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Summary 

Monocytes play a key role in the development of inflammatory diseases, such as 

atherosclerosis. During this pathological process they undergo several modifications of 

their cytoskeletal and membrane structure, which result in changes in cell shape and 

cellular mechanical and/or adhesive properties. The alteration in cell mechanical 

properties can significantly influence vascular flow and might lead to vascular 

complications.  

Given this shift in cell structure and mechanical properties, we hypothesized that 

mechanical screening of circulating cells may become an important additional approach 

for detecting inflammatory diseases. The objective of this thesis was to develop and 

evaluate microfluidic devices to investigate and interrogate monocytic cells with respect to 

their mechanical properties as carriers of biomarkers suitable for discriminating patients 

with an increased risk of atherosclerosis.  

Microfluidics has gained interest as an attractive alternative for the study of single cell 

mechanics, due to its ease of use in screening individual cells under well-controlled 

conditions that can mimic physiological and/or pathological conditions.  

After reviewing the existing microfluidic devices, we characterized the mechanical 

properties of monocytic cells, both in the healthy and in the activated state, by using a 

range of experimental setups and devices. We investigated the response to deformation 

and the effect of cystoskeletal changes on cell mechanical behavior. First, we developed a 

system for compressing cells by deflection of a flexible PDMS membrane. By measuring the 

viscoelastic response of cells, we were able to distinguish between circulating and 

adherent cells, being monocytic and fibroblastic cells. In order to characterize the full 

elastic behavior of quiescent and activated monocytic cells, we used a technique named 

Capillary Micromechanics. This technique is based on cell deformation within a tapered 

glass capillary by the application of external fluid pressure. The changes in the mechanics 

of monocytic cells upon cell activation were studied for the entire physiologically relevant 

range of deformations, allowing us to obtain both the compressive and the shear modulus 

of a cell from a single experiment. From both studies, it appeared that the mechanical 

properties of monocytic cells are mainly driven by actin content and organization. 

Furthermore, it was shown that the mechanical behavior of the monocytes strongly 

depends on the activation of the cells. The cytoskeletal modifications due to activation 

cause an increase in the compressive modulus, but a decrease in the shear modulus. This 

effect was especially pronounced at high strains, such as those occurring during diapedesis 

through the vascular wall. This change in mechanical response could be important in 

understanding the interplay between the mechanics and function of these cells and might 

be useful for developing a numerical model to try to unravel the abnormal behavior of 

diseased cells in circulation. 

Taken together, these discoveries suggest that mechanical characterization can indeed 

reflect the activation state of monocytic cells. Therefore, as a next step, we developed a 

microfluidic device to subject cells to deformation in a constrition to differentiate between 

cells on the basis of changes in cell structure and mechanical properties upon actin 
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disrupting and pro-inflammatory stimuli. It was proven that the device is sufficiently 

sensitive to detect differences in cell stiffness as evidenced by observed changes in entry 

time of the cells in the constriction and in velocity of the cells in the channel.  

A major benefit of using the microfluidic technology is that system designs can be easily 

adapted to improve sensitivity and to adapt the setup to multiple applications. Thus, the 

principle of the constriction channel was used as a basis for a novel microfluidic device 

that allows chemical and mechanical manipulation of single cells within the same device. 

The effect on cell mechanical properties of an actin-disrupting drug and a clinical anti-

inflammatory drug were tested. The chemicals were diffused through a custom-made 

porous membrane while cell mechanical properties were characterized before and after 

stimulation in a series of constrictions. The evaluation of this system demonstrated its 

potential for investigating changes in cell mechanical properties upon drug stimulation 

within a single microfluidic device. The live imaging of cells and the controlled delivery of 

chemicals within the device provide powerful options to test cellular mechano-response to 

various drug concentrations in real time and in physiologically relevant 

microenviroments.  

In conclusion, this thesis demonstrates that microfluidics is an appropriate technology 

to study and characterize monocytic cells to obtain mechanical markers for diseases, such 

as atherosclerosis. In future work, our microfluidic concepts can be applied to further 

investigate the mechanobiology of circulating cells in health and disease and to test the 

effect on mechanical properties of drugs for treating circulating cells, such as in 

inflammatory diseases like atherosclerosis. 

 

 



 
 

 

 

1 Chapter 1 
Introduction 

  

 

 



Chapter 1  

 2 

This Chapter describes the role of cell mechanobiology in health and disease and 

introduces the concept of assessing cellular mechanical behavior as a marker of disease 

and disease progression, which is introduced for the common vascular condition 

atherosclerosis. We concentrate on the mechanical properties of circulating cells as 

potential biomechanical markers of this pathological condition and conclude with the 

outline of the thesis, describing our approaches toward monitoring and understanding 

circulating cell structure and mechanical function.  

