18. Counting system to ensure accuracy and consistency. The cells within the large square 

and those crossing the upper and left edge were counted.  A cluster of 3 or more cells was counted 

as 3 cells, while clusters of 2 cells was counted as 1 cell [21]. 

The following example explains the procedure to calculate the cell concentration: The number 

of cells in 3 lines of 10 squares each is 102 cells, i.e. 1 line contains 34 cells. Consequently, 10 

lines corresponding to 1 µl contain 340 cells, i.e. the cell concentration would be 340·103 cells. 

Taking into account a dilution factor of 50 (1:1 dilution with Trypan blue, 1:25 with PBS), the 

real cell concentration is 17·106 cells/ml. The required concentrations were 3·106, 3.3·106 

cells/ml for WiDr and HCT116, respectively.  

 

  



30 
 

4.5.2 Operation of the cleaning and decontamination 

The method for cleaning and decontamination was written. Cleaning procedure took place in 

the end-day, or the end-injection series procedure to overcome long-term channel poisoning, 

cross-sample and microbial contaminations. The procedure was a back-flushing (1.5-2.0 

ml/min) way of the system from the detector to the injector with a series of solutions: sterile 

ultrapure water (removing PBS and hypotonic cell destruction, 15-20 min) / BDTM Clean® 

solution (BD Bioscience, USA) (removing cell debris, proteins, lipids, 5 min) / sterile ultrapure 

water (removing BDTM Clean®, 15-20 min) / BDTM Rinse® solution (BD Bioscience, USA) 

(microorganism destruction, 5 min) / Sterile ultrapure water (removing BDTM Rinse®, 30-60 

min or at flowrate 0.2 ml/min during the night). The system was then ready to go by the normal 

way of flushing (from injector to detector) by sterile PBS pH 7.4 (60 min) to replace sterile 

water [1]. 

A simplified cleaning and decontamination method was used in case of further measurement in 

the same working day: the device was flushed at 2–5 ml/min, for 15 min per each step, of the 

following solutions: sterile distilled water / Coulter Clenz® / sterile distilled water / sodium 

hypochlorite 3, 2% / sterile distilled water. The system was then ready to go for a new separation 

by replacing sterile distilled water with sterile PBS (30 min) [1]. 
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5 Results and discussion  

5.1 Fractograms and fraction collection 

In the first step of this work, the sample of the cell suspension with density 3·106 cells/ml or 

3.3·106 cells/ml of WiDr or HCT116 cell lines, respectively was prepared (see section 4.2.3). 

The cell elution was performed in order to collect the fractions of the cell suspension from 

different positions of fractogram. Elution conditions and parameters of fraction collection were 

given in the Experimental part for both cell lines. 

 

5.1.1 Fractogram of WiDr and HCT116 cells 

The SdFFF sorting of WiDr was performed in triplicate for WiDr and twice for HCT116 (they 

are marked as 01.12.16, 28.11.16, and 18.11.16 – WiDr, 02.12.16 and 30.11.16 - HCT116, 

according to the date of experiments). To obtain a sufficient quantity of cells in collected 

fractions, successive injections and collections 9-11 are needed [1]. The fractograms and 

superposition of fractograms of fractions are represented in Figure 19 to Figure 23. 

The three representative fractograms of SdFFF elution are given below. In fractogram A, the 

fraction collection time were marked by vertical lines. Elution conditions are given in section 4.4.1. 

 

Figure 19. Representative fractograms of WiDr cells from 01.12.16 (A, B, C); (D) is superposition 

of A, B, C fractograms. Data point were provided from 9-11 independent SdFFF elution. Fraction 

collections were performed as described in Experimental part. VP is void (dead) volume peak, TP 

is the total peak, F1-F5 are collected fractions. The collected fractions are marked by vertical lines. 
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Figure 20. Representative fractograms and superposition from 28.11.16 

 

 

Figure 21. Representative fractograms and superposition from the 18.11.16 
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Figure 22. Representative fractograms and superposition from 02.12.16 

 

 

  

Figure 23. Representative fractograms and superposition from 30.11.16 
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In Figure 19 - Figure 23 representative fractograms and fraction collection of CRC cell lines 

(WiDr, HCT116) are given. For each cell line, similar profiles with two major peaks were 

observed. The first peak corresponds to a less retained species – residual components of 

trypsinization and culture medium, cell fragments (void volume peak, Robs ≈ 1). The second 

corresponds to the cell population with Robs < 1. 

