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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. 

 

Keywords: Liposomes; microfluidic device; mechanical properties; Young´s 

modulus; area compressibility modulus 

  



 

 

 

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. 

Klíčová slova: Liposomy; mikrofluidní zařízení; mechanické vlastnosti; 

Youngův modul; modul příčné stlačitelnosti 

  

  



 

 

 

Contents 

1 Introduction ............................................................................................. 1 

2 State of the art ......................................................................................... 3 

2.1 Liposome as a basic cell model ...................................................... 4 

2.2 Methods of giant liposome preparation .......................................... 5 

3 Mechanical testing of cells and vesicles .................................................. 6 

3.1 Force application techniques .......................................................... 6 

4 Mechanical properties of cells and vesicles ............................................ 7 

5 Aims ........................................................................................................ 8 

6 Methods ................................................................................................... 9 

6.1 Design of microfluidic device ........................................................ 9 

6.2 Development of microfluidic devices by additive manufacturing 10 

6.2.1 Additive manufacturing by Stereolithography ......................... 10 

6.2.2 Additive manufacturing by material Jetting ......................... 10 

6.3 Preparation of liposomes using a microfluidic device .................. 11 

6.3.1 Liposomes filled with PBS ....................................................... 12 

6.3.2 Liposomes filled with HA ........................................................ 12 

6.4 Mechanical testing of liposomes .................................................. 13 

6.4.1 Atomic force microscopy ......................................................... 13 

6.4.2 Microcompression testing using miroindenter with extended 

movement of the tip ............................................................................... 14 

6.5 Data analysis – mathematical models ........................................... 14 

6.5.1 Hertz contact model ................................................................. 14 

6.5.2 Prescribed shape model ............................................................ 15 

6.5.3 Fluid shell model ...................................................................... 17 

6.6 Statistical analysis ........................................................................ 18 



 

 

 

7 Results ................................................................................................... 19 

7.1 Additive manufacturing of microfluidic device ............................ 19 

7.2 Hertz contact model ...................................................................... 19 

7.2.1 Effect of cell's size on elasticity ............................................... 19 

7.2.2 Experimental evaluation of force distribution between cytoplasm 

and biomembrane .................................................................................. 21 

7.2.3 Custom fitting algorithm - Hertz contact model ....................... 21 

7.3 Prescribed shape model ................................................................ 22 

7.4 Fluid shell model .......................................................................... 24 

8 Conclusion ............................................................................................. 25 

9 References ............................................................................................. 27 

10 List of publications related to the dissertation thesis ............................. 31 

Conference contributions ........................................................................... 32 



 

1 

 

1 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.  
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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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2 State of the art 

Cells (Fig. 1) exhibit remarkable structural complexity. The plasma membrane 

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, 
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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 fulfil its designated roles within complex 

biological systems [6]. 

 

Fig. 1 Cell structure [7] 

2.1 Liposome as a basic cell model  

Liposomes (Fig. 2) 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]. 
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Fig. 2 Classification of liposomes [11]  

2.2 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][12]. The first step 

in liposome formation is to thoroughly mix and dissolve the lipids in an organic 

solvent [13]. 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. 3 illustrates various methods of liposome production, including 

both conventional techniques and recently introduced in microfluidic 

approaches [12]. 

 
Fig. 3 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 [12] 
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3 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. 

3.1 Force application techniques  

The force probe technique is a powerful tool in cell mechanics research. Fig. 4 

provides a comprehensive overview of the various test methods used to 

characterize cell mechanics. 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. The application of force is precisely 

controlled by a piezo actuator, a magnetic field, or an optical trap. This 

technique provides valuable insights into the mechanical properties and 

interactions between cells and molecules. [14][15][16]. 

 

Fig. 4 Force application techniques [14] 
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4 Mechanical properties of cells and vesicles  

The cell is composed of numerous components, each exhibiting distinct 

mechanical properties. Fig. 5 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. 5 Young´s modulus of the different parts of cells [21][22] 
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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 establish 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 tunable 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. 6). The models 

incorporated variations in channel size and interchannel angles, as detailed in 

Tab. 1. The selection of these angles is important for the determination of the 

flow rate, as they exert a direct influence on the Reynolds number [41]. 

 
Fig. 6 CAD model of microfluidic device [41] 

Tab. 1 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 
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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 [42]. 

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 [42]. 

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 
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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 [42]. 

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. 2. 

Tab. 2 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 

6.3 Preparation of liposomes using a microfluidic device  

In this study we employed a two-stage microfluidic device utilizing the double 

emulsion drop method to generate liposomes. The microfluidic platform 

permitted the fabrication of two distinct liposome types, each optimized for a 

specific intended application. The first type of liposome encapsulated 

phosphate-buffered saline (PBS), while the second type incorporated 

hyaluronic acid (HA) [35] [40] [45]. 
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6.3.1 Liposomes filled with PBS 

The production of liposomes within the microfluidic device (Fig. 7 right) 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 [23][43][51]. 

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. 7 left). 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-

localization of HA and phospholipids at the channel intersections, which 

enables their encapsulation within the forming liposomes [23][35][45][47][48]. 

 
Fig. 7 Production of liposomes (right) filled with PBS (left) filled with HA [39] 
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6.4 Mechanical testing of liposomes  

The mechanical properties of the liposomes were evaluated utilizing 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) [36][50][52]. 

6.4.1 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 [36] 

Force spectroscopy of the liposomes (Fig. 8) 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 [24] or extensive adhesion to the surface [25], and 

at least two successful measurements in each liposome. Force-deformation 

curves were measured in the center of the liposome [36]. 