1.1 Cell mechanobiology and disease 

1.1.1 Cell mechanics, structure and function 

Cells are sensitive to mechanical stimuli from their environment. They actively respond to 

these stimuli by converting them into biological signals through mechanotransduction 

mechanisms and by adapting their structure and function [1–5]. To understand the 

mechanisms by which cells sense, respond, and transduce biomechanical stimuli into 

changes in structure and behavior, the analysis of cell mechanical properties is essential.  

A strong link exists between cell mechanics and properties/organization of the 

cytoskeletal structures [2, 4, 6–10]. On the one hand, the concentration and the molecular 

architecture of the cytoskeleton determine the deformability and the mechanical response 

of the cell. On the other hand, the organization of the cytoskeleton is influenced by 

biomechanical stimuli and the cell’s physical environment. Actin, in particular, is a 

cytoskeletal component that provides most of the mechanical integrity to the cell and is 

involved in important biomechanical functions, such as cell motility [6, 8, 9, 11–14]. In 

order to accomplish these functions, actin reorganizes its network by a constant shift 

between polymerized filamentous F-actin and globular G-actin. For instance, in leukocyte 

movement, actin filaments assemble at the leading edge of the cell to enable the cell to 

migrate to the target tissue, while during leukocyte crawling, the filaments form a 

branched network to move onto endothelial cell surfaces [13, 15]. Thus, in studying cell 

mechanics, it is not only important to characterize the cellular mechanical properties, but 

also to examine the changes in sub cellular structures and mechanical properties induced 

by mechanochemical stimulation. In our work, we investigated monocytic mechanics both 

by characterizing their viscoelastic properties and deformation behavior, such as recovery 

time upon compression, and by investigating their change in structure and mechanical 

properties upon biochemical treatment with bacterial molecules or actin disruptive 

agents. 

Understanding the link between cell structure and cell mechanics provides insight into 

the mechanisms of cell function in normal biological processes as well as in a diseased 

state, where cell functioning is altered. In fact, changes in internal cell mechanics or in the 

external physical environment of the cells affect mechano-response, influencing or even 

leading to disease and pathological conditions [1, 16–19].  
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1.1.2 Cell mechanics and disease 

Connecting cellular structure, cell mechanical properties and biological function under 

pathophysiological conditions can lead to a better understanding of disease progression. 

In fact, disease development not only alters cell biological function, but is also associated 

with significant changes in the organization of cytoskeletal and membrane structures of 

human cells, which affect the mechanical and adhesive properties of the cell [1, 4, 17, 18, 

20, 21]. The consequently altered shape, motility and kinetics of the modified cell can 

result in impaired organ function and change in disease state (Figure 1.1). For instance, it 

was shown that cancer cells undergo a significant increase of deformability and adhesive 

properties [16, 22, 23] probably due to a strong reduction and dynamic changes of actin 

and keratin structures [16, 18, 24–26]. It was also shown that mechanical properties play 

a key role in the pathogenic basis and etiology of many diseases [1]. For instance, in the 

case of malaria, the invasion of the parasite Plasmodium results in an up to ten-fold 

increase of effective cell stiffness within the first 48 hours [18]. The reduction of 

deformability is the direct cause of obstruction of flow through the microvasculature. This 

cell sequestration causes an impaired clearance by the spleen and results in complications 

and changes of the disease, which leads to the advanced stage of malaria [18, 21].  

It is therefore hypothesized that cell mechanical properties can be used to distinguish 

and to select certain types of cell and to discriminate affected cells from healthy cells or 

cells in particular stages of the disease. As such, cell mechanical properties may be viewed 

as a selective marker and a diagnostic indicator for the incidence and progression of 

disease.  

Furthermore, it was shown that the etiology of some diseases is the result of changes in 

the structural and mechanical properties of cells [17]. For instance, clogging of capillaries 

in the microcirculation due to cytoskeletal and mechanical alterations of blood cells can 

result in ischemia and circulatory problems [11, 27, 28]. 

The investigation of changes in cell structural and mechanical properties might also 

give insight into the underlying mechanisms of disease processes. Lastly, the link between 

biomechanics and disease might be used to identify targets for therapeutic intervention 

and might provide information about the efficacy of drugs used to treat a disease. For 

instance, Ruef et al. showed a reduced stiffness of activated neutrophilic granulocytes by 

treatment with anti-inflammatory drugs called phosphodiesterase inhibitors [29]. This 

leads to decreased obstruction of microcirculation in patients with leukostasis. We also 

tested the effect of the photodiesterase inhibitor Pentoxifylline on the mechanical 

properties of activated monocytic cells (Chapter 6). 
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Figure 1.1 - Mechanical pathway describing the connection between disease state and cell mechanical properties. 

