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Annotation  

As revealed in the literature, there is significant variability in the mechanical properties of living 
cells. This variability may arise from differences in cell mechanical properties or from variations in 
experimental setups. To address the latter, we developed a method to manufacture artificial cells 
to serve as a reference in mechanical testing. In this study, liposomes produced by a microfluidic 
device were used as standards for testing. To correlate the measured data with the constitutive 
properties of biomembranes, we developed mathematical models of cell indentation based on 
a liquid shell description of the biomembrane. Our findings demonstrate that the mechanical 
properties of liposomes are significantly influenced by the test method and the data processing 
method used. Additionally, we observed that the commonly used Hertz model underestimates the 
effect of cell size. 

 

Anotace 

Z dostupné literatury o mechanice buněk vyplývá, že živé buňky vykazují různé mechanické 
vlastnosti. Tato variabilita může být způsobena jak samotnými mechanickými vlastnostmi, tak 
experimentálním testováním buněk. Pro ověření druhé možnosti jsme vyvinuli metodu výroby 
umělých buněk, které se pro mechanické testování používají jako referenční. V naší studii sloužily, 
jako reference pro testování, liposomy vyrobené pomocí mikrofluidního zařízení. Navrhli jsme také 
matematické modely buněčné indentace s využitím popisu kapalného pláště biomembrány 
tak, abychom propojili naměřená data s konstitutivními vlastnostmi biomembrány. Výsledky 
ukázaly, že vlastnosti liposomů jsou značně ovlivněny metodou testování a způsobem zpracování 
dat. Dále jsme ukázali, že běžně používaný Hertzův model podceňuje vliv velikosti buněk. 
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Introduction  
All living things are built from fundamental units called cells. These cells perform a variety of essential 
functions, including providing structure, support, growth, transport, energy production, and 
reproduction [1]. Biomechanics study of how mechanical forces influence both a cell's form and 
function, further exploring how cells generate and respond to these physical signals [2]. By studying 
cellular biomechanics, we gain valuable insights into how cells interact with their surrounding 
environment, maintain their shape and integrity, sense and adapt to mechanical stimuli, regulate gene 
expression and differentiation, and ultimately contribute to tissue development and disease processes 
[1].  

The mechanical properties of individual cells are intricately linked to crucial biological processes [3]. 
Consequently, alterations in these mechanical properties have been associated with various 
pathological phenomena and diseases [1]. Prior research has established a clear connection between 
the mechanical characteristics of cells and biological systems within living organisms, with specific 
examples including adhesion, migration, and cell division [4]. 

Intriguingly, research suggests that knowledge of a cell's mechanical properties and its response to 
specific external stimuli could play a role in the early detection of cancer [3]. Recent advancements in 
experimental techniques have paved the way for measuring the mechanical properties of individual 
cells and even their subcellular structures. Among these techniques, Atomic Force Microscopy (AFM) 
is the most widely used to assess cell properties. However, this technique often treats the cell as a 
linear elastic material characterized by a single modulus of elasticity. This approach presents 
limitations, as real cells are highly heterogeneous, composed of soft, non-linear materials that are 
difficult to accurately represent as a simple elastic continuum. Additionally, measurements of the same 
cell using various methods can yield significantly different results, even with repeated measurements 
on a single cell. This highlights the need for an engineering approach to cell measurement, one that 
utilizes standardized protocols while acknowledging the inherent properties of living cells.  

The focus of this thesis is twofold: first, we will provide a detailed description of existing experimental 
methods for measuring cell mechanics. Second, we will introduce novel design, manufacturing, and 
testing of a novel experimental cell model. This research will involve a comparative analysis of this 
artificial testing standard's properties across experimental methods and data analysis approaches. 
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1 State of art 

1.1 Cell structure  

Cells (Fig. 1) exhibit remarkable structural complexity. The plasma membrane (Fig. 2) a selectively 
permeable barrier, encloses the cell, regulating the flow of materials. This critical structure not only 
protects the cell's interior but also maintains its shape and integrity. A gel-like substance called the 
cytoplasm fills the inner space of cell, acting as a platform for various specialized structures called 
organelles to carry out their essential functions. One of the most important organelles is the nucleus, 
typically found near the center and enclosed by its own membrane. This nucleus houses the cell's 
genetic material, DNA, which acts as the blueprint for everything the cell does, from growth and 
reproduction to its specialized tasks [5][6][7][8]. Another crucial organelle is the endoplasmic 
reticulum, a network of membranes that comes in two flavors: rough ER, studded with ribosomes for 
protein production, and smooth ER, responsible for fat metabolism and detoxification within the cell 
[6][7][8].  

The Golgi apparatus, a network of flattened sacs, acts, modifies, sorts, and distributes proteins and 
lipids received from the endoplasmic reticulum, ensuring they reach their designated destinations 
within or outside the cell. Powering these cellular activities are the mitochondria. These double-
membraned organelles generate energy in the form of ATP (adenosine triphosphate). Meanwhile, 
lysosomes, membrane-bound sacs filled with digestive enzymes break down waste materials, worn-
out organelles, maintaining cellular hygiene and defense. Finally, ribosomes, tiny molecular machines 
made of RNA and protein, are responsible for protein synthesis. They translate the genetic instructions 
from the nucleus into functional proteins that carry out various cellular tasks [6]. 

The cytoskeleton, a complex network of interlinking protein filaments (microfilaments, intermediate 
filaments, and microtubules), provides structural integrity for the cell, maintains its shape, and 
facilitates essential cellular processes like movement and intracellular transport [6]. In animal cells, 
centrioles, barrel-shaped organelles composed of microtubules, play a crucial role in cell division. They 
participate in the formation of the mitotic spindle, a structure that ensures the accurate segregation 
of chromosomes during cell replication [6]. 

These cellular components function in a highly coordinated manner, each contributing specialized 
functionalities essential for the cell's survival, growth, and differentiated tasks within multicellular 
organisms. This intricate interplay between structures and their functions empowers the cell to adapt 
to its environment, respond to stimuli, and fulfill its designated roles within complex biological systems 
[6]. 
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Fig. 1 Cell structure [7] 

 

Fig. 2 Cell membrane structure [8] 

1.2 Liposome as a basic cell model  

Liposomes (Fig. 3) are colloidal, vesicular structures consisting of one or more concentric bilayers 
formed from phospholipids [9]. Liposomes can be categorized based on various structural parameters, 
allowing for tailored design for specific applications [10]. 

Unilamellar vesicles, categorized by size as small unilamellar vesicles (SUVs; 20-100 nm), large 
unilamellar vesicles (LUVs; 100-250 nm), and giant unilamellar vesicles (GUVs; 1-100 μm). They offer a 
valuable tool for studying cell membrane mechanics due to their similar size range to cells and hence 
can be consist of a single phospholipid bilayer, mimicking the fundamental structure of the cell 
membrane [9][10]. 

 

Fig. 3 Classification of liposomes [11]  
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1.2.1 Phospholipids  

Phospholipids are amphipathic molecules. They possess a unique structure consisting of a glycerol 
backbone, a phosphate group, and two fatty acid tails [9].This structure allows them to self-assemble 
into bilayers in an aqueous environment. The hydrophilic head group, composed of the glycerol and 
phosphate moiety, is attracted to water due to its polarity. Conversely, the hydrophobic fatty acid tails, 
which can be saturated or unsaturated, are uncharged and tend to avoid water [9]. 

 

Tab. 1 Synthetic phospholipids [10] 

DPPC Dipalmitoyl phosphatidyl choline 

DSPC Distearoyl phosphatidyl choline 

DPPR Dipalmitoyl phosphatidyl ethanolamine 

DPPS Dipalmitoyl phosphatidyl serine 

DPPA Dipalmitoyl phosphatidic acid 

DPPG Dipalmitoyl phosphatidyl glycerol 

 

As shown in Fig. 4, the phospholipid bilayer is a well-defined structure formed by the assembly of 
numerous phospholipid molecules. This unique arrangement of hydrophilic and hydrophobic domains 
is essential for the selective permeability and barrier function of the cell membrane [10]. 

 

Fig. 4 Phospolipid bilayer [12] 

1.3 Methods of giant liposome preparation  

Giant unilamellar vesicles (GUVs) have been widely accepted as artificial cell models due to their 
comparable size range to real cells [11] [13]. The first step in liposome formation is to thoroughly mix 
and dissolve the lipids in an organic solvent [14]. If a water-miscible organic solvent is used, liposomes 
can be formed by subsequently mixing the alcoholic lipid solution with an aqueous phase. The aim of 
this process is to obtain a clear and homogeneous lipid solution. Fig. 5 illustrates various methods of 
liposome production, including both conventional techniques and recently introduced in microfluidic 
approaches [13]. 
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Fig. 5 Illustration of giant liposome formation (a) gentle hydration method (b) electroformation 
method (c) droplet emulsion transfer method (d) microfluidic devices of cell-sized lipid vesicle 

formations (e) pulsed-jet flow method [13] 

1.3.1 Gentle hydration method 

Lipid solutions are typically prepared at concentrations of 10-20 mg/ml in a chosen organic solvent 
[15]. The gentle hydration technique involves the application of chloroform-dissolved phospholipids 
to a glass microtube. The solvent is then evaporated under a stream of argon or nitrogen gas, resulting 
in the formation of a thin lipid film [15]. This film is then hydrated with an aqueous solution, such as 
pure water or phosphate buffered saline (PBS). This hydration step triggers the self-assembly of the 
lipids into giant unilamellar vesicles (GUVs) with diameters ranging from 1 to 100 µm [10][13]. 
Conversely, smaller nano-sized liposomes can be obtained by subjecting the lipid films to vigorous 
mixing techniques such as vortexing or sonication [10][13]. The typical hydration time for GUV 
formation is approximately 1 hour. Fig. 5 (a) and Fig. 6 illustrate the key steps in this preparation 
process [15]. 

 

Fig. 6 Lipid hydration method - handshaking method 

Sonication, as shown in Fig. 7, is a commonly used technique for the preparation of SUVs, typically 
yielding vesicles with diameters in the range of 15 to 50 nm [10][15]. Two primary instruments are 
used for sonication: probe-tip sonicators and bath sonicators. Probe-tip sonicators deliver a high 
energy input to the lipid suspension, but this can lead to overheating and degradation of the lipids. In 
addition, probe tips can release titanium particles into the suspension, requiring their removal prior to 
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centrifugation [15]. In contrast, bath sonication involves placing a test tube containing the lipid 
suspension in a bath sonicator for 5-10 minutes.  

The resulting suspension typically appears slightly cloudy due to the presence of larger residual 
particles [10]. These larger particles are then removed by centrifugation to obtain a clear suspension 
of purified SUVs (small unilamellar vesicles) [10][15]. 

 

Fig. 7  Sonication 

1.3.2 Eletroformation 

Lipid films are prepared using a droplet deposition technique [13][16]. The lipid layer is then deposited 
onto an indium tin oxide coated glass surface by electroforming. An alternating current electric field is 
then applied to induce hydration of the lipids within the films, particularly those containing hydrated 
solutions such as pure water or low salt phosphate buffered saline (PBS), eletroformation is shown in 
Fig. 5 (b) [13][16]. 

1.3.3 Droplet emulsion transfer method 

Liposome formation is achieved by a two-step process. First, water-in-oil (w/o) emulsions are prepared 
by either vortex focusing or sonication. These emulsions consist of an aqueous phase containing PBS 
and a phospholipid solution dissolved in an organic solvent, typically mineral oil. The w/o emulsions 
are then added to the oil phase in a microtube. In the final step, the w/o emulsions are added to a 
preformed lipid monolayer located at the interface between the oil and aqueous phases. This process 
triggers the formation of liposomes as shown in Fig. 5 (c) [13]. 

1.3.4 Microfluidic method  

Microfluidic hydrodynamic focusing (MHF), shown in Fig. 5 (d) and Fig. 8 is a technique used to produce 
liposomes with a uniform size distribution [17][18][19]. This method allows precise control of liposome 
size by manipulating the flow rate ratio (FRR) and total flow rate ratio (TFR) between the water streams 
and the lipid solution. The lipids dissolved in the organic solvent (typically alcohol) diffuse into the 
aqueous phase until the alcohol concentration falls below a critical threshold [17][18][19].  

Several factors influence the final size of the liposomes: crossflow ratios, lipid composition and 
concentration, variations in fluid flow rates due to viscosity differences, and the dimensions of the 
microfluidic channels [17][20]. Both the FRR between the lipid and water phases and the TFR can be 
adjusted to regulate the size of the focused stream in which liposome formation occurs [21]. 
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Fig. 8 MHF technique [17] 

1.3.5 Bulk method 

Bulk method (Fig. 9) of producing liposomes involves the rapid injection of a lipid solution dissolved in 
solvents such as chloroform or methanol into a large volume of buffer. However, this technique has 
several drawbacks. Firstly, the resulting liposomes exhibit significant heterogeneity in size and 
morphology. Secondly, the liposomes produced are highly diluted, requiring further concentration 
steps. In addition, the complete removal of the organic solvent, often ethanol, proves challenging due 
to its formation of an azeotrope with water [17]. 

 

Fig. 9 Bulk method of liposomes production 

1.3.6 Pulsed jet flow method 

Monodisperse giant unilamellar vesicles (GUVs) with diameters ranging from 300 μm to 600 μm can 
be produced using a pulsed jet flow technique in conjunction with the droplet contact method, as 
shown in Fig. 5 (e) [13][22].In this method, a pulsed jet flow generated by a microjet is directed at a 
planar lipid bilayer. The force exerted by the jet flow stretches the bilayer, ultimately leading to the 
formation of free vesicles. The size of these vesicles can be precisely controlled by manipulating the 
duration of the jet flow application. By repeating this process, significant volumes of monodisperse 
GUVs can be obtained [13][22]. 
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2 Mechanical testing of cells and vesicles 
Cellular mechanics play a crucial role in numerous biological processes. Deviations from these 
mechanical properties are often associated with various pathological conditions and diseases. 
Individual cells are constantly exposed to external mechanical forces that can affect their morphology 
and internal architecture. To gain insight into these complex relationships, researchers employ 
specialized tools to quantify the mechanical properties of individual cells. 

2.1 Force application techniques  

The force probe technique is a powerful tool in cell mechanics research. It uses nanoscale probes, such 
as micropipettes, cantilevers, or beads, to apply or measure forces at the cell surface or even to 
manipulate structures within the cell. These probes can be attached to specific targets such as the cell 
membrane, the cytoskeleton, or individual molecules. The application of force is precisely controlled 
by a piezo actuator, a magnetic field, or an optical trap. The deflection of the probe, carefully 
monitored by a camera, laser, or interferometer, allows the force applied to be calculated from the 
known stiffness of the probe. This technique provides valuable insights into the mechanical properties 
and interactions between cells and molecules, as well as revealing the cellular response to external 
stimuli and environmental changes [23][24][25]. 

Fig. 10 provides a comprehensive overview of the various test methods used to characterise cell 
mechanics. Atomic force microscopy (AFM), nanoindentation and compression testing are described 
in more detail.  

 

Fig. 10 Force application techniques [23] 
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2.1.1 Atomic force microscopy (AFM) 

The basic principle of AFM, as shown in Fig. 11 relies on the detection of minute forces between a 
sharp probe tip attached to a flexible cantilever and the sample surface [26][27]. During the scanning 
process, the cantilever deflects in response to the prevailing repulsive or attractive forces between the 
tip and the sample, as determined by their separation distance [28]. A laser beam is reflected from the 
back of the cantilever onto a photodiode, which accurately measures the magnitude of this deflection 
[27][28]. To maintain a constant deflection, a feedback mechanism continuously adjusts the height of 
the cantilever, effectively ensuring that the tip closely follows the surface topography. By recording 
the height of the cantilever as it traverses the sample, a high resolution image of the surface 
topography is generated.  