 
Fig. 8 AFM tip with measured liposome [36] 
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6.4.2 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. 9.[49][50][52].  

 
Fig. 9 Liposomes localized using a light microscope [50] 

6.5 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. Our models (Prescribed shape model) and (Fluid shell model) 

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 [37][38]. 

6.5.1 Hertz contact 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 [36][46]. 

𝐹 =
4

3
𝐸∗√𝑅𝑑

3

2  
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6.5.2 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 characterized 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 [26]. Particularly strain and bending. The stretching energy 

(US) can be expressed as follows [27][37][46]. 

𝑈
𝑠= 

1 
2 ∫ 𝐾𝐴 Θ

2𝑑𝐴
  

Here, KA represents the area compressibility modulus [27], 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 [28] 

neglecting shear stresses can be simplified as follows [29][37]: 

𝑈
𝑠= 

1 
2

𝐾𝐴(
𝛥𝐴
𝐴

)2𝐴
  

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 [30][37].  

𝑈𝐵 =
1 

2
∫ 𝐾𝐵 (𝐶1 + 𝐶2 − 𝐶0)2𝑑𝐴 
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In this equation, KB represents the bending modulus, and C0  denotes the intrinsic 

curvature [31]. Contact energy refers to the excess free energy due to the 

existence of an interface, arising from imbalanced molecular forces [32]. 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 [37]: 

𝑈𝑐 =  𝛾𝐴𝑐  
 

Here, Ac   represents the contact area. 

If the shape of the liposome is known, we can determine the total deformation 

energy [37]: 

𝑈𝑑𝑒𝑓 =  𝑈𝑆+𝑈𝐵 + 𝑈𝐶   

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. 10) [37]. 

 
Fig. 10 Geometry of spherical AFM tip and membrane interaction [37][46] 

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 [37]. 
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Tab. 3 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 

6.5.3 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. 11). With this notation we find 

[38]: 

 
Fig. 11 Schema of the cell shape model during indentation [38] 
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The energy of stretching (US ) could be expressed as [38]: 

               𝑈𝑆 = ∫
1

2
𝜅𝐴Θ2𝑑𝐴  

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, it can be 

simplified into [38]: 

                   𝑈𝑆 =
1

2
𝜅𝐴 (

Δ𝐴

𝐴
)

2

𝐴 
 

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 [38]. 

 

𝑄 =
𝜕𝑈𝑑𝑒𝑓

𝜕𝛿
 

6.6 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 [33]. 
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7 Results  

7.1 Additive manufacturing of microfluidic device 

The production of liposomes utilised 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 [41][42]. 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. 12 presents the final 3D-printed microfluidic devices 

employed for liposome production [42] 

 
Fig. 12 The final 3D printed microfluidic devices  

7.2 Hertz contact model  

7.2.1 Effect of cell's size on elasticity 

Hertz model was chosen as gold standard to evaluate force curves (Fig. 13 ) for 

all liposomes of nonlinear characteristics. The Hertz contact model describing 

elastic contact between rigid spherical indenter and an elastic half-space [36]. 

Linear regression (Fig. 14) 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 
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effect of liposome diameter on Young’s modulus is significantly higher for HA-

filled liposomes (ANOVA p = 0.008) [36]. 

 
Fig. 13 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 [36] 

 

Fig. 14 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 

[36] 
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7.2.2 Experimental evaluation of force distribution between 

cytoplasm and biomembrane 

Cell models with viscous cytoplasm exhibit on average higher stiffness than 

liquid-filled liposomes (Fig. 15 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. 15 

B,C). However, for deformations larger than 0.2 

µm, the effect of cytoplasm prevails, and cytoplasm bears more than 80% of 

the overall load [39]. 

 

Fig. 15 (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 [39] 

7.2.3 Custom fitting algorithm - Hertz contact model 

The Hertz model provides a good fit to the AFM data. For liposome filled with 

PBS (Fig. 16 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 
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and 5 nN does not significantly differs (F variance test F = 1.230, num df = 115, 

p = 0.269). 

 
Fig. 16 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. 16 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).  

7.3 Prescribed shape model 

The predicted shape of liposomes based on the developed mathematical model 

is visualized in Fig. 17. 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 [37].  
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Fig. 17 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 

[37] 

 

Fig. 18 Contours of liposomal shape during mechanical testing. each contour corresponds to 

a 1 µm increment in displacement, ranging from 0 to 15 µm [37] 

 

Measured curves were fitted with newly defined liposome deformation model. 

The model is based on prescribed axisymmetric 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.  
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Fig. 19 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 

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. 

20 shows the change of shape in dependency on the parameter a which is 

dependent on the displacement of indentation [38].  

 
Fig. 20 Cell change shape during the indentation [38] 

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. 
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Fig. 21 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 

8 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 [34][39]. 

Atomic force microscopy (AFM) was employed to acquire force-deformation 

curves of individual liposomes [36]. Statistical analysis confirmed the high 

reproducibility of measurements obtained using these cell models [36][39]. 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 [36][39]. Therefore, comparisons between 

individual cells should involve cells with comparable sizes. 
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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 [39]. 

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 [37][38]. 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 [37][38]. However, the 

prescribed shape model exhibits a dependence of the constitutive parameter on 

indentation depth and lower repeatability [37]. We may conclude that the fluid 

shell model is better suited for DDPC liposomes, and the resulting material 

properties align with established literature values [38]. 

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 [37][38]. 
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