1.2 The example of atherosclerosis 

In this thesis, we explored the connection between cellular mechanical properties and an 

inflammatory disease, namely atherosclerosis. We also investigated the link between 

changes in cytoskeletal structure and the consequent changes in single cell mechanical 

response as a consequence of disease development. Our focus was on activated 

monocytes, which play a key role in the onset and in the development of inflammatory 

diseases. 

1.2.1 Atherosclerosis and the need for risk prediction 

Cardiovascular diseases contribute to approximately 50% of all deaths worldwide and 

represent the leading cause of death in Western countries [30–33]. The main pathological 

process that leads to cardiovascular diseases is atherosclerosis, a chronic inflammatory 

disease that affects mainly medium and large-sized arteries. The development of the 

disease is characterized by the formation and build-up of an atherosclerotic plaque 

(Figure 1.2) consisting of endothelial cells, a lipid structure, necrotic cores, calcified 

regions, inflamed smooth muscle cells and macrophage-derived foam cells [34–37]. 

During the process of atherosclerosis, as a result of the damage of the endothelium, 

Low Density Lipoprotein (LDL) can diffuse into the vessel wall. The accumulation in the 

sub-endothelial space and the oxidation of LDL by reactive oxygen species activate 

endothelial cells and promote the expression of adhesion molecules, which in turn 

activates and attracts monocytes from the blood stream to the sub-endothelial space 

(Figure 1.3). The monocytes differentiate into macrophages, which turn into fat-laden 

cells called “foam cells” by uptake of oxidized LDL. This is one of the most important steps 

in the initiation of the atherosclerotic plaque formation. The secretion of cytokines and 

growth factors by plaque cells and the further deposition of extracellular matrix 

components contribute to the progression of the plaque and to the consequent thickening 

of the vessel wall and the progressive stenosis of the artery. Although stenosis can result 

in several vascular complications, the most severe clinical event is the rupture of a plaque, 

leading to thrombotic occlusion of the artery at the site of rupture. In the heart, plaque 

rupture can cause myocardial infarction and eventually heart failure, while in brain 

arteries it can result in ischemic stroke or attacks [31, 38, 39]. Critical and complicated 
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lesions do not necessarily cause thrombotic complications. In fact, many myocardial 

infarctions occur without previous ischemic symptoms and diagnosis of atherosclerosis. 

Thus, the development of novel strategies for early diagnosis and identifying patients who 

are at risk of unstable lesions is needed [31, 39]. In order to detect the incidence of 

atherosclerotic disease, the use of a biomarker, expressed by circulating inflammatory 

cells, is currently under investigation. 

 

 

Figure 1.2 - General scheme of the development of atherosclerosis. This chronic inflammatory condition of 
muscular arteries starts with damage of the endothelial covering of the lumen. This lesion leads to infiltration of 
macrophages and accumulation of fatty-like cells, called foam cells, resulting in a fatty streak. The progression of 
the plaque results in the formation of an atheroma constituted mainly of lipid core, fatty cells and inflamed 
smooth muscle cells. The atheroma might develop into a fibro-atheroma with formation of a fibrotic calcified 
layer and with increased thickening of the vessel wall. In the case of complicated lesions, or vulnerable plaque, the 
plaque can rupture causing thrombus formation and occlusion of the artery. Figure adapted from Pepine C.J., The 
American Journal of Cardiology, 1998 [40]. 

1.2.2 Circulating inflammatory markers 

Several studies showed that biochemical markers, such as adhesion molecules, are 

associated with the progression of atherosclerosis [31, 38, 39, 41]. In fact, up-regulation of 

adhesion molecules, chemokines and cytokines was shown to be related to the 

development of the atherosclerotic plaque and to increased risk of unstable plaque 

formation.  

Besides expressed biomolecules, also circulating cells are under investigation as 

possible biomarkers of the incidence of atherosclerosis and for risk stratification for the 

disease. Since monocytes and macrophages play a crucial role in the development of 

inflammatory diseases, biomarkers related to circulating monocytes could be associated 

with inflammatory disease incidence.  

A biomarker for circulating monocytes can also give insight into the disease mechanism 

and progression. Thus, the use of these biomarkers in clinical applications has the 

potential to help develop new preventive treatments by disrupting the mechanism of the 

biomarker [42].  



Chapter 1  

 6 

1.2.3 Monocyte mechanical properties as markers for inflammatory diseases 

It is well known that immune cells are involved in every step of the atherosclerotic process 

[35, 37, 39, 43–47]. Monocytes-macrophages are involved in early stages of plaque 

development by forming the main constituent of the lesion as foam cells [36–38], during 

plaque growth by expressing inflammatory and adhesion molecules, and in later stages 

leading to plaque rupture by releasing metalloproteases [35, 36, 38, 46, 47] that degrade 

and weaken the fibrous cap of the plaque (Figure 1.3).  As such, monocytes are considered 

a key player in the development of the disease and changes in these cells could provide a 

biomarker for the prediction of inflammatory diseases. 