The force interaction between the tip and the sample can be calculated from the known stiffness of 
the cantilever and the measured deflection. By systematically varying the tip-sample distance, a force-
distance curve can be obtained. This curve provides valuable insight into the mechanical properties 
and intermolecular interactions within the sample [29]. 

 

Fig. 11 A schematic representation of AFM measurement [29] 

The choice of AFM tip material and geometry is dependent on the intended measurement and the 
sample properties [30]. Traditional AFM tips used to characterise the elastic properties of biological 
samples often adopt pyramidal, spherical, or cylindrical shapes, as shown in Fig. 12. Conversely, sharp 
silicon tips are generally preferred for high resolution topographic mapping of solid surfaces. 
Specialised applications may require the use of tips made from alternative materials such as epoxy 
resin or acrylic [30]. 

 

Fig. 12 Types of AFM tips [30] 

Analysis by AFM microscopy can be carried out in several different modes (Fig. 13).  

(a) Contact mode (static mode) – (< 0.5 nm probe-surface separation) the most common mode 
for AFM measurements, a soft "physical "contact is made between the AFM tip and the surface 
being measured. The deflection of the cantilever is proportional to the force applied, according 
to Hook's law [31].  
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(b)  Tapping mode (dynamic mode, intermittent contact, alternating current mode, or vibrating 
mode) – (0.5–2 nm probe-surface separation) – an important mode for AFM imaging. It 
enables high-resolution imaging of a sample surface. The cantilever oscillates, bringing the tip 
into contact with the surface to achieve high resolution [31].   

(c) Noncontact mode (frequency modulation mode) – (0.1–10 nm probe-surface separation) – in 
this mode, the cantilever is in close contact with the sample (a few nanometres). The probe 
vibrates and changes in frequency are used to detect the surface structure of the sample [31].   

 

Fig. 13 Operating modes of the AFM: (a) contact mode (b) tapping mode (c) noncontact mode [31] 

The result of the AFM measurement is represented by the force-distance curve, which illustrates the 
interaction between the sample and the surface under investigation (Fig. 14). 

 

Fig. 14 AFM force-distance curve [32] 

2.1.2 Nanoindentation 

Nanoindentation is a technique based on technical hardness testing methods defined by Rockwell, 

Brinell, and Vickers (Fig. 15) [33]. 

 

Fig. 15 Indentation tips [34] 
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Nanoindentation has emerged as a method for characterising the mechanical properties of materials 
at the nano and microscale [35][36][37]. A typical nanoindentation instrument consists of a rigid frame, 
a motorised stage to facilitate sample handling, an optical microscope for sample visualisation and 
selection, and a scanning head mounted on the scanner, as shown in Fig. 16. 

The basic principle of nanoindentation is to press a diamond indenter, typically pyramidal or spherical 
in shape, into the material of interest with a continuously increasing load until a predefined level is 
reached [37].  

The force exerted by the tip on the sample is induced either electrostatically or via a magnetic field. 
The resulting relationship between the total indentation load and the corresponding displacement or 
contact area can then be used to determine the hardness of the material. The geometry of the tip 
selected is used to calculate the size of the contact area formed during the test [37]. 

 

Fig. 16 Nanoindenter instrument schematic [38] 

Due to the large variability of the movement of the indicator tip, measurements can be carried out in 
a few different modes. 

a) Quasi-static nanoindentation – currently the most used method. Performed in a highly controlled 
manner by applying and removing a load to a specimen [35][36][39]. This highly controlled 
technique involves the application and subsequent removal of a load to the material of interest. 
The data acquired is typically presented as an indentation curve, which shows the force 
dependence on the displacement experienced by the material (Fig. 17). This highly controlled 
technique involves the application and subsequent removal of a load to the material of interest. 
The data obtained is typically presented as an indentation curve, which shows the force as a 
function of the displacement experienced by the material [40].  

 

Fig. 17 Load-depht indentation curve [40] 

b) nanoDMA applies oscillating force to a sample and the resultant displacement amplitude and 
phase shift are measured. Using this technique, the contact stiffness and damping properties of 
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the material can be accurately determined. Additionally, this technique could expand to include 
additional testing modes for characterizing creep and inducing fatigue in a wide variety of 
materials. Evaluation of results is based on a simple one-degree-of-freedom model of the indented 
specimen which includes the specimen stiffness Ks and damping Cs, and the indentation system 
stiffness Ki and damping Ci, shown in Fig. 18. A significant advantage of the nanoDMA mode is the 
possibility of conducting measurements across a larger sample area through the implementation 
of modulus mapping techniques. This capability represents a unique combination of dynamic 
testing and in-situ imaging functionalities [41]. 

 

Fig. 18 Dynamic indenter model [42] 

2.1.3 Cell compression testing  

Compression testing using a nanoindentation device is proving to be a valuable tool for investigating 
the mechanical behaviour of individual cells. This technique uses a flat probe to compress a cell. In 
most cases, the compressive load is applied in a displacement-controlled mode over a period of a few 
seconds [43][44]. The resulting indentation curve, obtained by quasi-static nanoindentation, allows 
the forces applied, the energy dissipated and the true deformation to be determined. A schematic 
representation of the compression test is shown in Fig. 19 [44]. 

 

Fig. 19 Schematic diagram of the compression testing [44] 

The measurement process begins with immobilization of test cells to a glass substrate, followed by 
their immersion in phosphate buffer solution (PBS) [46]. A light optical microscope is then used to 
identify a single cell for the experiment. Using a staging system, this selected cell is precisely 
manoeuvred into position under a flat punch. The pre-selected load function is then applied to initiate 
the compression test. The resulting force-displacement data acquired during the loading phase 
typically exhibits three distinct stages, as shown in Fig. 20 [44]. These stages are thought to correspond 
to different cellular deformation processes and provide valuable insight into the mechanical behaviour 
of cells under compressive stress. In particular, the three stages are thought to represent: cell 
compression, cell rupture and finally the compression of the ruptured cell [44]. 
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Fig. 20 Force-displacement curves of a brust cell [44] 

2.1.4 Micropipette aspiration 

Micropipette aspiration, Fig. 21 is a cost-effective technique that is ideally suited for investigating the 
mechanical properties of whole cell and vesicle membrane deformation [28][45]. During a 
micropipette aspiration experiment, a controlled suction is applied to the membrane, causing it to be 
partially or completely drawn into a micropipette - a glass tube with a precisely defined internal 
diameter. Notably, the diameter of the micropipette is significantly smaller than that of the vesicle 
under investigation [28][45]. As suction is progressively applied, the membrane slips and deforms 
within the confines of the micropipette. 

 

Fig. 21 Micropipette aspiration [28] 

Fig. 21 shows the tension-strain measurement of a GUV in two different regimes: the bending regime 
(top) and the area-expanding regime (bottom). In the bending regime, the GUV is partially drawn into 
a glass micropipette, causing bending and deformation of its lipid bilayer membrane in response to 
applied suction. Conversely, in the expansion regime, the GUV is fully drawn into the glass 
micropipette, causing stretching and expansion of its lipid bilayer membrane as applied suction 
increases [28].  

2.1.5 Optical tweezers 

Optical tweezers leverage tightly focused laser beams to manipulate and confine microscopic particles 
with exceptional precision [28]. This technique relies on the creation of a light intensity gradient within 
the focused laser beam. This gradient exerts a force that draws minute particles, such as microscopic 
beads or even whole cells, towards the beam's central region, where they become trapped. By 
meticulously controlling the position and intensity of the laser beam, researchers can achieve three-
dimensional particle manipulation and exert precisely controlled forces on the trapped objects. 
Notably, optical tweezers offer sub-millisecond time resolution, enabling the acquisition of three-
dimensional displacement measurements with remarkable temporal resolution. Furthermore, unlike 



29 

techniques such as AFM or MA, this method eliminates the need for direct contact with the sample, 
minimizing potential artifacts [28][46]. 

 

Fig. 22 Optical tweezers [28] 

Fig. 22 (A) illustrates the principle of three-dimensional light gradient confinement, where a 
microscopic particle is drawn towards the diffraction-limited beam waist of a focused laser beam [28]. 
Fig. 22 (B) depicts a scenario where the vesicle dimensions exceed the incident laser wavelength. In 
this case, the emergent refracted rays denoted by A' contribute to the momentum balance within the 
system, giving rise to the emergence of backward forces acting on the vesicle [28]. 

2.1.6 Magnetic tweezers 

Magnetic bead rheometry, also known as magnetic tweezers, uses paramagnetic microbeads and 
localised magnetic fields to manipulate biomolecules [28][47]. These microbeads are strategically 
attached to a cell or vesicle membrane, allowing them to be manipulated by precisely controlled 
magnetic fields. By varying the frequency and intensity of the applied magnetic field, researchers can 
probe different membrane behaviours, such as creep compliance [28][47]. A key advantage of this 
technique is its ability to establish controlled and specific binding between the beads and the cell 
membrane. This facilitates precise manipulation and measurement during the experiment, minimising 
potential artefacts [28]. 

 

Fig. 23 Magnetic bead rheometry [47] 

Fig. 23 shows a magnetic bead rheometer. The movement of the bead can be controlled by activating 
and deactivating the electromagnet [47].  
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2.2 Force sensing techniques  

In contrast to force application techniques, force-sensing techniques focus on the detection of forces 
exerted by cells or biological molecules without necessarily applying external forces to the system 
under investigation [23].These techniques are commonly used to quantify the forces generated by a 
cell as it interacts with its environment. As shown in Fig. 24, force-sensing techniques can be used to 
measure cellular forces in static environments. In addition, they have the versatility to be combined 
with force application techniques for more comprehensive studies [23]. 

 

Fig. 24 Force sensing techniques [23] 

2.2.1 Traction force microscopy 

Traction force microscopy (TFM), also known as particle tracking microrheology, is a technique that 
investigates cellular forces exerted on the surrounding environment [23]. This method involves 
seeding the cell onto or within a polymeric gel substrate that is densely populated with microscopic 
beads. TFM, Fig. 25 can be further enhanced by integrating laser scanning confocal microscopy, 
enabling the measurement of three-dimensional tensile forces exerted by the cell. The tensile forces 
are estimated by tracking the displacement of these embedded beads, considering the known elastic 
stiffness of the substrate material. When a flexible, homogeneous, isotropic, and linear elastic material 
is employed for the substrate, the relationship between the applied tensile stress field and the 
resulting displacement field can be directly determined based on the material's inherent properties 
[23][48]. 

 

Fig. 25 Traction force microscopy [48] 
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3 Evaluation of measurements  

3.1 Hertz contact model  

A fundamental assumption underlying the Hertz model for contact mechanics analysis is that the 
biological cell under investigation exhibits ideal elastic behaviour, is isotropic and homogeneous [49]. 
In addition, the model assumes that the indentation depth remains relatively small compared to the 
overall dimensions of the cell [50].  

3.1.1 Contact between a rigid sphere and an elastic half-space 

Fig. 26 shows a schematic illustration of the contact between a solid sphere and a flexible half-space. 
In schema the displacement of points on the surface within the contact region is shown [51]. 

 

Fig. 26 A rigid sphere in contact with an elastic half-space  

The displacement of the points on the surface within the contact area 𝐴𝑐, where an initially flat surface 
and a rigid sphere with radius R come into contact, is equivalent to: 

𝑢𝑧 = 𝑑 −
𝑟2

2𝑅
 ( 1 ) 

where r is radial coordinate and d is the maximum indentation depth. Hertz suggested a quadratic 
distribution of pressure [51][52]: 

𝑝 =  𝑝0(1 −
𝑟2

𝑎2)
1

2   

( 2 ) 

 

 

where a is the radial size of the contact and 𝑝0is the maximum contact presssure. It follows from 
theoretical analysis of point force [53], that vertical displacement uz at the surface equals to: 

                              𝑢𝑧 =
𝜋𝑝0

4𝐸∗𝑎
(2𝑎2 − 𝑟2), 𝑟 ≤  𝑎 

                                   ( 3 ) 
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where E* is the reduced modulus defines as: 

              𝐸∗ =
𝐸

1 − ν2
 

                                 ( 4 ) 

 

Where E is the elasticity modulus of the sample, ν is the Poisson ratio and that indentor behaves as 
rigid body, i.e. its modulus of elasticity is much higher than eleasticity modulus of the sample. The total 
force acting on the area under pressure is related to the contact pressure distribution (2) as: 

𝐹 = ∫ 𝑝(𝑟)2𝜋𝑟𝑑𝑟 =
2

3
𝑝0 𝜋𝑎2

𝑎

𝑂

 ( 5 ) 

By using equation ( 1 ) and ( 3 ) it could be obtained: 

1

𝐸∗

 𝜋𝑝0

4𝑎
(2𝑎2 − 𝑟2) = 𝑑 −

𝑟2

2𝑅
  ( 6 ) 

The variables a and d could be obtained from Eq. ( 5 ) and Eq. ( 6 ): 

𝑎 =
 𝜋𝑝0𝑅

2𝐸∗ , 𝑑 =
 𝜋𝑎𝑝0

2𝐸∗  ( 7 ) 

This results in the contact radius: 

𝑎2 = 𝑅𝑑 ( 8 ) 

And the maximum pressure: 

𝑝0 =
2

 𝜋
𝐸∗(

𝑑

𝑅
)

1
2 ( 9 ) 

Equations ( 8 ) and ( 9 ) are substituted into equation ( 5 ) to calculate the force [49][51]: 

𝐹 =
4

3
𝐸∗(𝑅)

1
2(𝑑)

3
2 ( 10 ) 

where the indentation displacement d is considerably smaller than the tip radius R. By having 
information about the dimensions of the indenter and the sample's Poisson's ratio, the Young's 
modulus can be readily determined as a fitting parameter [49][51][54]. 

Using equations ( 9 ) and ( 10 ), we can determine the pressure at the centre of the contact area and 
the contact radius as a function of loading force F [51]: 

𝑝0 = (
6𝐹𝐸∗2

𝜋3𝑅2 )
1

3 , 𝑎 = (
3𝐹𝑅

4𝐸∗ )
1

3  ( 11 ) 

We can also determine the formula for the potential energy resulting from elastic deformation, 

denoted by U. By applying the equation: −𝐹 = −
𝜕𝑈

𝜕𝑑
 , we derive the following expression for U  [51]: 

𝑈 =
8

15
𝐸∗(𝑅)

1
2(𝑑)

5
2 ( 12 ) 
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3.2 Overbeck model  

In contrast to the techniques discussed previously, models based on shell theory focus on determining 
the mechanical properties of the cell membrane rather than the entire cell itself. These models assume 
that the cell is a linearly elastic membrane - a material that deforms proportionally to applied stress 
up to a certain limit. During compression, the model assumes that the cell behaves like a fluid-filled 
sac with a constant internal volume [55]:  

𝜎𝑒 = 𝑝
𝐷

4𝑡
 ( 13 ) 

𝜎 = 𝐸. 휀 ( 14 ) 

휀 = ln(
𝐷

𝐷0
) ( 15 ) 

where σ represented by the membrane stress. A linear elastic behaviour of the cell is assumed, and 
Hooke's law is applying, E is the Young's modulus of the membrane and ε is the relative deformation. 
The relative strain is determined as the logarithm of the ratio of the instantaneous largest cell 
circumference D to the initial cell diameter D0. A constant cell volume is also assumed throughout 
compression test. During the compression of the cells is not allowed any changes in the volume of cell 
[55]. 