As it can be observed from the superpositions of performed experiments for WiDr, HCT116, 

the repeatable replicate sample injections leaded to similar fractograms in terms of retention 

time and peak shape.  

The significant variations in absorbance’s signal were observed in most of experiments 

(01.12.16, 28.11.16, 02.12.16). The difference value of absorbance was caused by the either not 

proper resuspending of cells (cell’s clusters were eluted in void volume or in release peak) or 

inaccurate volume of injected sample. 

 

5.2 The fractogram comparison of experiments 

The superposition of fractograms from experiments was performed to see the repeatability of 

the method. The fractograms A from experiments, performed in different dates, are compared 

and evaluated. 

 

Figure 24. Comparison of fractograms of WiDr experiments. 
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Figure 25. Comparison of fractograms of HCT116 experiments. 

In Figure 24 and Figure 25 the variation of fractograms for WiDr and HCT116 is shown. The 

results show differences in two factors: the absorbance signal and the elution time. The 

variability of absorbance signal is caused by either the inaccurate volume of injected sample or 

by the not re-suspended agglomeration of cells. The difference in elution time was a crucial 

parameter. The shift of the maximum peak position was likely caused by polydispersity of the 

cell population.  

The Figure 24 presents the comparison between fractograms A from experiments 01.12.16, 

28.11.16 and 18.11.16. The peak shape of all fractograms were similar. The maximum of peak 

of 01.12.16 and 18.11.16 had an insignificant difference in retention time, maximum peak of 

28.11.16 had a little shift. The major source of variability in the elution profile, gives the 

biophysical parameters of biological species as well as the cell stress and state. Thus, the shift 

of the time fraction collection ± 5s was acceptable. 

In Figure 25, the shown experiment from 02.12.16 had a longer retention time than the predicted 

one. The peak shape is not symmetrical. The first part of comparable fractograms eluted in 

similar retention time. The various retention times may be caused by 1st, peak’s shape was not 

symmetrical in comparison with WiDr, therefore, in case of the lower sample concentration the 

elution is different and 2nd, the high polydispersity of cell lines can be affected by the cell 

elution. 

In the case of HCT116 02.12.16, the collection time of fraction had been optimized. The fraction 

F4 was collected from the maximum peak; F5 and F6 were collected in time distance as in 

prime conditions (see section 4.4.1). 
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5.3 Re-injection of fractions 

In the second step of work, the collected fractions (TP, F1-F5 - WiDr; TP, F1-F6 – HCT116) 

were directly re-injected to study the elution profile of collected fractions and measure the 

retention time tR of fractions to establish the size selectivity Sd.  

 

Figure 26. Reinjection of fractions of WiDr cells from 01.12.16. The graphs were composed by the 

superposition of the different subpopulations. Elution conditions described in section 4.4.3 

Fraction TP and F1-F5 were re-injected. 

  

Figure 27. Re-injection of fractions of WiDr cells from 28.11.16. Fraction TP and F1-F5 were re-

injected. 
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Figure 28. Re-injection of fractions of WiDr cells from 18.11.16. Fraction TP and F1-F5 were 

reinjected. 

 

Figure 29. Re-injection of fractions of HCT116 cells from 02.12.16. Fraction TP and F1-F6 were 

re-injected. 
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Figure 30. Re-injection of fractions of HCT116 cells 30.11.16. Fraction TP and F1-F6 were 

reinjected. 

As it can be seen, the measured absorbance of the re-injected fractions is significantly lower. 

One of the reason for this effect could be the longtime of analysis (cells were placed for 4 hours 

out of culture media what can cause a cell stress and death). 