During vascular disorders, blood cells are dynamically interacting with each other or 

with the endothelial cells and they are subjected to different degrees of shear stress due to 

blood flow. In atherosclerosis, the interplay of the monocytes with the blood flow and the 

endothelium causes several cellular modifications, and by moving through several barriers 

the cells have to undergo large deformations (Figure 1.3). The cytoskeleton plays an 

important role in most of the changes occurring in these processes [13, 15, 45]. For 

instance, activation of circulating monocytes by adhesion molecules causes a 

reorganization of the cell structure, in particular of the actin network. In fact, resting 

monocytes present a diffused distribution of actin microfilaments throughout the 

cytoplasm while activation results in filament polymerization and redistribution of 

filamentous actin at the cortical region of the cell and formation of ruffles and actin 

aggregates [48–50]. These cellular modifications might result in changes in cell shape and 

mechanical properties, as already shown in previous studies on leukocytic cells [14, 28, 

51–53]. Previous investigations of the mechanical properties of leukocytes associated with 

inflammatory diseases reported changes in the mechanical properties of these circulating 

cells upon stimulation with cytokines associated with infection or stress [12, 14, 51, 54–

56]. Neutrophils have shown to become stiffer upon stimulation with activated 

complements, such as chemotactic agent fMLP [12, 14, 51, 56, 57], or upon vascular 

complication, such as myocardial ischemia [29, 58, 59]. The stiffness was shown to be 

determined by the actin cytoskeleton and its degree of crosslinking. The response of 

neutrophils to activation is to undergo actin polymerization and to project pseudopods of 

crosslinked actin [12, 45, 54, 60]. 

Given this shift in cell structure and mechanical properties, we hypothesized that 

mechanical screening of circulating cells will become an important additional tool for 

detecting inflammatory disease. Furthermore, altered rheological properties cause and 

contribute to the process of inflammatory diseases, such as sepsis, ARDS and diabetes [27, 

54, 60–62]. For instance, the sequestration of leukocytes in the microvasculature leading 

to organ ischemia, such as in the lungs [11, 27], might depend on the biophysical 

properties of circulating cells. In fact, an increase in stiffness of leukocytes results in 

abnormal flow in the vessel and in higher resistance to deformation when moving through 

the small capillaries. 

As a consequence, we hypothesized that circulating monocytes and changes in their 

structure and mechanical properties can be viewed as candidates for disease progression 

and as potential therapeutic targets for the development of new treatments. To test this 



Introduction 

 7 

hypothesis, we thoroughly analyzed the reorganization of actin cytoskeletal structure and 

the changes of mechanical properties upon monocyte activation. 

A main challenge in the cell mechanical studies is the data interpretation, mainly due to 

the underlying structural complexity of the cell and of the cellular environment. A 

numerical model of the cell could allow evaluating the effect of cell stiffness or elasticity in 

cell motility/function and investigating the contribution of each cellular component, such 

as nuclear or cortical stiffness. 

  

 

Figure 1.3- Monocytes are involved in each step of the atherosclerotic process. Monocytes are recruited to the 
subendothelial space in response to inflammatory chemoattractants. Following this, they differentiate into 
macrophages, which become foam cells by uptake of oxidized low-density-lipoprotein (LDL). The macrophages 
and the foam cells secrete inflammatory cytokines and metalloproteinases. The inflammatory cytokines attract 
more monocytes from the circulation and inflamed smooth muscle cells to the atherosclerotic plaque. The 
released metalloproteinases degrade the fibrous plaque, leading to plaque rupture and thrombosis. 

1.3 Cell mechanics and microfluidics 

The relation between structure, properties, and function of single cells has gained 

importance in the study of various biological processes, in particular of diseased state, as 

illustrated above for monocytes in inflammatory diseases [1, 17, 18]. The advance in the 

development of biophysical tools permits to probe single cells in a physiologically relevant 

environment and to gain a deeper understanding of the role of biomechanics in a disease 

process [8, 17]. Furthermore, the possibility to chemically knock-out or knock-in specific 

cellular proteins allows investigating the contribution of membrane and cytoskeletal 

structure in the development of the disease [63]. 
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Many studies have been performed to deform single cells and investigate the relation 

between cellular response and cytoskeletal structure [5]. Single cell studies allow to 

separate the behavior of each cell from the response of the cell population and to observe 

the heterogeneity among cells of the same type. This is fundamental to the study of disease 

and disease progression, since only a few cells within a total cell population may 

determine the pathophysiological state and its development. Moreover, the progress in 

microtechnology allowed the development of cell probing techniques that are able to 

generate and sense forces and displacements, to a precision of picoNewton and nanometer 

respectively, for analysis at the cellular and subcellular level. 