Two simple geometries, namely the barrel-like geometry (BG) and the filled torus geometry (FTG), are 
known and shown in Fig. 27. When calculating the initial volume, the inner diameter of the cell is 
considered because the cell membrane is located on the inside of the cell wall and functions as an 
osmotic barrier [55]. 

The reaction force is calculated by the contact area 𝑎 and the pressure p [55]: 

F = 
𝜋

4
 𝑎2p 

( 16 ) 

 

Where, where 𝑎 is the diameter of the inner cylinder of the full toroid during the compression [55]. 

 

Fig. 27 (a) Initial model cell geometry, (b) BG, (c) FTG [55] 
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3.3 Canham-Helfrich model  

In analysis of membrane mechanics Canham-Helfrich model is a cornestone comprehending the 
shapes of biological membranes. The principle of model is based on assumtpon that membranes 
achieve their equilibrium shapes by minimizing their total energy. The model assumes a membrane 
without lateral tension energy and the membrane is deformed in pure bending. The amount of bending 
energy depends on the deformation, in case of two-dimensional membrane surface in three-
dimensional space described by its curvature, or more exactly by the Riemann curvature tensor. As the 
energy is scalar quantity, it must be invariant to the rotation, i.e. the total energy is a sum of the tensor 
invariants. The Helfrich, 1973 and Canham, 1970 used a first invariant to describe bending energy. The 
total bending energy for the membrane is hence expressed as the sum of the strain energies of the 
individual curvatures [56][57]: 

𝐺𝑏𝑒𝑛𝑑 =
1

2
𝐾𝐵 ∫ (𝐶1 + 𝐶2)2𝑑𝐴

 

𝐴

 ( 17 ) 

where the sum of the principal curvatures 𝐶1𝐶2 is the Gaussian curvature K and 𝐾𝐺 is the Gaussian 
modulus of the membrane. Similarly, 𝐶1 + 𝐶2 is a measure of the mean curvature of the membrane 
𝐻 = (𝐶1 + 𝐶2)/𝐻 and can be denoted by as 2𝐻. From the above, we obtain a formula for expressing 
the bending strain energy of the membrane as: 

𝐺𝑏𝑒𝑛𝑑 =
1

2
𝐾𝐵 ∫ (2𝐻

 

𝐴
)2 𝑑𝐴 - 𝐾𝐺 ∫ (𝐶1𝐶2

 

𝐴
)𝑑𝐴 

( 18 ) 

The advantage of this notation is the potential to application of the Gauss-Bonnet theorem for the 
Gaussian curvature term. This theorem states that the integral of the Gaussian curvature of a body 
with a given topology over a closed surface is constant. Therefore, one can neglect the Gaussian 
curvature term in the calculation of the minimum strain energy is possible if the topology of the 
membrane is unchanged. 

The above relation for the membrane energy is valid only for a planar membrane that reaches 
minimum energy assuming 𝐶1 = 𝐶2 = 0. It is known that certain lipids can generate spontaneous 
curvature of the membrane by their shape or asymmetric insertion into the lipid bilayer. Lipids with 
a large surface area ratio of functional head group to hydrocarbon chains produce positive curvature, 
while lipids with the opposite ratio produce negative curvature. Negative curvature can also be 
induced by the insertion of a molecule with a large hydrophobic part such as cholesterol [58]. 
According to Helfrich, 1973 [59] this relationship can be modified by including the so-called intrinsic 
curvature of the membrane 𝐶0: 

𝐺𝑏𝑒𝑛𝑑 =
1

2
𝐾𝐵 ∫ (2𝐻

 

𝐴
− 𝐶0)2 𝑑𝐴 - 𝐾𝐺 ∫ (𝐶1𝐶2

 

𝐴
)𝑑𝐴 ( 19 ) 

The intrinsic curvature of the membrane is equal to twice the mean intrinsic curvature 2𝐻 of the 
monolayer of the membrane, i.e. it is the curvature at which the membrane bending energy is zero 
[60].  
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4 Mechanical properties of cells and vesicles  
The cell is composed of numerous components, each exhibiting distinct mechanical properties. Fig. 28 
illustrates the various cellular components along with representative values of their mechanical 
properties. Additionally, the mechanical properties of cells are influenced by their surrounding 
environment and the external forces exerted upon them. 

 

Fig. 28 Young´s modulus of the different parts of cells [61][62] 

 

Tab. 2 Summary of the main mechanical properties of vesicles (EVs) 

Property Symbol Units Definition Features References 

stiffness k N·m-1 

The resistance to 
deformation 
caused by an 
applied force. 

Extrinsic property 

Dependent on EV 

geometry 

Obtained from linear fit 

on force-indentation 

curve. 

[62][63] 

Young’s modus E Pa  

A measure of the 
relationship of 

stress and strain in 
the linear elasticity 

region of 
deformation along 

a single axis 

Intrinsic property 

Independent of EV 

geometry 

Extracted from force-

distance curves using 

Hertz model, Thin Shell 

Model 

[62][63][64] 

Bending 
modulus 

𝐾𝐵  J  

Energy required to 

deform bilayer 

from its intrinsic 

curvature to a 

different curvature. 

Intrinsic property 

Independent of EV 

geometry 

Extracted from force-

distance curves using 

Thin Shell Model or 

Canham Helfrich Theory 

 

[63][64][65] 

Area 
compressibility 

modulus 
𝐾𝐴 J/m2 

A measure of a 

material's 

Mechanical properties of 

cells, vesicles 
[66] 
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resistance to 

compression in two 

dimensions. It 

quantifies the 

change in surface 

area of a material 

in response to 

applied pressure. 

Extracted from force-

distance curves.  

 

 

Tab. 3 Summary of the mechanical indentation models 

Indentation 
Model 

Summary Benefits Drawbacks Ref. 

Hertz model 

EV assumed to be 
elastic, infinitely 

large, 
homogenous in 

composition. 

No interactions 
between 

tip/sample 

Independent of 
EV size 

Simple 

Only valid for small 
indentations 

Assumed homogeneity 
not valid for EVs 

[63][67][68] 
[69][70] 

Thin Shell 

Bilayer 
membrane 

treated as a single 
mechanical layer. 

EV is assumed to 
be filled with 

incompressible 
fluid 

Accounts for 
membrane’s 

unique 
mechanical 
response 

Only valid for small 
indentations 

EVs do not have hollow 
interior. 

Sensitive to assumed 
vesicle size and 

membrane thickness 

[63][71][72] 

Modified 

Canham Helfrich 

Accounts for 
bending of bilayer 

membrane 

 

Valid for all 
indentation 

displacements 

 

Labour-intensive 

Clean tether force 
needed on retract curve 

[63][73] 

 
  



37 

Tab. 4 The mechanical indentation models applied to extracelular vesicles (EVs) 

Indentation 
Model 

Vesicle E (MPa) κ (kBT) K (mNm-1) Ref. 

Hertz model 

Phosphatidylcholine 
1.97 ± 
0.75 

  [63][67][68] 

Cholinergic Synaptic Vesicles 0.2-1.5   [63][68] 

Savila EV 
0.89 ± 
0.07 

  [63][69] 

Exomere 145-816   [63][70] 

Large EV 26-73   [63][70] 

Small EV 70-420   [63][70] 

Thin Shell 

Human malignant metastatic 
bladder cell derived EVs 

280   [63][71] 

Human malignant nonmetasta- 

tic bladder cell derived EVs 
95   [63][71] 

Human nonmalignant nonmetastatic 
bladder cell derived EVs 

1527   [63][71] 

Mouse hepatocyte EVs   49 ± 12 [63][72] 

Rat hepatocyte EVs   13 ± 9 [63][72] 

Modified 
Canam Helfrich 

Red blood cell 

derived EV 
 15 ± 1 

Varied 
between 
patient 
samples 

[63][73] 

Hereditary spherocytosis EV  9 ± 1 11 ± 2 [63][73] 
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5 Aims 
The mechanical characteristics of cells correlate with their condition and function, making them an 
inherent biophysical indicator of cell states. This includes processes like cancer cell metastasis, 
leukocyte activation, or advancement through the cell cycle. Cytoskeletal mechanics is a field that 
heavily relies on mathematical models to interpret experimental data related to forces and 
deformations. However, in most of the studies cells are usually described as an elastic homogeneous 
material. Other factors such as cytoskeleton properties, cell size, and shape, as well as the effect of 
environment are usually neglected. In addition to the intrinsic variations in cell properties, the method 
of measurement and evaluation could also affect the estimated material properties. Nowadays, there 
is no explicit comparison between various methods in terms of repeatability and comparability. These 
uncertainties are driven by large variations in mechanical properties among the cell cultures or even 
within the same cell measured at various positions or time intervals.  

Therefore, the aim of this work is to esablish a method that will provide a cell model serving as 
mechanical standard for evaluation of cell mechanics and use this model to verify current approaches 
adopted in cell mechanical testing.  

The specific aim of the thesis consists of adopting microfluidic technique for liposome preparation to 
design and fabricate repeatable cell models with variable inner composition and tuneable size. The 
repeatability of mechanical measurements on created cell model will be tested using various 
experimental approaches. Cell mechanical standard will serve as a mean for comparing estimated 
mechanical properties between experimental techniques and will allow to test validity of assumptions 
adopted in mathematical models, for example the size effect. The experimental measurements will be 
coupled with the development of novel theoretical models describing cell deformations based on 
principles of biomembrane as two-dimensional fluid crystal wrapping cell inner environment.  
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6 Methods 

6.1 Design of microfluidic device  

All computer-aided design (CAD) models of the microfluidic devices were created using SolidWorks 3D 
CAD design software (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA) (Fig. 29). The 
models incorporated variations in channel size and interchannel angles, as detailed in Tab. 8. The 
selection of these angles is important for the determination of the flow rate, as they exert a direct 
influence on the Reynolds number [153]. 

 

Fig. 29 CAD model of microfluidic device [153] 

The first model resembled a microfluidic device made on a CNC (Computer numerical control) machine 
(Fig. 30). It was manufactured on a Projet® 1200 3D printer and is shown in Fig. 30. The angle range 
was 30° and the size of the channels: outlet channel - 0.4 mm and two input channels - 0.5 mm [153]. 

 

Fig. 30 CAD model of "Y" type in the block [153] 

The second design sought to enhance the "T-shaped" microfluidic device, Fig. 31 by integrating 
additional input channels. However, this modification resulted in the accumulation of separate printed 
layers at the channel intersection, which in turn led to the formation of unwanted blockages. To 
address this issue, a variant of the "T" design was produced that lacked the blocking structure. This 
modification did not resolve the problem of channel clogging [153]. 
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Fig. 31 (left) "T "type of microfluidic device in block (right) "T" type of microfluidic device [153] 

To evaluate the accuracy of the Projet® 1200 3D printer, a set of basic microfluidic devices with varying 
channel widths (0.4, 0.5, 0.75, and 1.0 mm) was fabricated. The "Y-shaped" microfluidic device design 
Fig. 32 was chosen for this assessment due to its simplicity and the reduced requirement for support 
material. The aim of minimizing support material usage was to prevent potential channel blockages 
caused by material accumulation during printing, as observed in the previous "T" type design [153]. 

 

Fig. 32 Basic "Y" type of microfluidic device [153] 

Liposomes serve as widely used drug delivery systems. Nevertheless, the Y-shaped microfluidic device 
described earlier in Fig. 32 was restricted to producing liposomes encapsulating phosphate-buffered 
saline (PBS) exclusively. To expand its capabilities and enable the encapsulation of a broader range of 
drugs, the microfluidic device design was altered to include additional inlet channels. Fig.33 (left) 
shows a design with three inlet channels, while Fig.33 (right) illustrates a design featuring a double 
cross-geometry channel [153]. 

 

Fig.33 (left) microfluidic device with three inlet channels (right) double three inlets channels 
microfluidic device [153] 

The selection of interchannel angles plays a critical role in determining the flow rate within the 
microfluidic channels. To investigate the impact of channel angle on flow rate, four microfluidic devices 
featuring varying interchannel angles were fabricated using PolyJet technology (Fig. 34).  
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Fig. 34 A CAD model of md with 30°, 60° and 90° range of angle [153] 

6.2 Development of microfluidic devices by additive manufacturing 

The conventional microfluidic device fabrication methods, which are primarily reliant on soft 
lithography, are often complex and time-consuming. Furthermore, soft lithography is inherently 
constrained to the fabrication of two-dimensional channel geometries. High-precision additive 
manufacturing techniques offer a promising alternative to conventional microfluidic device fabrication 
methods, enabling the creation of intricate three-dimensional structures with variable inner channel 
geometries. This study proposes, evaluates, and validates the application of two additive 
manufacturing technologies for the development of microfluidic devices [153].  

6.2.1 Additive manufacturing by Stereolithography 

Microfluidic devices were fabricated using a Projet® 1200 stereolithography apparatus (SLA) based on 
Digital Light Processing (DLP) 3D printing technology (3D Systems, Rock Hill, SC, USA). This system 
utilizes a beam projector to selectively cure thin layers (30 μm) of a liquid UV-curable plastic resin 
(VisiJet® FTX Green, 3D Systems) onto a build platform. The fabrication process involved depositing 
layers of the UV-curable plastic resin (VisiJet® FTX Green, 3D Systems) until the desired 3D geometry 
of the microfluidic channels was achieved. After printing, any uncured resin residues were removed 
through a washing step using an isopropyl alcohol bath. Subsequently, the microfluidic device was 
dried with pressurized air and subjected to a post-curing process in a UV chamber for 10 minutes. 
Finally, the completed device was detached from the build platform, and any supporting structures 
were carefully removed by hand [153]. 
  



42 

Tab. 5 Basic specifications of AM process using Projet® 1200 

Technology SLA, DLP 

Material VisiJet® FTX Green 

Min. layer thickness 0.03 mm 

Max. build size 43×27×150 mm 

6.2.2 Additive manufacturing by material Jetting  

An alternative method for fabricating microfluidic devices was based on the use of Stratasys PolyJet 
technology (Stratasys Inc., Eden Prairie, MN, USA), a form of additive manufacturing based on inkjet 
printing. This technique involves the deposition and UV curing of photopolymer resins in a layer-by-
layer manner. In this process, a Stratasys J750 printer was employed with a printing resolution of 24 × 
24 × 14 microns. The microfluidic device structure was constructed using transparent Vero Clear 
Model® material. To maintain the internal channel geometries throughout the printing process, a 
soluble support material (706 B) was employed to fill these channels. Following an initial cleaning step, 
the remaining support material was dissolved using a 4% sodium hydroxide and sodium silicate 
solution. The successful removal of the support material from the internal channels necessitated the 
integration of both chemical dissolution and mechanical cleaning techniques [153]. 

 

Tab. 6 Basic specifications of AM process using Stratasys 750 

Technology Polyjet 

Material Acrylate -Vero Clear® 

Min. layer thickness 14 µm 

Max. build size 490 × 390 × 200 mm 

 

We have designed and manufactured several types of microfluidic devices, encompassing designs from 
simple geometries to those featuring intricate channel configurations. Details of these devices are 
provided in Tab. 7. 
  