Despite the time frame for fraction collection (10 s), the retention time obtained for the 

absorbance maximum of the re-injected fraction was not in agreement with expectations. 

Although the collection time of each fraction was only 10 s, the retention times of the peaks 

from the re-injected fractions were 2-3 min. This peak broadening is observed most likely due 

to a highly polydispersed population with various biophysical properties, thus causing different 

retention times. Hence, the observed closed Robs values of the eluted cells did not match with 

the expected size values from the hyperlayer mode.  
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5.4 Cell fraction characteristics 

From previous experiments, the separated fractions were obtained. Size measurement was 

performed by using the Coulter Counter method (see section 4.4.4), the different retention times 

of fractions were found out from re-injection of fractions (section 5.3). 

 

Table 2. Summary of WiDr cell line fraction characteristics: retention time tR, retention ratio Robs, cell 

diameter d, calculated cell distance from wall s and cell radius r. Results are expressed as mean ± SD (n 

= 3 for diameter). The cell diameter was measured by a Coulter Counter. 

 
tR (min) Log10 tR Robs d (µm)  Log10 d s (µm) r (µm) 

01.12.16 

TP 6.84 0.84 0.28 16.71 1.22 8.05 8.36 

F1 6.10 0.79 0.40 14.07 1.15 11.67 7.04 

F2 6.49 0.81 0.38 14.01 1.15 11.01 7.01 

F3 6.89 0.84 0.37 13.94 1.14 10.76 6.97 

F4 7.24 0.86 0.36 13.72 1.14 10.50 6.86 

F5 7.70 0.89 0.34 13.5 1.13 9.98 6.75 

18.11.16 

TP 7.82 0.89 0.28 12.14 1.08 8.05 6.07 

F1 6.68 0.83 0.40 13.09 1.12 11.67 6.55 

F2 7.20 0.86 0.38 11.49 1.06 11.01 5.75 

F3 7.74 0.89 0.37 10.62 1.03 10.76 5.31 

F4 8.15 0.91 0.36 10.16 1.01 10.50 5.08 

F5 8.41 0.92 0.34 8.76 0.94 9.98 4.38 

28.11.16 

TP 5.50 0.74 0.39 13.88 1.14 11.43 6.94 

F1 5.50 0.74 0.38 13.96 1.14 11.20 6.98 

F2 5.71 0.76 0.38 13.65 1.14 11.00 6.83 

F3 5.86 0.77 0.37 13.34 1.13 10.72 6.67 

F4 6.14 0.79 0.35 12.97 1.11 10.24 6.49 

F5 6.38 0.81 0.34 12.59 1.10 9.85 6.30 
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Table 3. Summary of HCT116 cell line fraction characteristics: retention time tR, retention ratio Robs cell 

diameter d, the calculated cell distance from s and cell radius r. Results are expressed as mean ± SD (n 

= 3 for diameter). Cell diameter was measured by Coulter Counter. 

 
tR (min) Log10 tR Robs d (µm) Log10 d s (µm) r (µm) 

02.12.16 

TP 8.85 0.95 0.36 13.68 1.14 10.58 6.84 

F1 5.76 0.76 0.38 13.93 1.14 11.00 6.97 

F2 7.26 0.86 0.29 15.18 1.18 8.45 7.59 

F3 8.48 0.93 0.26 14.17 1.15 7.71 7.09 

F4 9.10 0.96 0.25 13.26 1.12 7.27 6.63 

F5 9.41 0.97 0.24 12.85 1.11 7.12 6.43 

F6 9.77 0.99 0.24 12.45 1.10 6.87 6.23 

30.11.16 

TP 7.94 0.90 0.36 12.53 1.10 10.58 6.27 

F1 7.73 0.89 0.38 13.98 1.15 11.00 6.99 

F2 7.67 0.88 0.29 13.54 1.13 8.45 6.77 

F3 7.70 0.89 0.26 12.61 1.10 7.71 6.31 

F4 7.76 0.89 0.25 11.95 1.08 7.27 5.98 

F5 8.45 0.93 0.24 11.65 1.07 7.12 5.83 

F6 8.70 0.94 0.24 11.27 1.05 6.87 5.64 

 

The results in Table 2 shows that with the increase of retention time of fractions, the cell 

diameter of WiDr decrease. HCT116 cells (Table 3) had the same relationship between the 

retention time and cell diameter with one exception being F2 at 02.12.16. 