Several experimental techniques have been developed to deform local regions of the 

cell, such as atomic force microscopy (AFM) [64, 65], while other techniques rather 

manipulate the whole cell, such as micropipette aspiration [50, 55, 66–68], microplate 

manipulation [69–71] and optical/magnetical tweezers [24, 72–75]. However, these 

techniques have several limitations, such as laborious sample preparation and low 

throughput. Thus, ‘microfluidics’ has gained interest as an attractive alternative for the 

study of single cell mechanics, due to several advantages compared to conventional 

biomechanical techniques [76–78]. Microfluidics is the science and technology of 

manipulating and analyzing fluidics at small scale, typically between micrometers and 

millimeters. Microfluidic devices typically contain (networks of) microchannels in which 

fluids, as well as their constituents such as cells, can be precisely manipulated and 

observed. Microfluidic technologies are appealing from a cell mechanics point of view due 

to their small scale and the quantitative analysis at the cellular and subcellular level. In 

fact, microfluidic devices are able to perform fast and reliable biomechanical analysis 

using reduced quantities of samples and reagents. Since in vivo microenvironments can be 

closely mimicked the devices enable real-time analysis of cellular response to mechanical 

and chemical stimuli in physiological and pathological conditions. Other advantages of 

microfluidic devices are the well-developed fabrication process and materials. Most 

devices are fabricated with a precise and reproducible photolithography method using 

transparent material, such as polydimethylsiloxane (PDMS) or glass, allowing easy 

microscopic visualization for cell analysis. At last, microfluidic devices offer the possibility 

of high-throughput mechanical measurements with a variety of cell probing principles.   

For instance, since microfluidic devices permit to manipulate physical and chemical 

cues in a capillary-like microenvironment, they have been extensively used as in-vitro 

model systems for studying the role of blood cell mechanics in hematological diseases [11, 

20, 27, 79]. In Chapter 2 of this thesis, a detailed review of the fabrication methods and the 

state-of-the-art of microfluidic technologies for studying mechanical properties of 

circulating cells is presented. Here the techniques used in our study will be briefly 

presented.  

Microfluidic devices with deformable membranes have been used to measure cellular 

mechanical properties as a result of cell compression by the membrane deflection [80, 81]. 

We used this technique to detect differences in cell mechanical response for different cell 

types (Figure 1.4A).  
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Micropipette-based techniques have been previously used to study the mechanical 

properties of cells [50, 66–68]. We used a similar device, based on cell compression in a 

tapered microcapillary, in order to characterize the full elastic response of resting and 

activated monocytic cells (Figure 1.4B).  

Constriction channels, which are narrower than the diameter of the cells, have been 

used to study blood cell transit through microcapillaries and sequestration in the 

circulatory system [11, 27, 79]. Arrays of constricted channels have been previously used 

as mechanical filters [27] or as bifurcating channels to characterize blood cell passage and 

occlusion in the complex capillary network [79]. In our study, we also used constricted 

channels to study the role of cytoskeletal actin in cell deformation when flowing through a 

capillary and to detect differences in mechanical properties between resting and activated 

monocytic cells (Figure 1.4C). The same method was used in combination with delivery of 

chemical cues through a porous membrane in order to investigate the effect of the 

compound on the mechanical behavior of the cells (Figure 1.4D).  

 

 

Figure 1.4- Representations of the developed experimental setups used in this thesis. A) Microfludic device with 
actuated flexible membrane for cell compression and analysis of cell response. B) Capillary micromechanics for 
analysis of the full elastic properties of cells. C) Constriction-based microfluidic device for discrimination of cells 
on the basis of changes in cell mechanical properties. D) Membrane-based microfluidic device for chemical and 
mechanical manipulation of cells. 

1.4 Research question and thesis outline 

The development of tools such as microfluidic devices to probe single cells in a 

physiologically relevant in-vitro environment can support the investigation of the 

relationship between cell mechanics and human diseases. In particular, the relation 
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between cytoskeletal structure, cell mechanical properties and cell function and behavior, 

as shown in Figure 1.1, has gained interest. In this thesis, our focus was on developing and 

using microfluidic devices to study the role of monocyte mechanics during the 

development of inflammatory diseases, such as atherosclerosis, in order to distinguish 

healthy cells from diseased cells with altered phenotype due to plaque interaction, and to 

investigate the effect of drugs on cellular mechanical properties. 

In the first part of our research, we reviewed the available microfluidic devices in order 

to gain knowledge regarding the fabrication and the principles of current biomechanical 

tools. Chapter 2 introduces an overview of microfluidic devices for cell mechanical 

characterization based on the mechanism of cell deformation. 