43 

Tab. 7 Types of microfluidic devices 

Used AM technology Type of microfluidic device 

Stereolitography 

Y type in block 

T type in block 

Y type without block 

T type type without block 

Double three inlets channels microfluidic device 

Three inlets channels microfluidic device 

Material Jetting (PolyJet) 
Y type 

Three inlets channels microfluidic device 

 

Tab. 8 Geometry of channels of microfluidic device 

Type of manufacture Angle [°] 
Size of channels 

Inlet / Outlet [mm] 

AM - SLA 30 
0.4/0.5 

0.5, 0.75, 1/0.5 

AM - SLA 60, 90 0.5/0.5 

AM - PolyJet 30, 60, 90 0.5/0.5 

6.3 Preparation of liposomes using a microfluidic device  

In this study we employed a two-stage microfluidic device utilising the double emulsion drop method 
to generate liposomes. The microfluidic platform permitted the fabrication of two distinct liposome 
types, each optimised for a specific intended application. The first type of liposome encapsulated 
phosphate-buffered saline (PBS), while the second type incorporated hyaluronic acid (HA) [140]. 

6.3.1 Liposomes filled with PBS 

The production of liposomes within the microfluidic device (Fig. 35) relies on the controlled mixing of 
two solutions introduced via syringes. One solution, phosphate buffer (PBS), is delivered through the 
two oblique channels, while the other solution, consisting of phospholipids dissolved in a mixture of 
isopropanol and chloroform (organic phase), is introduced through the central channel. The 
microfluidic design promotes lamellar flow, facilitating efficient solution interaction and liposome 
formation. The flow rates of the phosphate buffer solution (PBS) and the organic phase are maintained 
at 1 mL/h and 0.1 mL/h, respectively. The intersection of the channels disrupts laminar flow, initiating 
the formation of a mixture at the interface. This mixture reaches an equilibrium state, ultimately 
leading to the formation of stable liposomes [74][150]. 
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Fig. 35 Liposomes filled with PBS production  

 

6.3.2 Liposomes filled with HA 

Hyaluronic acid (HA)-loaded liposomes were produced using a custom designed double three inlets 
channels microfluidic device, Fig. 36. The production process mirrors that of conventional liposomes, 
with key modifications to the inlet channels. HA solution is introduced through the central channel, 
while dissolved phospholipids in a solvent mixture (organic phase) are delivered via the first pair of 
opposing oblique channels intersecting the central one. The second pair of opposing oblique channels 
is used to feed phosphate-buffered saline (PBS). This configuration facilitates the co-localisation of HA 
and phospholipids at the channel intersections, which enables their encapsulation within the forming 
liposomes. As in conventional liposome production within microfluidic devices, the formation process 
is governed by the diffusion of various molecules (primarily organic solvents, PBS, and lipids) at the 
interfaces between the solvent and non-solvent (PBS) phases [74][140]. 

 

Fig. 36 Liposomes filled with HA production[140] 
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6.4 Liposome fixation 

The binding required to measure the mechanical properties of liposomes was achieved using an avidin-
biotin complex. Biotin-DOPE and DPPC lipids were used at a concentration of 1: 1000. The biotinylated 
surface was then incubated with avidin (0.30 mg/ml) and washed three times with PBS buffer. Finally, 
1 ml of the liposomal formulation and approximately 1 ml of PBS buffer were applied to a Petri dish 
and incubated for 5 min at room temperature [75][141][143].  

6.4.1 Chemicals 

Tab. 9 Chemicals used in liposome production 

DPPC Phospholipids 11145 (Sigma-Aldrich, s.r.o.) 

DOPC Phospholipids 850375P (Sigma-Aldrich, s.r.o) 

PBS Phosphate buffered saline, pH7 (Sigma-Aldrich, s.r.o) 

HA 
hyaluronic acid (Sodium Hyaluronate, Tech. Grade, molecular weight 2000–

2200 kDa, Contipro a.s.) 

Biotin 18:1-12:0 Biotin PE (Sigma-Aldrich, s.r.o.) 

Ethanol Ethyl alcohol, EtOH (Sigma-Aldrich, s.r.o.) 

Isopropanol ≥99.7%, FCC, FG (Sigma-Aldrich, s.r.o.) 

Chloroform ≥99.9%, (Sigma-Aldrich, s.r.o.) 

6.5 Mechanical testing of liposomes  

The mechanical properties of the liposomes were evaluated utilising three distinct instruments: a 
NanoWizard® 3 NanoOptics Atomic Force Microscope (AFM) system (JPK Instruments, Germany), a 
Hysitron TI 950 TriboIndenter® nanomechanical tester (Bruker Corporation, USA), and a Bruker 
Hysitron BioSoft® instrument (Bruker Corporation, USA). 

6.5.1 Atomic force microscopy  

The experiment was performed in the Laboratory of Nanotechnology at the Faculty of Biomedical 
Engineering, CTU, in Kladno with NanoWizard® Sense AFM System (JPK, DE). AFM system is combined 
with a confocal fluorescence microscope. A colloidal probe with a diameter of 5.2 μm (APPnano, CA, 
USA) is located at the end of the beam (spring rigidity constant of 0.0307 N/m) which deforms during 
indentation [141].   

A Petri dish containing liposomes filled with PBS was initially placed in the instrument. Subsequently, 
one liposome was located using an optical microscope and its position was recorded. The optical 
microscope image of the liposomes is shown in Fig. 37. 
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Fig. 37 AFM tip with measured liposome [148] 

The cantilever was calibrated using the recommended standard procedure provided by the 
manufacturer. Initial sensitivity of the cantilever was established via indentation measurements 
conducted on the glass, followed by determination of cantilever stiffness using thermal noise. The 
beam's deformation was measured by a laser on the principle of optical lever. The force employed was 
determined through multiplication of the beam's stiffness by its deflection. 

Force spectroscopy of the liposomes was performed with a z length of 15 µm, a relative set point of 
20 nN, and the loading rate was 3.75 µm/s. The following inclusion criteria are applied: the isolated 
spherical shape of the liposome without collapse [76] or extensive adhesion to the surface [77], and 
at least two successful measurements in each liposome. Force-deformation curves were measured in 
the center of the liposome. 

A schematic illustration of the AFM measurement principle is shown in the Tab. 10 below. 

Tab. 10 a-e principle of AFM measurement [78] 

 

a) AFM cantilever approaches the liposome from few microns above 

b) Cantilever with AFM probe contacts the liposome 

c) Indents the liposome  

d) The cantilever deflection reaches a pre-selected set point 

e) Moves away from the liposome 
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6.5.2 Microcompresion testing using instrumented nanoindentation 

The experiment was carried out in the Nanoindentation Laboratory at the Faculty of Mechanical 
Engineering CTU. A Hysitron TI950 TriboIndenter® (Bruker Corp.) A diamond conospherical tip with flat 
end of diameter 100 µm (Bruker Corp.) was used for compression testing of whole liposomes. The 
liposome was localized using a light microscope which is mounted in the nanoindentation instrument, 
as shown in Fig. 38. Force controlled experiment with maximum indetation force 3000 µN in 15 second 
(200 µN/s) was performed [148][151][154]. 

 

Fig. 38 Liposomes localized using a light microscope 

6.5.3 Microcompression testing using miroindenter with extended 
movement of the tip  

Bruker's Hysitron BioSoft In-Situ Indenter was used for compression testing of liposomes. with 
a diamond conospherical tip with flat end with diameter 50 µm (Bruker Corp.). Displacement 
controlled experiment with prescribed maximum movement of the tip 100 µm in 10 second was 
carried out to obtain mechanical properties of whole liposome. Screenshot of the microcompression 
testing of liposomes is shown in Fig. 39.  

 

Fig. 39 Screenshot of the microcompression testing of liposomes on Bruker's corp. indenter 
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Subsequently, an inverted light microscope was employed to identify a single liposome, with its 
position being recorded. The image of the liposome captured using the optical microscope is presented 
in Fig. 40. 

 

Fig. 40 Liposomes observed using an inverted light microscope 

6.6 Data processing 

The initial step involved the determination of the dimensions of the measured liposomes using the 
ImageJ software. The mechanical testing generates force-displacement curves, which illustrates the 
relationship between the applied force and the resulting tip displacement. Prior to the application of 
suitable analytical models, it is essential to perform data pre-processing steps. Firstly, any hydrostatic 
force acting on the tip must be subtracted from the measured force values. Secondly, the contact 
point, which corresponds to the beginning of the actual indentation on the liposome, must be 
identified. 

6.6.1 Image processing  

The reference value for determining the size of liposomes within a specific testing method is 
established based on the diameter of the AFM tip utilized. In this study, the liposomes exhibited a 
diameter range of 5 to 80 μm. The dimensions of the liposomes were analysed using the image 
processing software ImageJ (developed by Wayne Rasband, National Institutes of Health [NIH]), (Fig. 
41) [140].  

 

Fig. 41 Measurement of liposome size using ImageJ software 
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6.6.2 Contact point definition 

A critical challenge in employing suitable analytical models to evaluate the mechanical properties of 
liposomes using Atomic Force Microscopy (AFM) is the precise determination of the measurement 
origin. JPK DP software (version spm-5.0.145), a common tool for calculating Young's modulus in AFM 
measurements, relies on manual definition of the contact point to initiate the measurement. This 
approach introduces subjectivity and potential inaccuracies. To address this limitation, the initial data 
processing steps involve the removal of baseline tilts and offsets from the force-displacement curve. 
Subsequently, the "find contact point" and "subtract baseline" functions are employed to identify the 
precise point of initial contact between the AFM tip and the liposome (Fig. 42) [79]. 

 

Fig. 42 Screenshot of JPK software used to determine the Young´s modulus [79] 

In case of microcompression testing by microindenter the origin curves are filtered (hydrostatic force 
subtraction) in the TriboIQ software before analysis. The contact point is determined semi-
automatically. The recorded indentation curve is shown in Fig. 43.  

 

Fig. 43 Recorded indentation curve 

Given the inherent limitations of manual and semi-automatic methods for determining the 
measurement start point, an automated model has been developed with the objective of achieving 
more precise contact point detection. The model identifies the contact point as the data point on the 
loading curve where a predefined mathematical function provides the optimal fit. In comparison to 
previous methods, this approach includes an additional step that considers the influence of hydrostatic 
pressure on the approach curve. 

The model employs a two-step fitting process for each data point on the force curve. Firstly, a linear 
fit is applied to the data points preceding the point of interest. Secondly, a deformation model is 
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applied to the data points following the point of interest, utilising the selected point as the initial 
contact point. The relative root-mean-square error (RMS) of both fits is calculated, and the sum of 
these errors is determined for each data point. Finally, the data point corresponding to the minimum 
total fitting error is selected as the automated contact point. 

6.7 Data analysis – mathematical models  

The mechanics of the cytoskeleton is a field that relies heavily on mathematical models for the 
interpretation of experimental data related to forces and deformations. As a model system for the 
study of biological membranes, we present two types of novel mathematical models specifically 
designed to analyse the mechanical properties of liposomes. Our models consider various factors such 
as stretching, bending and contact adhesion during atomic force microscopy (AFM) indentation using 
a spherical tip and compression testing using a flattened diamond cone tip [139][144].  

6.7.1 Linear material model 

Force-displacement curves obtained by AFM measurement of liposomes were fitted with a straight 
line. The stiffness of the liposome was determined using this equation: 

𝐹 = 𝑘𝑥  ( 20 ) 

Where F is force, k is a spring constant and x is displacement. 

6.7.2 Hertz model  

The selection of the most appropriate Hertz model equation is dependent upon the specific geometry 
of the atomic force microscope (AFM) tip employed during the measurements. In this study, a spherical 
tip was employed. Consequently, the Young's modulus (E) was determined using the Hertz model for 
a spherical indenter, where R represents the radius of the tip [141]. 

𝐹 =
4

3
𝐸∗√𝑅𝑑

3

2  ( 9 ) 

6.7.3 Modified Overbeck model   

The mechanical properties (Young´s modulus) of liposomes measured by Bruker's Hysitron BioSoft in-
situ indenter is determined by a model based on the geometric model as used by Overbeck et al. [80] 
but modified for a different geometry of the measured liposomes [55]. The selection of this model is 
motivated by its ability to account for the specific geometry of the liposome. Within this model, it is 
proposed that the liposome undergoes a deformation process, transitioning from a sphere shape to a 
fully circular toroidal shape, while maintaining a constant volume [81]. 

𝑉𝐸0 = 𝑉𝑇0  ( 21 ) 

where 𝑉𝐸0 is the volume of the sphere and 𝑉𝑇0 is the volume of the full toroid [81]: 

𝑉𝐸0 =
4

3
π𝑅0

3  
( 22 ) 
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Fig. 44 The shape of the liposome in the form of sphere 

 

where, 𝑅0 is the radius of the liposome [81].  

 

The initial volume of the full toroid 𝑉𝑇0 is calculated as [81]: 

𝑉𝑇0 =  
𝜋

4
𝑎0

2ℎ0 + 𝐴𝑠𝑐02 𝜋𝑟𝐶0 ( 23 ) 

Where 𝑎0 is the diameter of the cylinder inside the solid toroid, ℎ0 is the height of the solid toroid, 𝐴𝑠𝑐0 
is the area of the semicircular cross-section of the solid toroid before compression is shown in Fig. 45 
and is calculated [81]:  

𝐴𝑠𝑐0 =
𝜋 

ℎ0
2

4
2

 ( 24 ) 

and 𝑟𝑐0 is the central radius [81]:  

𝑟𝑐0 =
𝑎0

2
+

2ℎ0

3𝜋
 ( 25 ) 

 

Fig. 45 A cross section of a solid toroid with the initial dimensions defining the initial shape of the cell 
prior to compression testing [81] 
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Finally, we express the single unknown 𝑎0 from the equation ( 21 ). The instantaneous dimension 𝑎, 
i.e., the diameter of the inner cylinder of the full toroid during compression Fig. 46 is expressed as [81]: 

𝑉𝑇0 = 𝑉𝑇 ( 26 ) 

where 𝑉𝑇 represents the volume of the solid toroid cell during compression. The assumption is also the 
same as that of Overbeck et al i.e., the Laplace equation [80]. The internal pressure in a thin-walled 
solid toroidal vessel can be expressed as [81]: 

𝑝 = σ𝑤

(πth +  2at)

𝑎ℎ + π
ℎ2

4
 

 
( 27 ) 

where 𝑡 is the wall thickness, 𝜎𝑤 is the wall stress, ℎ is the instantaneous cell height and 𝑎 is the 
instantaneous diameter of the circular area that is in contact with the indenter (Fig. 46) [81].  

 

Fig. 46 A full toroidal compressed liposome. The full toroid is considered here as a thin-walled shell 
with characteristic dimensions marked [81] 

 

The expression for the internal pressure is obtained from the equilibrium equation in the equatorial 
section by means of a full toroid, see Fig. 47 [81]. 

 𝑝 (𝑎ℎ + 𝜋
ℎ2

4
) = 𝜎 (𝜋𝑡ℎ + 2𝑎𝑡) ( 28 ) 

The left side of the equation represents the force acting in the wall of the vessel, while the right side 
represents the force due to the pressure inside the vessel acting on the bottom of the vessel. 
Furthermore, the linear elastic behaviour described as 𝜎 = 𝐸휀 is assumed. The diameter of the 
liposome before deformation 𝐷0 in the equatorial plane, see Fig. 45, is expressed by equation ( 29 ) 
and the instantaneous cell diameter 𝐷 in the equatorial plane during deformation, see Fig. 46, by 
equation ( 30 ) [81]. 