The ranges of the cell diameters of WiDr experiments were 16.71-13.50; 13.09 – 8.76; 13.96-

12.59; and HCT116 were 15.18-12.45; 13.98-11.27, respectively. By measuring the average 

diameter of the eluted fractions F1-F5 (WiDr), F1-F6 (HCT116) a decrease in diameter for both 

cell lines, except F1 02.12.16 of HCT116 cell line (Table 2 and Table 3), was observed. 
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5.5 Size selectivity Sd 

The observed size selectivity was established for each experiment. The linear relationship of 

fraction log10 tR and log10 d, the slope of the curve gives the observed size selectivity Sd. 

 

Figure 31. The linear regression curve of log10 tR and log10 d and negative slope of curve is the size 

selectivity coefficient Sd. WiDr cells from 01.12.16. 

 

Figure 32. Experimental SdFFF size selectivity curve for WiDr from 28.11.16. 
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Figure 33. Experimental SdFFF size selectivity curve for WiDr from 18.11.16. 

 

Figure 34. Experimental SdFFF size selectivity curve for HCT116 from 02.12.16. 

 

Figure 35. Experimental SdFFF size selectivity curve for HCT116 from 30.11.16. 

The data of size selectivity Sd is shown in Figure 31-Figure 35. Experimental SdFFF size 

selectivity curve for HCT116 from 30.11.16. The depicted linear regression curve was used to 

calculate the slope of the curve – size selectivity (Sd). tR was used to calculate log10 tR. The mean 

cell diameter d of the fraction, measured by Coulter Counter (section 4.4.4) was used to 

calculate log10 d. The size selectivity results are described further below. 

y = -1.7945x + 28739

R² = 0.882

0,7

0,8

0,9

1,11 1,12 1,13 1,14 1,15 1,16L
o
g

1
0

t R
(m

in
)

Log10 d (µm)

y = -1.4439x + 2.5767

R² = 0.9669

0,8

0,9

1,0

1,1

1,08 1,10 1,12 1,14 1,16 1,18 1,20L
o
g

1
0

t R
(m

in
)

Log10 d (µm)

y = -1.8542x + 2.929

R² = 0.8294

0,6

0,7

0,8

0,9

1,0

1,00 1,05 1,10 1,15 1,20L
o
g

1
0

t R
(m

in
)

Log10 d (µm)



43 
 

5.6 Discussion and characterization of results 

SdFFF cell sorting should be performed under biocompatible hyperlayer elution mode. 

Established optimal elution conditions allow the limitation of harmful cell-wall interactions. 

The following parameters can be used to confirm elution under the hyperlayer regime and 

characterization of cell separation. 

5.6.1 Retention time 

As described, the optimized external field and flow rate determined Robs (void volume / 

retention volume). The effective elution conditions were a compromise between a sufficiently 

long elution time for collecting the subpopulations and minimalization of cell-wall interactions. 

The Robs values depends as well on the conditions and time of cell cultivation, which affect the 

properties of cell culture, consequently the retention time. Hyperlayer mode was established by 

the optimal external field and flow rate parameters being for the WiDr cell line 8g and 0.8 

ml/min and for the HCT116 cell line 20g and 0.8 ml/min, respectively. 

The hyperlayer elution mode can be achieved as well by using more high flow rate and field 

strength, which allow to decrease the time of elution. Nevertheless, the shorter elution time is 

creating a difficulty in collecting the subpopulation of interest and can cause mechanical cell 

injury, cell differentiation, maturation or apoptosis; consequently, it makes further uses of cells 

such as characterization, sub-culture and transplantation impossible [1]. 