As previously pointed out, for analyzing mechanical pathways in the context of human 

diseases, it is essential to precisely study the cell mechanical properties and cell 

cytoskeletal structure. Thus, a systematic investigation of the mechanical response of 

monocytic cells to deformation was carried out. To this end, we first developed a device 

capable of compressing a cell by deflection of a flexible PDMS membrane, as illustrated in 

Chapter 3. By measuring the viscoelastic response of cells, we were able to distinguish 

between adherent and circulating cells, being monocytic and fibroblastic cells. In order to 

investigate the full elastic behavior of monocytic cells, a technique named Capillary 

Micromechanics was used to analyze the mechanical properties of resting and activated 

monocytic cells. This device, which is described in Chapter 4, allows obtaining data at the 

single cell level and quantitatively characterizing both the compressive and the shear 

modulus in a single experiment. Furthermore, this technique permits to characterize cell 

mechanical properties over a large range of physiologically relevant deformations.  

After characterizing monocytic cell mechanical properties, we investigated the 

possibilities to characterize monocytic cells based on structural and mechanical changes 

upon actin disrupting and pro-inflammatory stimuli. Chapter 5 describes the 

characterization of a microfluidic device used to detect differences in monocytic 

mechanical behavior. The approach is based on the deformation of circulating cells when 

flowing through a constriction channel and on the analysis of changes in the trafficking 

parameters, such as entry time, speed in the channel and relaxation time. 

Finally, the principle of the constriction channel was used to develop a microfluidic 

device that allows chemical and mechanical manipulation of single cells within the same 

chip. As illustrated in Chapter 6, this device consists of two microfluidic channels 

separated by a porous membrane, through which a chemical compound can be diffused. 

Cells are flowing in the lower channel where they can be mechanically deformed in two 

sequential constriction channels and chemically manipulated between the two narrowing 

channels, in a serpentine residence channel in which the chemical compound is 

administered. This allows the investigation of the effect of the chemical compound on the 

mechanical properties of the cell. 

In Chapter 7, we discuss the main results of our study, the technical and clinical 

limitation of our setups and the relevance and future outlook of tools for cell mechanical 

measurement. 
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2.1 Microfluidics for cell mechanics 

In the previous Chapter, we illustrated the importance of investigating the close 

relationship between cell cytoskeletal structures, cell mechanical properties and cell 

function. In fact, the cytoskeleton reorganizes itself to accomplish cellular function, such as 

cell migration or adhesion. These cellular modifications can affect the mechanical 

properties of the cell. Hence, cells of different lineages, cells in a particular cycle stage or 

diseased cells can be distinguished on the basis of cell mechanical properties.  

Several experimental biomechanical tools have been developed for investigating cell 

mechanical properties and the relation between cell mechanics and diseased state [1, 7, 

17, 18, 22, 76]. With the advances in microtechnology, microfluidics approaches to cell 

analysis have experienced rapid growth into biological research due the small scale, 

reduced sample and reagent volumes and well-developed fabrication techniques for 

microfluidic devices. For these reasons, microfluidics has emerged as a platform 

technology for the study of cell biomechanics at the cellular and the molecular levels, and 

has been used to gain an insight into several human diseases such as cancer [18, 22, 23, 

82–85], malaria [17–19, 76] and cardiovascular diseases [51, 57, 79, 86].  

In the next sections, we first discuss the advantages and limitations of microfluidic 

technology. We then describe the materials and the main fabrication techniques that have 

enabled the development of the current microfluidic devices for cell mechanical 

characterization. Following, we summarize the existing microfluidic devices based on their 

mechanism of cell deformation. Finally, we present a short perspective on the future 

directions and challenges of microfluidic technology for cell mechanical characterization. 

2.2 Characteristics of microfluidic devices for cellular 

biomechanics 

Microfluidic technology provides an attractive alternative for the study of cell mechanics 

due to its unique features beyond traditional macroscopic techniques [76, 87]. In fact, 

microfluidics enables mechanical analyses in a controlled cellular microenvironment and 

using significantly smaller samples. In the next section, we will elaborate on the 

advantages and disadvantages of microfluidics for cellular biomechanics. 

2.2.1 Advantages  

2.2.1.1 Single cell analysis 

Traditional mechanical measurements, such as micropore filtration, are based on studies 

of populations of cells. It is well known that individual cells can differ from each other 

even within a genetically identical population [88, 89]. The traditional cell assays, relying 

on ensemble averaging, are not able to characterize these differences between individual 

cells. Thus, the development of a single cell technique for isolation and analysis of 

individual cells will improve our understanding of the heterogeneity of cell populations, 

which is fundamental for disease research, for regenerative medicine, for diagnostics and 

for drug discoveries.  
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Microfluidics enables the manipulation of single cells since the typical dimensions of 

microfluidic features (such as channel width) are very similar to the cellular scale, and the 

cellular microenvironment can be controlled with high spatial and temporal resolution.  