𝐷0 = ℎ0 + 𝑎0 ( 29 ) 

𝐷 = ℎ + 𝑎 ( 30 ) 
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ℎ =   ℎ0 − 𝑑  ( 31 ) 

The force with which a cell responds to deformation can be calculated as [81]: 

𝐹 =  
𝜋

4
𝑎2𝑝 ( 32 ) 

 

Fig. 47 Quatorial section through a thin-walled vessel in the form of a solid toroid representing 
a liposome. The stress in the wall of the vessel and the pressure p in the cell are given [81]  

From all the previous equations, a single equation expressing the dependence of the force 𝐹 on the tip 
displacement 𝑑, the known geometric parameters of the cell 𝑎0, ℎ0, 𝑡 and the unknown material 
parameter 𝐸. Mathematically expressed: 𝐹 = 𝐹 (𝑑, 𝑎0, ℎ0, 𝑡, 𝐸) [81]. 

6.7.4 Prescribed shape model 

In the proposed model, the liposome is divided into two segments: the fluid membrane shell and the 
inner compound. The inner compound of the membrane is assumed to consist of an incompressible 
fluid characterised by an internal pressure denoted by p. The main assumption of the model is that 
liposomes undergo fully reversible adiabatic deformation, like a spring. Energy conservation implies 
that the external force required to deform a liposome induces deformation energy within the 
liposome itself. Being incompressible, the inner fluid of the liposome experiences no significant change 
in volume under compression or expansion and therefore cannot store energy in the form of elastic 
potential energy. However, the liposome membrane shell is deformable and can store strain energy. 
The amphiphilic nature of the lipid membrane imparts fluidity in the plane of the membrane and 
resistance to mechanical stress [82]. Particularly strain and bending. The stretching energy (US) can 
be expressed as follows [83][139]: 

𝑈
𝑠= 

1 
2 ∫ 𝐾𝐴 Θ

2𝑑𝐴
 

( 33 ) 

Here, KA represents the area compressibility modulus [83], and Θ denotes the relative change in the 
segment dA induced by loading. Assuming membrane fluidity conditions equilibrium in Θ across the 
surface of the liposome [84], neglecting shear stresses, Eq. ( 33 ) can be simplified as follows [85][139]: 
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𝑈
𝑠= 

1 
2

𝐾𝐴(
𝛥𝐴
𝐴

)2𝐴
 

( 34 ) 

Another contribution to the deformation energy of the membrane arises from bending. Bending 
energy represents the energy required to curve a membrane. A biological membrane, as a two-
dimensional surface spanning a three-dimensional space, can be characterized by two principal 
curvatures, C1 and C2. The energy of biomembrane bending can be expressed using the Helfrich-
Canham functional [86][139]: 

𝑈𝐵 =
1 

2
∫ 𝐾𝐵 (𝐶1 + 𝐶2 − 𝐶0)2𝑑𝐴 ( 35 ) 

In this equation, KB represents the bending modulus, and C0 denotes the intrinsic curvature [87]. 
Contact energy refers to the excess free energy due to the existence of an interface, arising from 
imbalanced molecular forces [88]. It can be expressed as an energy per unit area, known as the specific 
surface energy γ. Contact adhesion energy (Uc ) can be expressed as follows [139]: 

𝑈𝑐 =  𝛾𝐴𝑐  ( 36 ) 

Here, Ac  represents the contact area. 

If the shape of the liposome is known, we can determine the total deformation energy [139]: 

𝑈𝑑𝑒𝑓 =  𝑈𝑆+𝑈𝐵 + 𝑈𝐶  ( 37 ) 

To obtain a simple approach for calculating the total elastic deformation energy, we assume that the 
shape of the liposome membrane possesses azimuthal symmetry. Furthermore, we assume that the 
membrane is deformed by a spherical indenter of radius R0. After deformation, the membrane has 
a torus-like shape with the maximum deflection in the axis of symmetry. The bilayer profile is 
represented by three circular arcs and a line segment representing contact with the surface (Fig. 48) 
[139]. 

 

Fig. 48 Geometry of spherical AFM tip and membrane interaction [139] 

The tip interacts with a liposome attached to the surface. The problem is axisymmetrical and individual 
segment of the cell membrane are described as elements of circle. The curve describing the outline of 
the sphere is smooth. The membrane could be divided into four segments that define four separate 
volumes [139].  
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Tab. 11 Segments of model 

Segments of AFM tip and 
membrane interaction 

Description of the segment 

Segment I 
Liposome attached to AFM 

tip 
radius equals to the radius of 
AFM tip, size given by angle θ 

Segment II Radius R1 Given by angle θ 

Segment III Donut shape segment Radius R2 

Segment IV 
Liposome attached to the 

surface 
Circle with radius b 

 
Segment I 

 

Fig. 49 Segment I 

The first segment (Fig. 49) is in contact with the spherical indenter, and its radius equals R0. The size 
of the segment is given by the radius distance a, defined as follows [139]: 

𝑎 = 𝑅0𝑠𝑖𝑛𝜃 ( 38 ) 

The principal curvatures of the first segment, 𝐶1
𝐼  and 𝐶2

𝐼 , are both equal to 1/R0. The curvature of the 
second arc is denoted as 𝑅1. Assuming the membrane shape is smooth, the radius R1 can be defined 
using the angle 𝜗 as follows [139]: 

𝑅1𝑠𝑖𝑛𝜃 + 𝑎 = 𝑏 ( 39 ) 

Here, b represents the radial size of the fourth segment. The first principal curvature of the second 

segment 𝐶1
𝐼𝐼 𝑖𝑠 𝑅1, while the second principal curvature is given by [139]: 
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Segment II 

 

Fig. 50 Segment II, shaded element is a volume element 

 

𝐶2
𝐼𝐼 = −

𝑠𝑖𝑛𝜗

𝑏 − 𝑅1𝑠𝑖𝑛𝜗
 ( 40 ) 

Here, 𝜃 ranges from 0 to 𝜗. The negative sign indicates that the membrane bends outward in the 
second segment (Fig. 50). The third arc segment Fig. 51 corresponds to the outer toroid shell and has 
a first principal curvature equal to [139]: 

 

Segment III 

 

Fig. 51 Segment III, shaded element is a volume element 

𝐶1
𝐼𝐼𝐼 =

2

ℎ − (𝑅0−𝑅1 )𝑠𝑖𝑛𝜃
 ( 41 ) 

𝐶2
𝐼𝐼𝐼 =

𝑐𝑜𝑠𝜗

𝑏 + 𝑅2 𝑐𝑜𝑠𝜗
 ( 42 ) 

Here, ϑ lies in the interval [-π/2, π/2] [139]. 
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Segment IV 

The last segment has the shape of a spherical disc with diameter b, representing the contact of the 

liposome with the substrate. Both principal radii of curvature, 𝐶1
𝐼𝑉 and 𝐶2

𝐼𝑉, are equal to zero.  

The area and volume of individual segments can be expressed using surface and volume integration 
formulas known for solids of revolution [89]. The shape of the liposome is described by three 
parameters: a, b, and h. The liposome deformation is representing, while a and b describe the contact 
area with the indenter tip and substrate, respectively. The deformation energy corresponding to a 
given set of parameters can be expressed using Eq. ( 37 ). 

In an experimental setup, the displacement of the spherical tip δ is measured. The force F required to 
induce deformation can be computed using Castigliano’s first theorem [90][139].  

𝐹 =  
𝜕𝑈𝑑𝑒𝑓

𝜕𝛿
 ( 43 ) 

6.7.5 Fluid shell model 

The model described below is restricted to shapes with rotational symmetry. Their principal curvatures 
are those along the meridians (cm) and the parallels of latitude (cp). Let the contour of a cell be given 
by a function z(x), the z-axis being the rotational axis. By ψ we denote the angle made by the rotational 
axis and the surface normal of the cell surface (Fig. 52). With this notation we find [144]: 

𝑐𝑚 =
sin 𝜓

𝑥
 ( 44 ) 

𝑐𝑝 = cos 𝜓
𝑑𝜓

𝑑𝑥
 ( 45 ) 

− tan 𝜓 =
𝑑𝑧

𝑑𝑥
 ( 46 ) 

We further assume that there is an isotropic tension 𝛾 in the membrane which uniform throughout 
the membrane and the hydrostatic pressure difference Δp is constant. We can further assume that 
phospholipid bilayer behaves as liquid crystal with hydrostatic tension in the plane of the membrane. 
From Laplace-Young equation follows [144]: 

∆𝑝 = 𝛾(𝑐𝑚 + 𝑐𝑝) ( 47 ) 

Therefore, the mean curvature over the surface must be constant [144]. 

(𝑐𝑚 + 𝑐𝑝) = 𝑐𝑜𝑛𝑠𝑡 ( 48 ) 

We rather express it using original formulation [144]: 

sin 𝜓

𝑥
+ cos 𝜓

𝑑𝜓

𝑑𝑥
= 𝐶 ( 49 ) 

By using substitution u = sin ψ we may express [144]: 
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𝑢

𝑥
+

𝑑𝑢

𝑑𝑥
= 𝐶 ( 50 ) 

where C is a constant. To solve the differential equation, the membrane must be divided into two 
segments in z=z0 plane. The z0 is taken at maximum diameter x=c of the cell [144]. 

 

Fig. 52 Schema of the fluid shell model during indentation [144] 

The solution of the differential equations can be obtained by separation of constants as [144]: 

𝑢 = 𝐴𝑥 + 𝐵 𝑥⁄  ( 51 ) 

If membrane tension is constant in the whole free membrane, it follows from Laplace equation ( 47 ) 
that [144]: 

𝑢1(𝑐)

𝑐
+

𝑑𝑢1(𝑐)

𝑑𝑥
=

𝑢2(𝑐)

𝑐
+

𝑑𝑢2(𝑐)

𝑑𝑥
 ( 52 ) 

Considering solution of the differential equation, we may express [144]. 

2𝐻 =
𝑢

𝑥
+

𝑑𝑢

𝑑𝑥
= 𝐴 + 𝐵𝑥2 + 𝐴 −  𝐵𝑥2 = 2𝐴 

( 53 ) 

 

and it means that a mean curvature is not a function of B. However, it should hold that at x = c,  

ψ = π/2, i.e., sin ψ = 1 [144]. 

𝐴𝑐 + 𝐵1 𝑐⁄ = 1 = 𝐴𝑐 + 𝐵2 𝑐⁄  ( 54 ) 

and therefore B1 = B2 = B. From boundary conditions we obtain [144]: 

− sin 𝜃 = 𝐴𝑎 + 𝐵 𝑎⁄  ( 55 ) 

0 = 𝐴𝑏 + 𝐵 𝑏⁄  ( 56 ) 
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𝐴 = −
𝑎 sin 𝜃

𝑎2 − 𝑏2
, 𝐵 =

𝑎𝑏2 sin 𝜃

𝑎2 − 𝑏2
 ( 57 ) 

 

The general shape equation sounds [144]: 

sin 𝜓 = −
𝑎2

(𝑎2 − 𝑏2)

𝑥

𝑅0
+

𝑎2𝑏2

(𝑎2 − 𝑏2)

1

𝑅0𝑥
 ( 58 ) 

The equation above is valid for segment I, xI ∈ [a, c], where c is defined as the point, where ψ = π/2. 
Symmetrical solution is valid for segment II (Fig. 52) [144]. 

The energy of stretching (US ) could be expressed as [144]: 

𝑈𝑆 = ∫
1

2
𝜅𝐴Θ2𝑑𝐴 ( 59 ) 

where KA is the area compressibility modulus and Θ is the relative change in segment dA induced by 
loading. Membrane fluidity conditions equilibrium in Θ over the surface of liposome if the shear 
stresses are neglected. The total area of the membrane consists of free membrane, membrane in 
contact with AFM tip, and the flat membrane in contact with surface. Therefore, Eq. ( 59 ) can be 
simplified into [144]: 

𝑈𝑆 =
1

2
𝜅𝐴 (

Δ𝐴

𝐴
)

2

𝐴 ( 60 ) 

In experimental setup, the displacement of spherical tip δ is measured. The force required to induce 
deformation Q can be computed using the Castigliano’s first theorem [144]. 

𝑄 =
𝜕𝑈𝑑𝑒𝑓

𝜕𝛿
 

( 61 ) 

6.8 Statistical analysis  

Statistical analyses were performed with the R software (version 4.1.2, R Core Team, 2021). A p-value 
less than 0.05 was considered statistically significant. The normality of the data was tested using the 
Shapiro-Wilk test. The differences in materials properties between different liposome types or 
treatments were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc 
test for normally distributed data and by Kruskal-Wallis test otherwise. Difference between the groups 
was estimated using t-test for normally distributed data and by Wilcoxon rank sum test otherwise. The 
linear correlation variables were assessed using linear regression (package lme4) considering repeated 
measurements and characterized by Pearson correlation coefficient [91].  

Itra-class correlations (ICC) and repeatabilities (R) were computed to quantify the reproducibility of 
measurements and for understanding the structure of experimental variation by parametric 
bootstrapping and while the significance testing was implemented by likelihood ratio tests and 
through permutation of residuals implementd in package rptR, version 0.9.22. F-test was utilized to 
compare variances in materials parameters. 
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7 Results  

7.1 Additive manufacturing of microfluidic device 

The production of liposomes utilized a microfluidic device that was specifically designed to mimic the 
basic cellular structures. This device was fabricated using additive manufacturing techniques, 
specifically stereolithography and PolyJet technology [152].Following a thorough evaluation of both 
3D printing methods, stereolithography was chosen due to its superior ability to generate smoother 
surface features, which are critical for optimal microfluidic device performance. Fig. 53 presents the 
final 3D-printed microfluidic devices employed for liposome production [152]. 

 

Fig. 53 The final 3D printed microfluidic devices  

Tab. 12 Microfluidic devices used to prepare liposomes [152] 

Type of 
manufacture 

Type of microfluidic 
device 

Angle [°] 

Size of 
channels 

Input / Outlet 
[mm] 

Used 
microfluidic 

device  

Why?  

AM - SLA 

 

Y type in block 
30 0.4/0.5 

 

X 

clogged 
channels - 
liposomes 

not 
formed 

AM - SLA 

 

T type in block 
90 0.4/0.5 

 

X 

clogged 
channels - 
liposomes 

not 
formed 

AM - SLA 

 

T type without block 
90 0.5/0.5 

 

X 

clogged 
channels - 
liposomes 

not 
formed 
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AM - SLA 

 

 

 

 

 

 

 

Y type without block 

 

30 

0.4 /0.5 

 

 

✓ 

 

used in the 
beginning, 
the bigger 
angle was 
better for 
formation 

of 
liposomes 

0.75/0.5 

     

    X 

too large 
channels - 
liposomes 

not 
formed 

1/0.5 

    X too large 
channels – 
liposomes 

not 
formed 

AM - SLA Y type without block 60 0.5/0.5    ✓  

 

 

 

were used 
AM - SLA 

 

Three inlets channels 
microfluidic device 

60 

0.5/0.5 

    

   ✓ 

 

Double three inlets 
channels 
microfluidic device 0.5/0.5 

 

✓ 

 

AM - PolyJet 

 

Three inlets 
channels 

microfluidic device 

 60 0.5/0.5 

 

✓ 

 

  

were used, 
but SLA 

technology 
is better - 
smoother 

surface 

Double three inlets 
channels 

microfluidic device  60 0.5/0.5 

 

✓ 

 

AM - SLA 
Three inlets 

channels 
microfluidic device 

90 0.5/0.5 
 

         X 

Liposomes 
not 

formed 
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7.2 Liposomes prepared by microfluidic device 

This study employed a microfluidic device comprising three inlet channels to generate liposomes 
encapsulating phosphate-buffered saline (PBS). The flow rate within these channels is of critical 
importance in determining the final size of the liposomes. Higher flow velocities facilitate the 
formation of larger liposomes, whereas lower velocities result in smaller ones. The range of liposome 
diameters achieved spanned from 5 to 80 μm. Fig. 54 presents representative examples of liposomes 
filled with PBS [140]. 