 

5.6.2 The cell elevation parameter s 

In the used hyperlayer elution mode, cells were lifted away from the accumulation wall to avoid 

surface interactions, which could be harmful for the cells [2]. According to Equation 5 

𝑅𝑜𝑏𝑠 = 6
𝑠

𝜔
 (Eq 5) 

where the channel thickness was 175 µm and the retention ratio Robs was experimentally found 

(Table 2, Table 3), s presents the average distance of cells from the accumulation wall and was 

calculated to estimate if hyperlayer conditions were achieved. Under hyperlayer elution mode, 

s should be greater than the radius r, which was the half of the average cell diameter. From 

observed results it can be concluded that cells were focused and eluted in close contact to the 

accumulation wall. First fractions were eluted further away from the accumulation wall in 

comparison with the last fractions. The observed results of the parameter s demonstrate that the 

cells were flowing parallel to the wall but without touching the accumulation wall. 

 



44 
 

5.6.3 Size selectivity 

From the found results (see section 5.5), linear relationships between log10 tR and log10 d were 

obtained for both cell lines. The negative slopes of the curves represent the experimentally 

established size selectivity (Sd). Results are given in Figure 31-Figure 35.  

The Sd of WiDr cells experiments were 5.07, 1.41 and 1.80 (see Table 2). At HCT116 cells 

experiments the size selectivity is 1.44 and 1.85, respectively. According to the predicted (see 

section 3.2.9) value of Sd (≤1), the observed results are not suitable. The observed experimental 

values of Sd depends not only on elution conditions, but also linked to the variation of density, 

shape and rigidity which impacts retention time. This means that the observed retention times 

were not purely size dependent but effected by many biophysical and biological parameters due 

to polydispersed nature of the cell populations. 

Ideally. i.e. for a homogenous population, the size selectivity curve can be used to calculate the 

particles size after appropriate equivalent calibration [1]. Only in case of particles with different 

sizes but equal density, shape and rigidity, the calibration procedure with standard particles can 

be performed. Unfortunately, an equivalent standard for cell polydispersed population does not 

exist. 

 

5.6.4 Release peak 

The release signal is the reversible cell stickiness and is observed at the end of fractogram after 

stopping the rotation of the centrifuge. Under the action of the flowing mobile phase, highly 

retained and reversibly trapped species can be eluted and detected. A low peak can be the proof 

of low cell-surface interaction being the result of hyperlayer operation. The hyperlayer elution 

mode can therefore be demonstrated also by the absence or a low value of the release signal. 

The usual recovery of tested cell lines is >80% (data not shown). The observation of high 

release peak (20%) is linked to a low recovery [22]. 

Concerning 1) optimal elution condition defining Robs; 2) the mean distance of particles from 

the accumulation wall s; 3) the linear size selectivity curve; 4) low release signal, it could be 

assumed that CRS cells elute under the hyperlayer elution mode. Nevertheless, the prove that 

cells were eluted under the hyperlayer mode does not guarantee an efficient cell sorting. As it 

was observed from reinjection and the values of Sd, the effective cell sorting cannot be 

performed by the used method, the further optimization of the method is required. 

  



45 
 

6 Conclusions 

In conclusion, the objectives of the work were fulfilled. The SdFFF was used as a size-

dependent separation method. 

The results show that the cell elution was performed under hyperlayer elution regime, which is 

biocompatible and suitable for cell separation.  

In terms of polydispersity of the cells, the concept is involving not only size polydispersity but 

numerous other characteristics (density, shape, rigidity, etc.), so the cell population can be 

described as multi-polydispersed. Polydispersity of cell population can be due to aggregation 

and agglomeration and simply because of a different primary structure. It was observed from 

the results of re-injection of collected fractions, that the cell subpopulation was not uniformed 

- the cells are polydispersed and heterogenic. 

The size-selectivity was used for evaluation of the cell separation effectiveness. The results of 

the observed size selectivity are not in agreement with the theoretical predicted parameters and 

experimental values for monodisperse population.  

An effective separation of cell population by one parameter cannot be performed, but rather 

many biophysical and biological factors have to be considered. Further research will be needed 

if we are to increase the SdFFF cell separation effectiveness. 
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