2.2.1.2 Small scale and sample handling 

One of the main challenges of cell mechanical studies is the difficulty of handling 

specimens with an extremely small size scale that is not easily manageable for human 

manipulation [90]. The spatial positioning of the specimen is fundamental for evaluating 

cell properties using standard operations, such as fluorescent microscopy analysis, and for 

investigating cell interactions with their microenvironment [91]. Human manipulation of 

these small samples is laborious, time consuming and often requires significant technical 

skills [67, 68].  

Microfluidics allows integrating most of the common laboratory functions, such as cell 

lysis or cell separation, by miniaturizing the macroscopic systems. In fact, by integrating 

and designing microchannel structures, or even actuators, microfluidic experimental 

platforms can allow for precise manipulation and positioning of single cells [90, 92].  

2.2.1.3 Laminar flow and diffusion in microchannels 

The Reynolds number describes the ratio of inertial and viscous terms in the momentum 

equation. It is indeed defined by Re = ρuD/µ, where ρ is the fluid density, u the fluid 

velocity, D the hydraulic diameter and µ the characteristic fluid viscosity. The small 

channel dimensions in microfluidic devices cause the Reynolds number (Re) to be 

extremely small. As a result, the flow in microfluidic channels is almost always laminar. 

The fluid behavior at small scale is then highly controllable and predictable. This 

characteristic enables a precise control of the experimental conditions and the 

straightforward integration of several laboratory functions in a microfluidic device, such 

as the formation of stable gradients [93–95]. For example networks of branching 

microchannels present in microfluidic devices were designed and used to produce 

chemicals gradients within the channels in order to carry out drug assays [96]. Another 

advantage of microfluidic systems is the temporal stability of processes, since the small 

channel size decrease the time required for chemical and drug molecules to reach the cells 

of interest.   

2.2.1.4 Physiological conditions 

Microfluidic systems can mimic the in vivo micro-environment of the cells, allowing real-

time studies of cellular response to mechanical stimulus under almost physiological 

conditions. For instance, in the study of blood cell deformation, microfluidic devices can 

mimic the capillaries in which cells are flowing, whose dimensions (from 1 to 7,5 μm, with 

mean 3,7 μm) are in the same order of microfluidic channels [97]. The flow conditions 

used in the microfluidic analyses can also be comparable to physiological situations. 
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2.2.1.5 Data measurement 

Recent progress in microfabrication techniques enables the integration in microfluidic 

systems of laboratory procedures with increased sensitivity. Since microfluidics devices 

are microscopy compatible, cell mechanical measurements can then be designed to obtain 

real-time data at multiple time points and under a large range of parameters, which 

results in much more data being available than the one-point measurements in traditional 

approaches. Furthermore, microfluidic devices allow the implementation of a large range 

of input for the screening of a high number of cells.  

These advantages of microfluidic techniques give a better insight into the dynamics of 

specific biological and clinical processes. 

2.2.2 Disadvantages  

2.2.2.1 Slow mixing 

The characteristic laminar flow of microfluidic channels can also be viewed as a limitation 

for certain applications, especially when fast mixing of fluid is required. In this case, the 

flow must be manipulated such that chaotic advection accelerates diffusion and therefore 

induces mixing.  This can be achieved in various ways, for example by integrating passive 

flow structures in microchannels that create flow patterns resulting in chaotic advection, 

or by the actuation of magnetic microparticles in the fluid, acting as microstirrers mixing 

the fluid [98–102]. 

2.2.2.2 Handling of small volumes of reagent 

The small reagent volumes used in microfluidic devices can pose challenges for handling 

these low amounts of fluids. Furthermore, some difficulties can arise from adaptation of 

biological protocols to small microfluidic scales, such as media supplements for cell 

culture.  

2.2.2.3 Drying 

Since most biological procedures require oxygen/carbon dioxide exchange, the materials 

used for microfluidic devices have usually high gas permeability. This can lead to fluid 

evaporation, drying of the system and consequent change in media osmolarity. 

2.3 Microfabrication techniques 

2.3.1 Materials 

The choice of the material for fabrication of the microfluidic device is crucial for its 

function and working principle. Prior to fabrication, the required physical properties and 

chemical compatibilities of the material need to be considered in order to suit the desired 

application of the microdevice. Important characteristics of materials employed for 

biological microdevices are biocompatibility and transparency. In this section we present 



Microfluidics for single cell mechanical characterization 

 

 15 

different materials, such as glass and optically transparent polymers, which have been 

widely used to develop microfluidic devices for cell mechanical analysis.   