 

Fig. 54 Liposomes filled with PBS 

Liposomes filled with hyaluronic acid (HA) were produced using a microfluidic device with a double-
cross channel geometry, Fig. 55 [140].  

 

Fig. 55 Liposomes filled with HA 

7.3 Prescribed shape model 

The predicted shape of liposomes based on the developed mathematical model is visualized in Fig. 56 
and Fig. 57. As the displacement of the spherical indenter increases, the deformation of the liposomes 
also increases. At larger deformations, the liposomes become more bulged, resulting in increased 
contact with both the indenter and the substrate. For displacements lower than 2 µm, the entire 
liposome deforms uniformly, while at higher displacements, the indenter significantly recesses into 
the liposome [139].  
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Fig. 56 Shape of liposome during mechanical testing. the displacement of the spherical indenter 
increases from left to right (0 µm on the left, 7.5 µm in the middle, and 15 µm on the right). The AFM 

spherical indenter and cantilever are schematically represented in black [139] 

 

Fig. 57 Contours of liposomal shape during mechanical testing. each contour corresponds to a 1 µm 
increment in displacement, ranging from 0 to 15 µm [139] 

Larger deformations generally correspond to higher energy levels in the liposomes. The stretching 
mode of the biomembrane. 
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Fig. 58 (a) stretching energy, (b) bending energy, and (c) adhesion energy during deformation for 
various parameters: area compressibility modulus, bending modulus, and specific surface energy, 

respectively. The diameter of the liposome, rves is 25 µm [139] 

 

Fig. 59 Effect of liposome size on indentation force [139] 
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Fig. 60 Effect of specific adhesion energy on indentation force [139] 

7.4 Fluid shell model  

Fluid shell model is based on the Laplace equation, specifically designed for the analysis of fluid 
membranes. In this section, we conduct a fundamental analysis of the model's parameters and 
compare them to experimental data. Fig. 61 shows the change of shape in dependency on the 
parameter a which is dependent on the displacement of indentation [144].  

 

Fig. 61 Cell change shape during the indentation [144] 

Fig. 62 illustrates the predicted deformation of the cell during an indentation experiment. It is evident 
from our findings that the cell undergoes an increase in both its lateral dimensions and the area of 
contact with the substrate [144].  
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Fig. 62 Force-deformation curves of different liposome sizes, based on model with probe radius  

10 µM [144] 

In addition, Hertz's theory assumes that the size of the contact area is negligible compared to the cell's 
overall size. These measurements corroborate our model's predictions, which clearly demonstrate an 
increase in cell stiffness as liposome size decreases, Fig. 63 [144].  

 

Fig. 63 Force-deformation curves of different probe sizes, based on model of liposome size 10 µm 
[144] 

7.5 Experimental measurements - stiffness of liposomes  

We have measured in total 633 liposomes. From the experimental data we have excluded data with 
excessive noise (74 measurements) and noncontinous loading curve (40 measurements) based on 
visual inspection of loading and unloading curve. For the rest of data, the stiffness in loading part was 
evaluated by fitting a linear function. The linear stiffness approximates the loading curve well (Pearson 
correlation coefficient 0.95, range 0.39–0.99). The analysis of data showed three distinct shapes of 
loading curve (Fig. 64). We have denoted them as nonlinear, linear and background. 
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Fig. 64 Histogram by measured stiffness of liposomes (1 linear, 2 nonlinear, 4 background) 

 

Tab. 13 Mean and standard deviations of measured stiffness for various force response 

Type Mean Sd 

Linear 0.021 0.013 

Nonlinear 0.004 0.003 

Background 0.058 0.028 

 

The nonlinear curve is characterized by gradual increase in stiffness during measurement and larger 
deformations. Corresponds to data on liposomes reported in literature. The linear curve exhibits 
a sharp transition between approach phase and measured stiffness, where the measured curve has 
linear characteristics and lower deformation. The background curve has the steepest stiffness and 
corresponds to control measurements on glass substrate and was used to verify the method and 
calibrate the AFM tip. In general, the higher force is related to higher deformation (Fig. 65). However, 
despite of large number of observations we did not confirm normal distribution of measured 
indentation depth at any of evaluated depths and type of liposomes (Shapiro-Wilk normality test p < 
0.001). This indicates additional factors influencing the measured stiffness in some of measured 
samples.  
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Fig. 65 Dependence between the applied force and measured deformation for (left) linear group and 
(right) nonlinear group                                               

Fig. 66 (left) shows distribution of measured stifness of liposome in the linear group in dependence on 
the indentation force. The higher the applied force, the higher the average stiffness. However, stiffness 
at given force does not comply with normal distribution (Shapiro-Wilk normality test p < 0.001 for 
indentation force of 1 nN, 3 nN, and 5 nN). Pairwise comparisons using Wilcoxon rank sum test with 
continuity correction indicate that the stifness at applied force of 1 nN is considerably lower that the 
stiffness at applied force of both 3 and 5 nN (p < 0.001 for both forces) while there is no significant 
difference in stiffness at loading force 3 and 5 nN (p = 0.095).  

                                                          

Fig. 66 Boxplot of measured stiffness at various levels of loading force for (left) linear loading curves 
and (right) nonlinear loading curves 

Fig. 66 (right) shows distribution of measured stiffness of liposome in the nonlinear group in 
dependence on the indentation force. There is an obvious trend of stiffening with increased force, 
typical for biological materials. Similarly, to the linear group, the stiffness at given force does not 
comply with normal distribution (Shapiro-Wilk normality test p < 0.001 for indentation force of 1 nN, 
3 nN, and 5 nN). Pairwise comparisons using Wilcoxon rank sum test with continuity correction indicate 
that the stifness between applied force of 1 nN, 3 nN a 5nN raises significantly (p < 0.001 for pairwise 
comparison between loading force 1 nN and 3 nN and p = 0.018 for pairwise comparison between 
loading force 1 nN and 5 nN).  
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We assume, that linear characteristics correspond to strong adhesion to the surface mediated by 
applied avidin-biotin complex. As most of the studies reported in Section 2 shows a nonlinear 
dependence with stiffness in the range of measured values, we have further analysed these nonlinear 
data in detail.  

7.6 Continuum mechanics analysis  

7.6.1 JPK software – Hertz contact model 

Hertz model was chosen as gold standard to evaluate force curves for all liposomes of nonlinear 
characteristics. The Hertz contact model describing elastic contact between rigid spherical indentor 
and an elastic half-space was fitted to three indentation forces and corresponding depths using 
a custom fitting procedure based on iterative estimation of contact point. Custom algorithm for Hertz 
model fit was compared to method included in JPK SPM Data Processing (version SPM – 5.0.145, 
Bruker Nano, Germany). We fitted a linear model to compare Young´s modulus estimated by JPK to 
the same values estimated by custom algorithm (Fig. 67). Both models predict almost the same values 
with high correlation (R2 = 0.89, F (1, 160) = 1340.58, p < 0.001). However, the Young´s modulus 
estimated by JPK is slightly higher for liposomes with higher stiffness (slope of linear fit 1.09).  

 

Fig. 67 Comparison of Young´s modulus evaluated by Hertz contact model at 5 nN estimated by JPK 
software and custom fitting algorithm. The read dashed line represents line of equality, the gray line 

represent linear fit with 95 % confidence intervals. 
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7.6.2 Custom fitting algorithm - Hertz contact model 

The Hertz model provides a good fit to the AFM data, as evidenced by the high correlation coefficient 
between the measured and predicted values (Pearson correlation coefficient mean 0.998 for all 
measurements, range 0.9881–0.999). Representative loading curves are presented in Young’s modulus 
in HA-filled liposomes (mean 1.11 kPa, range 0.30–1.85 kPa) is significantly higher than in PBS-filled 
liposomes (mean 0.37 kPa, range 0.62–1.28 kPa) (Wilcoxon rank sum test, W = 423, p < 0.001). The 
higher stiffness in HA-filled liposomes corresponds to steeper force-deformation curves Fig. 72. The 
results showed a high degree of agreement between repeated measurements, as indicated by the low 
variation between the measured curves and in the estimated Young’s modulus (Fig. 72) [141]. 

To test repeability of estimates, each liposome was measured several times. Point estimates, 
confidence intervals and significance tests for the repeatability (intra-class correlation coefficient) of 
measurements was evaluated on the base of generalised linear mixed models. We have found 
excellent repeatability of measurements (R = 0.992, SE = 0.0002, CI = [0.987, 0.995], p < 0.001). The 
repeatability estimates are shown in Fig. 68. Young´s modulus for individual measurement along with 
the range of measured values is shown in Fig. 69.  

 

Fig. 68 Bootstrap repeatability of Young´s modulus estimated by Hertz contact model for individual 
liposomes at indentation force of 5 nN 

 

 

Fig. 69 Error bars shows range of estimated values of Young´s modulus estimated by Hertz contact 
model (minimum and maximum values) at indentation force of 5nN 
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Liposomes filled with HA have significantly higher Young´s modulus estimated at 5 nN than liposome 
filled with PBS (Wilcoxon rank sum test, W = 69, p < 0.001), Fig. 70. 

 

Fig. 70 Comparison of Young's modulus of liposomes filled with PBS and liposomes filled with HA 

For liposome filled with PBS (Fig. 71 left), the estimated Young´s modulus is not a function of 
indentation force or depth (Kruskal-Wallis rank sum test p = 0.175, chi-squared = 3.486, df = 2). The 
Young´s modulus evaluated at indentation force 1 nN exhibits similar variance to the one evaluated at 
3 nN and 5 nN (F variance test F = 1.026, num df = 115, p = 0.892 and F = 1.262, num df = 115, p=0.214, 
respectively). The difference in variance in Young´s modulus evaluated at 3 nN and 5 nN does not 
significantly differs (F variance test F = 1.230, num df = 115, p = 0.269). 

                                                                  

Fig. 71 Boxplot of measured Young´s modulus estimated by Hertz contact model for (left) liposomes 
filled with PBS and (right) liposomes filled with HA at the indentation forces 1 nN, 3 nN, 5 nN 

For liposome filled with HA (Fig. 71 right), we observe decrease of estimated Young´s modulus with 
depth, although the observed trend is not significant (Kruskal-Wallis rank sum test p = 0.169, chi-
squared = 3.552, df = 2). The Young´s modulus evaluated at indentation force 1 nN does exhibit 
significantly higher variance than the one evaluated at 3 nN and 5 nN (F variance test F = 4.119, num 
df = 45, p < 0.001 and F = 8.313, num df = 45, p < 0.001, respectively). The difference in variance in 
Young´s modulus evaluated at 3 nN and 5 nN is at border of statistical significance (F variance test F = 
2.018, num df = 45, p = 0.020).  
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7.6.3 Effect of cell's size on elasticity 

Linear regression (Fig. 73) was used to test whether liposome size significantly predicts Young’s 
modulus. For both liposomes filled with PBS and HA, the effect of liposome diameter d is statistically 
significant and negative (β = -23.44, 95% CI [-28.33, - 18.56], p < 0.001 for the liposome filled with PBS 
and β = -36.53, 95% CI [-45.58, -27.48], p < 0.001 for liposomes filled with HA). The effect of liposome 
diameter on Young’s modulus is significantly higher for HA-filled liposomes (ANOVA p = 0.008) [141]. 

 

Fig. 72 Measured indentation curve for DPPC liposomes in PBS filled with (DPPC) PBS and (DPPC+HA) 
HA solution. Fit of indentation by Hertz contact model for hemispherical AFM tip is shown [141] 

 

Fig. 73 Linear regression plot with 95 % confidence intervals (shaded areas) showing measured 
dependence between the size of DPPC liposomes and Young’s modulus estimated from Hertz model 
measured data along with the range of measured values are shown for liposomes filled with PBS and 

HA solution, denoted as DPPC and DPPC+HA, respectively [141] 
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7.6.4 Experimental evaluation of force distribution between cytoplasm and 
biomembrane 

Cell models with viscou cytoplasm exhibit on average higher stiffness than liquid-filled liposomes (Fig. 
74 A, B), indicating an important role of cytoplasm in load transfer (Hertz model elasticity modulus 
1360±271 Pa and 270±104 Pa for HA-filled and fluid-filled liposomes respectively, the difference is 
statistically significant t (109) = 32.47, p <  0.001). In initial contact, the load bearing capacity of both 
membrane and cytoplasm cell is comparable (Fig. 74 B, C). However, for deformations larger than 0.2 
µm, the effect of cytosplasm prevails and cytoplasm bears more than 80% of the overall load [142]. 

 

Fig. 74 (a) Force deformation curves of whole cell model (biomembrane + viscous cytoplasm) and 
empty liposome (biomembrane model); (b) average force curves and estimation of load transmitted 

through cytoplasm; (c) relative contribution of cytoplasm and biomembrane to the load bearing 
capacity [142] 

7.7 Prescribed shape model 

Measured curves were fitted with newly defined liposome deformation model. The model is based on 
prescribed axisymmetrical geometry and dependence between the deformation and force is estimated 
from the deformation energy of membrane. As the bending energy is negligible, only the stretching 
energy was considered within this analysis. The stiffness of the membrane in stretching is defined by 
the area compressibility modulus KA.  

Repeated measurement of KA on various liposomes shows excellent repeatability by tests for the 
repeatability (Fig. 75), intra-class correlation coefficient R = 0.90, SE = 0.025, 95 % CI [0.84, 0.936], p < 
0.001). The range of measured values of KA along with the mean values for individual liposomes is 
shown in Fig. 76.  
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Fig. 75 Bootstrap repeatability of area compressibility modulus estimated by prescribed shape model 
for individual liposomes at indentation force of 5 nN 

 

Fig. 76 Mean values of compressibility modulus estimated by prescribed shape model for individual 
liposomes. Error bars show range of estimated values of area compressibility modulus (minimum and 

maximum values) at indentation force of 5 nN 

Wilcoxon rank sum test shows that the area compressibility modulus estimated for PBS filled 
liposomes is significantly lower that the area compressibility modulus estimates for HA filled liposomes 
(W = 517, p < 0.001). This difference is likely to be caused by force transmission through viscous core 
of HA – filled liposomes and does not necessarily correspond to biomembrane stiffening.  

Distribution of area compressibility modulus measured at three indentation depths does not comply 
with normal distribution (Shapiro-Wilk normality test W = 0.626, p < 0.001; W = 0.779, p < 0.001; 
W = 0.299, p < 0.001 for indentation load 1 nN, 3 nN, and 5 nN, respectively). Area compressibility 
modulus measured in liposomes filled with PBS has significantly decreases with indentation load 
(Kruskal-Wallis chi-squared = 68.83, df = 2, p < 0.001). Values of means and quartiles are shown in Tab. 
14 and differs significantly from each other based on post-hoc analysis (pairwise comparisons using 
Wilcoxon rank sum test p < 0.001 for all mutual comparison at indentation load of 1 nN, 3 nN, and 
5 nN). The difference is not only in the value of area compressibility modulus, but also in the variance 
of data, Tab. 14 (F test p  <  0.001, df = 115, F = 23.42, F = 4.16, and F = 0.17 to compare variances 
indentation load of 1–3 nN, 1–5 nN and 3–5 nN, respectively).  
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Tab. 14 Median and interquartile ranges for area compressibility modulus estimated from 
measurements of PBS-filled liposomes at three indentation loads using prescribed shape model 

Indentation load 1 nN 3 nN 5 nN 

Median [mN/m] 257.25 52.74 13.12 

1st quartile [mN/m] 41.71 14.12 6.22 

3rd quartile [mN/m] 643.37 200.00 31.49 

 

Liposomes filled with HA have significantly higher area compressibility modulus estimated at 5 nN than 
liposome filled with PBS (Wilcoxon rank sum test, W = 517, p < 0.001) (Fig. 77).  

 

Fig. 77 Comparison of area compressibility modulus of liposomes filled with PBS and liposomes filled 
with HA 

                                                                

Fig. 78 Boxplot of measured area compressibility modulus estimated by prescribed shape model for 
(left) liposomes filled with PBS and (right) liposomes with HA at indentation forces of 1 nN, 3 nN and 

5 nN 
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7.8 Fluid shell model  

The dataset for nonlinear force-deformation curves was fitted with the fluid shell model. The material 
parameter of the model is the biomembrane area compression modulus KA. The model proved 
excellent repeatability (Fig. 79), intra-class correlation coefficient R = 0.992, 95 % CI [0.978, 0.995], p < 
0.001). The range of estimated values of area compression modulus at indentation force 5 nN is shown 
in Fig. 80. 

 

Fig. 79 Bootstrap repeatability of area compressibility modulus estimated by fluid shell model for 
individual liposomes at indentation force of 5 nN 

 

Fig. 80 Mean values of area compressibility modulus estimated by fluid shell model for individual 
liposomes. Error bars show range of estimated values of area compressibility modulus (minimum and 

maximum values) at indentation force of 5 nN 

Similarly, to the previous models, the area compression modulus does not exhibit normal distribution 
(Shapiro-Wilk normality test 0.951, p < 0.001 and W = 0.816, p < 0.001 for HA and PBS-filled liposome, 
respectively) and the model is suitable for detecting HA-filled liposomes by their higher stiffness 
(Wilcoxon rank sum test W = 4913, p < 0.001).  
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Fig. 81 Comparison of area compressibility modulus of liposomes filled with PBS and liposomes filled 
with HA 

Area compressibility modulus measured in liposomes filled with PBS does not significantly differs at 
various indentation loads in means (Kruskal-Wallis rank sum test chi-squared = 3.088, df = 2, p-value 
= 0.214) and in variances (F test, p = 0.652, df = 115, F = 1.088; p = 0.253 F = 1.238; and F = 1.183 to 
compare variances indentation load of 1–3 nN, 1–5 nN, and 3–5 nN, respectively).  

 
Tab. 15 Median and interquartile ranges for area compressibility modulus estimated from 
measurements of PBS-filled liposomes at three indentation loads using fluid shell model 

Indentation load 1 nN 3 nN 5 nN 

Median [mN/m] 398.2 459.98 493.0 

1st quartile [mN/m] 178.6 266.38 258.1 

3rd quartile [mN/m] 721.6 731.90 1069.4 

       

Fig. 82 Boxplot of measured area compressibility modulus estimated by fluid shell model for (left) 
liposomes filled with pbs and (right) liposomes filled with ha at indentation forces of 1 nN, 3 nN, and 

5 nN 
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For HA-filled liposomes we observed slight nonsignificant decrease in area compression modulus with 
indentation force (Kruskal-Wallis chi-squared = 3.552, df = 2, p =0.1693). With increasing deformation, 
the estimated values of Ka are more homogenous with less variance (F test, df = 45, F = 4.1188 p < 
0.001; F = 8.314 p < 0.001; and F = 2.0184 p = 0.0238 to compare variances indentation load of  
1–3 nN, 1–5nN and 3–5nN, respectively).  

7.9  Nanoindentation – microcompresion testing  

The nanoindentation measurements presented significant challenges that hindered data analysis and 
evaluation. Primarily, the attachment of liposomes to the Petri dish bottom proved inadequate, as 
they slipped during indentation due to weak fixation. Secondly, the absence of an inverted microscope 
for visualization and the limited tip displacement range of the nanoindenter (maximum 10 μm) 
restricted the characterization process. Fig. 83 depicts a representative force-displacement curve 
obtained during these measurements. The considerable data scatter and noise within the curve serve 
to illustrate the limitations of this technique for this specific application. Consequently, 
microcompression testing utilising Bruker's Hysitron BioSoft (Bruker, Corp.) was employed as an 
alternative approach [146]. 

 

Fig. 83 Force-displacement curves obtained by microcompresion testing using instrumented 
nanoindentation 
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7.10  Modified Overbeck model 

The Young´s modulus modulus of membrane was determined by compression testing and analysis 
using a modified Overbeck [55]. The limited number of measured liposomes was caused by technical 
problems with experimental device. Therefore, this measurement is not evaluated statistically and 
serves as pilot data.  

Tab. 16 Young´s modulus modulus of measured liposomes 

Measured liposome E modulus [MPa] 

1 5.526 

2 1.411 

3 2.478 

4 6.813 

5 10.544 

 

Fig. 84 Fitted modified Overbeck to estimate the Young´s modulus of liposome 
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8 Discussion  
Mechanical testing of cells is crucial for understanding their structural integrity, response to external 
forces and overall biomechanical properties. As has been shown [63], there is considerable variability 
in the mechanical properties of living cells. Cells in their dynamic environment are exposed to external 
forces that can cause structural degradation. The measured stiffness of a cell can be affected by various 
factors, such as viral infection or malignancy or by differences between experimental setups. To verify 
the latter, we developed a method to produce artificial cells to be used as a reference in mechanical 
testing. In this work, we used liposomes produced by a microfluidic device as standards for testing. 
Lipid vesicles and liposomes have been used for a long time as important models for the study of the 
mechanical properties of cells. The composition of the liposome is like the structure of a cell [7][9]. 
Liposome is a small artificial spherical vesicle consisting mainly of a lipid bilayer and an internal 
compartment isolated from the external environment. The lipid bilayer represents the cytoplasmic 
membrane and the internal compartment of liposome the cell cytoplasm [8].  

Firstly, we rewieved the method of liposome production. The most used methods of liposome 
production [13] are gentle hydration method, electroformation, droplet emulsion transfer method, 
pulsed-jet flow method and finally microfluidics. Commonly used methods are time-consuming and 
require preparation. In our research we proceeded a complex laboratory to the production of 
liposomes using a microfluidic device [17][140]. Microfluidics production compared to the traditional 
methods enables the creation of liposomes with uniform sizes, high encapsulation efficiencies and 
symmetrical lipid distributions. Furthermore, microfluidic platforms enable the generation of single or 
multi-compartment liposomes, creating opportunities for intracellular studies. It has been proposed 
that liposomes ranging from 10 to 100 µm can be produced using a microfluidic device, i.e. the giant 
unilamellar liposomes GUVs [11]. In our study we have observed similar range of liposome size, Fig. 
41. The size of the liposomes was crucial for our study due to the potential application of suitable 
mechanical testing [23][151][154]. To investigate their mechanical properties, we prepared two types 
of liposomes: those filled with PBS and those filled with HA. The liposomes filled with HA were larger 
in size compared to the PBS-filled ones [140][145][147]. Although microfluidics is a new method for 
manufacturing liposomes, the characteristics of laminar flow and tuneable mixing in microfluidics 
channels have a lot of advantages in comparison to conventional methods, such as sonification, lipid 
film preparation or bulk method [17]. Just by changing the flow rates, liposomes with smaller size could 
easily be formed [17][18]. MHF method provides a new platform to optimization and development of 
liposomes in biomedical fields. The results obtained by MHF method demonstrate that, liposomes 
created by MHF method have smaller size and uniform size distribution than liposomes created by 
bulk method [18].  

The purpose of its use, it is necessary to select the appropriate type of microfluidic device used for 
production themselves [140]. 3D printing offers several advantages over traditional microfabrication 
tools for creating microfluidic devices, including accessibility, low cost, efficiency, versatility, and rapid 
prototyping. However, challenges such as material selection and limitations on channel dimensions 
must be addressed. While 3D printing offers numerous benefits for microfluidics, it is crucial to 
carefully evaluate various factors and limitations before switching from traditional fabrication 
methods. The selection of resin material and printing resolution are critical considerations as they can 
impact device performance [122]. Therefore, we have proposed, tested, and verified a specific 
technology for the manufacturing of microfluidic device using stereolitography and polyjet technology. 
We have produced several types of microfluidic devices: from simple one to devices with complex 
geometry [152][153]. A variety of models were designed with different channel sizes and angles 
between them. To test the feasibility of utilising the department's 3D printers, we produced a 
microfluidic device based on the dimensions of a CNC production. Firstly, we produced the microfluidic 
devices using stereolithography on a Projet1200 3D printer. The model, also known as a Y-junction, 
has junction angle of 30 degrees and two input channels with a diameter of 0.5 mm, as well as an 



81 

output channel with a diameter of 0.4 mm. The second type of microfluidic device was also printed in 
the block. It was a 'T'-shaped microfluidic device that we intended to expand with more input channels. 
The crossing channels were clogged due to an accumulation of individual layers of material. To address 
the printing issue with the 'T' type microfluidic device, a version without the block was created. The 
printer was tested for its ability to print microfluidic devices with channels of varying sizes. Specifically, 
we tested the printing of the Y-junction type, which is a basic type of microfluidic device. Microfluidic 
devices with channels of 0.4, 0.5, 0.75, 1 mm were printed. Since liposomes are often used as drug 
delivery system, we printed microfluidic devices with multiple channels for drug encapsulation 
[140][145][147]. Microfluidic device fabrication without a block has been shown to be more successful 
than printing devices in a block. Microfluidic devices with multiple channels for drug encapsulation 
were printed, in addition to two- and three-channel microfluidic devices. This type of microfluidic 
device is shown in Fig. 36 [140]. 

It is crucial to note that the flow rate in the channels significantly affects the formation of liposomes. 
Therefore, selecting the appropriate angle is essential to control the flow rate, and the Reynolds 
number should be calculated based on the liquid's viscosity.  

Microfluidic devices with varying angles between channels were also manufactured using polyjet 
technology on a Stratasys J750 3D printer [152]. This technology was used to fabricate microfluidic 
devices with channels at angles of 30, 60, and 90 degrees. In article [122], the autors compared the 
basic "Y" junction microfluidic device fabricated by three types of additive manufacturing technologies: 
FDM, polyjet, and DLP-SLA, the design of which was optimised for each printer. Each technology 
printed the microfluidicdevice with different size of channels. FDM was suitable for microfabrication 
with a minimum feature size of 321 ± 5 μm, polyjet produced channels with a minimum size of 205 ± 
13 μm and DLP-SLA with size of 154 ± 10 μm [122]. It should be noted that in our case the size of 
channels agrees with the previously reported values for polyjet technology. The size chosen was based 
on the printing capabilities of our 3D printers and the purpose of producing GUV vesicles, which are 
typically in the micrometre range. The fabrication of our microfluidic devices, from their design in the 
CAD system to the finish prototype (microfluidic device), lasted in case of stereolitography about 8 
hours and polyjet only 1 hour. Postprocessing of 3D printer Projet 1200 in comparison with 3D printer 
Stratasys J750 takes also more time [152].  

The mechanical properties of cells refer to their physical characteristics and behaviour under 
mechanical forces, including stiffness, elasticity, adhesion, and deformation [96][141][142]. In the 
presented study, we have use liposome as a mechanical model of a cell. It has been shown that the 
type of used lipid a crucial factor in the formation, testing of liposomes and plays a fundamental role 
in evaluating the stiffness of liposomes [102]. Hence, we produced liposomes using DPPC lipids only as 
the common lipid with relatively hight transition temperature to avoid raft formation. AFM 
measurements were evaluated using a Hertz contact model, which is the mainly used model to 
determine the mechanical properties of cell [96][102]. The force-displacement curves are in case of 
AFM measurements usually evaluated by a proprietary software e.g. JPK DP software [78]. Manual 
setting of the initial contact point required in commercial software might introduce an operator bias. 
Therefore, we developed custom fitting algorithm [103]. We have further evaluated the effect 
developed of cell size on the estimated Young’s modulus. We have shown that there is a considerable 
dependence between the size of the measured liposome and its stiffness. Our findings agree with the 
previous studies of [104], who observed higher stiffness in smaller liposomes. The observed effect of 
liposome size is consistent with the shell theory of cell deformation [76][77]. Real-time deformability 
cytometry also indicates higher deformation for larger cells of the same phenotype as shown in our 
study [141]. The scattering of data indicates the presence of other factors influencing the measured 
mechanical response. A parameter that has not been fully evaluated is liposome adhesion. In 
a theoretical and experimental study was shown that extensive cell adhesion increases cell membrane 
tension and stiffness [105]. AFM measurements also indicate that the stiffness of adherent epithelial 
cells increases with increasing the projected area of apical cells [105].Therefore, liposomes adhered to 
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the surface considerably were excluded from the analysis. Overbeck et al., 2017 [55] showed that, in 
addition to cell size, osmotic pressure could affect cell response, where higher osmolarity of the culture 
contributes to a decrease in cell stiffness.  

The presented results were measured in liposomes as cell models. This approach allows for reducing 
variability in input parameters as experimental samples with fully controlled composition and 
geometry are prepared. Liposomes mimic basic cell structure but may not fully describe the active 
behavior of living cells. The cell is a heterogeneous structure with a high level of internal organization. 
For example, it was shown that anisotropy of the cytoskeleton induces non-axisymmetric deformation 
and stiffness of subcellular structures affect the local mechanical response [106]. Prolonged or 
repeated indentation of single cells can result in remodeling of the cytoskeleton [29] that could further 
influence cell stiffness. To provide a more realistic artificial cell model, HA-filled liposomes were 
tested[141][142]. The high molecular weight and the semi-flexible chain of HA induce viscous and 
elastic properties as we may observe in the cytoplasm [107][108]. The viscosity of the HA solution used 
(100 Pa s) corresponds to the viscosity of the cell cytoplasm [106][109][110]. The artificial cytoplasm 
(HA) makes cells stiffer and improves their potential to transmit a load, like that of living cells. It could 
be assumed that the filled liposome would be closer to the continuum and therefore satisfy the 
assumptions of the Hertz model. However, the addition of HA that mimics the cytoplasm increases the 
effect of cell size on the estimated Young’s modulus. Our results therefore indicate that the inner 
environment should be considered in the modeling of cell mechanics. Further research is warranted 
to quantify the dependence between cell size and stiffness in confluent and highly adhered living cells 
with complex internal organization [141].  

Within the present study, we have developed a mathematical model to describe the relationship 
between the intrinsic properties of a cell membrane and its deformation by a spherical indenter[139]. 
The model considers the deformation energy due to hydrostatic tension, bending, and adhesion to the 
substrate and indenter. Specifically, we have employed a cortical shell–liquid core model, where the 
liquid core is surrounded by an elastic cortical membrane [110]. Our analysis demonstrates that the 
bending energy is approximately 106 times smaller than the energy induced by biomembrane 
stretching [139]. This small bending energy is attributed to the low bending modulus, which is related 
to the thinness of the membrane in the range of tenths of nanometers [111]. Therefore, if the primary 
mode of deformation is stretching, the bending energy can be neglected, simplifying the model. Similar 
assumptions have been adopted in the model by Overbeck et al. and are common in liquid drop models 
[55][110]. Experimental measurements of DPPC liposomes by Delorme et al. indicate that the liposome 
stiffness increases with the liposome radius [104]. This finding agrees with the predictions of our 
model, as shown in Delorme et al. reported an average liposome stiffness of 25 pN/nm for liposomes 
with a radius of 0.15 µm [104]. In our simulations, we analysed GUVs with a radius of 25 µm and a 
stiffness of 15 pN/nm. However, it should be noted that the study by Delorme et al. and our results 
differ considerably in terms of liposome size, indentation depth, and the applied AFM tip [104]. Our 
model predicts a nonlinear force/displacement curve, which is typical for biological materials [112]. In 
contrast to the Hertz model, the proposed model exhibits a relatively large region of low stiffness, 
often referred to as the toe-off region in tissue mechanics [139]. Consequently, fitting the 
displacement curve with the Hertz model may bias the contact point and underestimate the cell height. 
Theoretical analysis of adhesion indicates that cell adhesion could influence the measured force-
displacement curve and give rise to negative tip forces. This behaviour, known as the jump-to-contact 
point [28], has been observed experimentally. Adhesion force is typically characterized by pull-off AFM 
measurements, in which the AFM probe is attached to the cell surface and then retracted [113]. 

Taking into the cell size and different adhesion between the cell and the AFM tip or substrate, which 
can further improve adhesion analysis. Although force sensing techniques employ various shapes of 
indenters, such as flat planes, Berkovich pyramidal tips, or spherical tips the geometry in our model is 
limited to a spherical indenter of diameter R0 and a spherical cell [114]. However, the model can be 
easily modified for a flat tip by assuming a considerably larger radius R0 than the cell. The model is also 
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valid for a Berkovich tip if the angle θ represents the angle of the pyramidal tip and the area of the first 
segment is changed from a spherical cup to a pyramid. Our simulation assumes that the cell is 
deformed from an ideal sphere, meaning that the reduced volume of the initial shape equals one [115]. 
Therefore, the cell membrane is predominantly deformed by tension during the initial stages of 
displacement. In most cells, the cell area is larger than the area corresponding to a hypothetical cell of 
the same volume, resulting in a reduced volume smaller than one [116]. In such cases, the cell can 
assume various shapes with the same reduced volume, and during the initial deformation, the 
membrane is primarily deformed by tension to a lesser extent, with the cell shape primarily 
determined by a minimum in bending energy [117]. In the proposed model, the reduced volume 
decreases due to membrane extension from 1 to 0.97 for tip displacements ranging from 0 to 15 µm, 
respectively. The model is also applicable to cells with reduced volumes within the stated range, but 
should be modified to consider only positive values of the relative area deformation Θ. If the reduced 
volume is lower than the values predicted for a spherical cell, bending deformation should be 
considered. In our model, the inner volume of the cell is assumed to be filled with an ideal 
incompressible liquid that does not share deformation energy. However, cells are much more complex 
in their internal structure, with various types of filaments, a nucleus, and other organelles [118], which 
may affect the applicability of the liquid model. Cell volume compressibility could be incorporated by 
assuming volumetric strain energy directly or by replacing the internal structure with a spring 
representing the stiffness of the cell’s inner environment [124][139].  

Within this work we also presented a model based on the Laplace equation, specifically designed for 
the analysis of fluid membranes. Despite its simplicity in formulation, this model holds the potential to 
yield predictive insights. Experimental measurements have revealed that smaller liposomes generally 
exhibit greater stiffness than their larger counterparts [9][119]. These measurements corroborate our 
model's predictions, which clearly demonstrate an increase in cell stiffness as liposome size decreases, 
Fig. 63. The presented model is based on single material parameter: the area compressibility modulus 
KA. The area compressibility modulus might be estimated by alternative methods, e.g. micropippete 
aspiration or flicker noise spectroscopy analysis. The area compressibility modulus of DPPC was found 
to be 0.23 N/m with micropipette measurements and 0.56 N/m with neutron spin echo spectroscopy 
[120]. For the simulation, the value of 0.2 N/m was adopted. The values estimated from experimental 
curve range from 0.40 to 0.49 N/m, Tab. 15. 

These data are close to the previously reported values. The model is founded upon the adaptation of 
Laplace's law for a spherical cell enveloped by a fluid membrane. The development of a differential 
shape equation assumes of membrane fluidity, which implies a constant mean curvature in the 
membrane. This uniformity in curvature is achieved in the free membrane. However, it is noteworthy 
that the mean curvature varies within the regions of contact between the spherical tip and the flat 
substrate. One could argue that lipid mobility is reduced in these contact areas, and as a result, these 
regions fall outside the applicability range of Laplace's law. The model is primarily suited for structures 
where the cell membrane plays a pivotal role in bearing external loads, such as liposomes or red blood 
cells. Its suitability for cells with intricate internal environments requires further validation. For such 
complex structures, the model can be enhanced by incorporating additional energy terms. This 
expansion could involve considering the influence of factors like the cytoskeleton or deformation of 
the inner cell environment. Similarly, the model could incorporate adhesion energy considerations in 
contact with the AFM tip and the substrate [121]. The model could also be easily modified for a 
pyramidal shape of indentor by modification of boundary conditions in shape equation derivation 
[144]. 

As the previous studies clearly indicated higher stiffness in HA filled liposomes, we further studied the 
contribution of biomembrane and cytoplasm to the cell mechanical stiffness. We experimentally 
determined the stiffness difference between DPPC liposomes filled with hyaluronic acid (HA) that mimic 
the cellular cytoplasm and PBS-filled liposomes [142]. The modulus of elasticity of HA-filled liposomes 
(421 Pa to 2600 Pa) aligns with the range reported for cancer cells (421 Pa for melanoma to 2600 Pa 
for dysplastice sophagus) [123]. This value is lower than that of healthy cells, whose elasticity 
modulus can be as high as 40 kPa for skin cells [123]. The lower stiffness of cancer cells is likely due 
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to cytoskeletal disorganization and a reduction in actin filaments [124]. Our simplified cell model, lacking 
a cytoskeletal component, supports this notion, suggesting the cytoskeleton destruction in enhancing 
cancer cell compliance. 

Studies have shown the feasibility of reconstructing actin mesh within giant unilamellar vesicles [125]. 
Schäfer et al., 2015 employed AFM to study the force response of liposomes with and without 
assembled actin shells. By analysing force-deformation curves in their publication and using the same 
method as in our study, we found that liposomes with actin shells bear roughly twice the load 
compared to pure liposomes. This indicates that approximately 50% of the load is transmitted through 
tension in the actin shell. The actin mesh strengthens the lipid membrane by increasing its rigidity to 
bend and shear [125]. Assuming a linear superposition effect, we can speculate, based on our data and 
Schäfer et al.’s work [102], that a biomembrane with an actin cytoskeleton transmits 40% of the load, 
while the cytoplasm transmits 60% at higher deformations. However, this conclusion requires further 
investigation due to the limited amount of published data. Furthermore, this assumption neglects the 
role of other cytoskeletal elements such as internal actin mesh or microtubules, which are crucial for 
cell movement [126].  

The observed difference in the modulus of elasticity between our model and the reported value for cells 
suggests that the internal cytoskeleton plays an important role in contributing to the high stiffness of 
normal cells. To study the influence of internal organization on cell stiffness, a nanostructuretural 
approach is necessary describing individual cell components [127]. As our cell model does not contain 
inner organization, it could be treated as continuum materials with heterogeneous constitutive 
properties. In the simplest approach, the cell model is considered as a uniform elastic continuum. Its 
mechanical properties can then be directly estimated from AFM force-deformation curves using the 
Hertz contact model [128][129]. Alternatively, the cell can be modeled as a ball with an incompressible 
fluid center surrounded by a tougher elastic shell, known as the cortical shell-liquid model [130]. The 
basic cortical shell model is based on the Young-Laplace equation, which relates tension, pressure, and 
cell radius [131]. However, no relationship between mechanical properties and cell size was reported 
in an experimental study of HeLa cells [132]. Our results, indicating a prominent role for the cytoplasm 
in load transfer, Fig. 74 can explain this discrepancy. The cell filled with viscous cytoplasm behaves 
more like an elastic object than a fluid-filled balloon. The mechanical stiffness of a cell depends on the 
depth of the indentation, a well-known factor when evaluating the modulus of cell elasticity with 
Hertz/Sneddon models [133]. According to our measurements in Fig. 74, the membrane plays a more 
critical role in load transfer in small deformations. At these low strains, membrane bending dominates, 
and the contribution of the cytoplasm is minor. This is due to the difference in biomembrane elastic 
moduli. The biomembrane bending modulus, on the order of a few kBT, is much lower compared to the 
area compressibility modulus, which is around 0.1 N/m [83]. At larger deformations, stretching of the 
bilayer and deformation of the elastic core become more significant. Therefore, an appropriate description 
of cell mechanics should depend on the magnitude of the deformation. For small deformations, the 
contribution of the biomembrane should not be neglected. However, in larger cell deformations, the 
cell can be described as an elastic continuum. The observed variations in the measured data suggest 
that factors beyond pure deformation influence the behavior of the model cell. Cell adhesion 
generates membrane prestrain and alters cell geometry [134]. Other factors include variations in the 
cytosolic elastic modulus or indentation position relative to the cell [135]. We further assumed both 
PBS and HA solutions to be incompressible (Poisson’s ratio = 0.5). Therefore, the cell shape, which 
determines the biomembrane stretch, is identical at a given indentation depth. If the HA Poisson ratio 
was lower, the deformation of the PBS and HA-filled liposomes would not be the same. The loading 
rate can also influence the elastic modulus, a known behavior for viscoelastic materials [136]. Therefore, 
our conclusions are valid only for the small indentation rate used in this study. When measuring live cells, 
the active response due to cytoskeletal remodeling should also be considered [127]. Additionally, our 
results were obtained using a colloidal force probe. The shape of the tip can influence the measured 
values, as previously shown [137]. Finally, all measurements were performed on large unilamellar 
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liposomes like the size of living cells. In smaller liposomes, the relative stretch at a given indentation 
depth is larger, resulting in higher stiffness [138][142]. 

One of our primary objectives was to compare the mechanical properties of liposomes using various 
techniques, including AFM, nanoindentation, and compression testing [28] . While nanoindentation is 
commonly employed to assess the mechanical properties of cells [43], its application to liposomes has 
not been verified in our experimental setup. Additionally, we conducted mechanical testing of 
liposomes using the microindenter compression test with extended tip movement. However, due to 
the limited number of liposome samples tested (only 5 liposomes), statistical analysis could not be 
performed. 

In this study, we investigated the mechanical properties of liposomes using four analytical models. 
Straight line fitting, the Hertzian model, and two origined models – the prescribed shape model and 
the fluid shell model – were employed to analyze the force-displacement curves obtained through 
indentation. We specifically determined the stiffness of the liposomes using linear regression, Young's 
modulus using the Hertz model, and the area compressibility modulus (KA) using our models 
[141][146][156]. All measurements were subjected to static analysis to ensure the accuracy and 
reproducibility of the results.  

The measured force-displacement curves were categorized into three groups: linear, nonlinear, and 
background (Fig. 64). Liposomes exhibiting linear behavior displayed a significantly higher stiffness 
compared to those with a nonlinear force curve. This observation could be attributed to adhesion and 
pre-existing tension in the membrane, as suggested by Schaffer et al. [102]. Since the evaluated models 
were developed for spherical liposomes without adhesion, liposomes with a linear stiffness response 
were excluded from further analysis.  

We estimated the constitutive parameters for liposomes filled with phosphate-buffered saline (PBS) 
and hyaluronic acid (HA) at indentation forces of 1 nN, 3 nN, and 5 nN. The repeatability of the 
measurements was assessed at 5 nN. An ideal constitutive parameter should be independent of the 
liposome's geometrical features or indentation depth. However, the measured stiffness increased with 
indentation depth, indicating a nonlinear response (Fig. 72). Similar behaviour has been reported in 
previous studies using atomic force microscopy (AFM) on both live cells [62] and cell models [156]. 

Interestingly, the parameter that remained independent of indentation depth was the Young's 
modulus estimated using the Hertz model (Fig. 71). The prescribed shape model predicted a strong 
correlation between indentation depth and the area compressibility modulus, but also exhibited the 
lowest repeatability among the models. At higher deformations, the prescribed shape model predicted 
unrealistically low area compressibility moduli (Tab. 14). Therefore, this model appears to be 
inconsistent with the experimental observations. In contrast, the fluid shell model, employing the 
same constitutive parameter, demonstrated no depth dependence and excellent repeatability. 
Consequently, this model warrants further investigation. 

Our research demonstrates the potential of filled liposomes as a standard for mechanical testing, 
opening new avenues for future studies. The results suggest that generating liposomes with uniform 
size using a portable microfluidic device would be beneficial for establishing a reliable reference 
standard. A promising upgrade to our experimental setup could involve the utilization of a reaction-in-
a-centrifuge (RIAC) device, which leverages centrifugal force to induce controlled flow within 
microfluidic channels. This production method offers advantages in both affordability and time 
efficiency. 

Our preliminary studies indicate that HA-incorporated liposomes could serve as an effective drug 
delivery system for treating osteoarthritis. To create a more intricate cell model, incorporating the 
cytoskeleton and cell nucleus, represented by an actin cortical mesh or a stiff element fabricated using 
a multi-level microfluidic device, could be valuable. 
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9 Conclusion  
This study presents a two-stage microfluidic device utilizing the double emulsion drop method for the 
efficient and controlled production of liposomes with varying compositions. This microfluidic 
approach offers a cost-effective and time-saving method compared to traditional techniques. We 
demonstrate the versatility of this approach by generating two types of liposomes: one encapsulating 
phosphate-buffered saline (PBS) and another mimicking the viscous cytoplasm by incorporating 
hyaluronic acid (HA). These liposomes serve as artificial cell models for the investigation of their 
mechanical properties [119][142]. 

Atomic force microscopy (AFM) was employed to acquire force-deformation curves of individual 
liposomes. Statistical analysis confirmed the high reproducibility of measurements obtained using 
these cell models. To further enhance the reliability of single-cell mechanics methods, identifying 
potential sources of variability between individual cells is crucial. Aside from inherent physiological 
variations, the testing methodology and subsequent data processing can introduce technical 
variability. Based on the acquired measurements, it becomes evident that cell size, a factor neglected 
in the Hertz model's fundamental assumptions, significantly impacts the measured stiffness and 
estimated Young's modulus. Therefore, comparisons between individual cells should involve cells with 
comparable sizes. 

We further investigated the load-bearing ratio between the cytoplasm and the biomembrane. Our 
observations revealed a near 1:1 ratio at minimal indentation depths (less than 0.2 μm). However, this 
ratio progressively increases to a steady 4:1 at greater indentation depths (> 0.2 μm). These findings 
support the applicability of the continuum approach for analyzing cell mechanics at larger 
deformations. Conversely, at minimal deformations, the contribution of the cell membrane becomes 
significant and necessitates its inclusion in the analysis. 

To emphasize the importance of the biomembrane, we introduce two novel models: the prescribed 
shape model, based on the geometrical deformation of the liposome, and the fluid shell model, which 
incorporates the Laplace equation for a fluid membrane. These models acknowledge stretching as the 
primary deformation mode. Deviating from conventional continuum mechanics models, this 
innovative approach considers the entirety of the cell deformation and offers predictions regarding 
the contact area between the AFM tip and the substrate. Both models accurately reflect the size-
dependent relationship between liposome indentation force. However, the prescribed shape model 
exhibits a dependence of the constitutive parameter on indentation depth and lower repeatability. 
We may conclude that the fluid shell model is better suited for DDPC liposomes, and the resulting 
material properties align with established literature values. 

Our research demonstrates the potential of utilizing experimental models to examine key 
characteristics of cell mechanics. Further research is warranted to develop an experimental model 
that accurately represents specific living cells with intricate internal structures. 
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