2.3.1.1 Glass and silicon 

Since the technology for fabricating microfluidic devices was adapted from the 

semiconductor industry, initial devices were made from silicon and glass. Silicon has been 

frequently used as substrate material for microfluidic applications in biomechanical 

assays [103–109]. Glass is an amorphous material, based on siliconoxide, and its physical 

and chemical properties are suitable for many microfluidic applications, especially when 

chemical inertness, and resistance to high pressures and high temperatures are important  

[103, 110]. Its full transparency enables visual observation and optical detection. Glass can 

be used in combination with electrical features due to its resistance to high voltage and 

can withstand high pressure due to its rigidity. Finally, glass microstructures can be 

fabricated at low cost and with well-defined techniques, such as deep etching, 

micromachining or micropulling. In our study, we use borosilicate glass capillaries to 

fabricate the Capillary Micromechanics device (see Chapter 4) for cell deformation in a 

tapered capillary. 

2.3.1.2 Polymer 

Polymers are currently a common choice for fabrication of microfluidic devices for cell 

mechanical characterization due to their favorable properties, such as chemical inertness 

and insulation [111, 112]. In particular, polydimethylsiloxane, known as PDMS, is the most 

widely used especially in research prototypes for the ease and speed of fabrication and 

because it can be processed using low cost equipment [113–117]. PDMS enables to 

replicate with high fidelity submicron structures with well-defined shapes and high aspect 

ratios. It can be irreversibly bond to itself or other materials, such as glass or silicon, by 

exposure to oxygen or nitrogen plasma, and it is amenable to integration of built-in valves 

and other fluid controlling components. 

It has been shown that PDMS is very suitable for biomechanical applications [115, 118, 

119]. First, the transparency of PDMS enables cell observation and analysis by optical 

microscopy. PDMS is non-cytotoxic, compatible with long-term cell culture and amenable 

to surface modifications, such as protein coating. The gas permeability of PDMS allows 

diffusion of oxygen and carbon dioxide, which enables cell culture and growth. Finally, 

PDMS exhibits elastic properties on the orders of magnitude compatible with most soft 

tissue, which allows mimicking the mechanics of the cell micro-environment.  

Considering these characteristics, in our study we mainly used PDMS for fabricating the 

different microfluidic devices for measurement and detection of cell mechanical 

properties (Chapters 3, 5, 6).  

Next to these advantages however, PDMS has some limitations, such as chemical 

disadvantages (e.g. organic solvent  incompatibility and swelling) [120]. Thus, other 

polymers, such as poly(methyl methacrylate (PMMA), have been chosen in some biological 

applications [121].  
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2.3.1.3 Photoresist 

The applications of photoresists, such as SU-8, to manufacture microdevices has attracted 

interest by the biomedical field [122, 123]. SU-8 photoresist has been used due to the good 

chemical and mechanical properties of the polymerized photoresist and to the well-

developed fabrication techniques with which it can be processed. Furthermore, it is 

possible to produce high resolution submicron structures. For instance, despite the small 

pore size (3 μm), the fabrication of our SU-8 porous membrane (see Chapter 6) was rather 

straightforward compared to fabrication techniques involving PDMS or other polymers. 

2.3.2 Methods 

Most of the techniques for production of miniature components and microdevices were 

initially developed for the semiconductor industry. Thus, the microfabrication processes 

are largely based on lithography, deposition and etching technology. Such technologies 

can reproduce high-resolution complex structures with cross-sectional dimensions 

ranging from 10 to 500 μm. In the past decades, these technologies have been adapted to 

be specific for the materials and requirements of biological applications.  

2.3.2.1 Photolithography 

Photolithography is the technique of using light, typically ultra-violet light (UV), to 

transfer features on a photo-definable material. This micropatterning technique [124], 

which was the first to be used to produce microfluidic devices on silicon and glass, is still 

widely used for fabrication of biomechanical microfluidic devices due to its capability of 

controlling the size of the structures down to the size range comparable or smaller than a 

single cell.  

The usual method for fabrication of photo-resist devices (Figure 2.1, a-f) begins with 

the drawing of the desired pattern by a CAD tool. This pattern is then printed on a 

transparent polymer sheet by a high-resolution printer (for feature dimensions > 10 μm) 

or on a thin metal layer, usually chrome, on a glass slide using a laser writer or an electron 

beam (for feature dimensions < 10 μm). The resulting print is the so-called mask for 

photolithography. A photoresist solution is dispensed onto a flat substrate, usually a 

silicon or glass wafer, spun to produce a film of the desired thickness using a spin-coater 

(Figure 2.1, a), and dried (Figure 2.1, b).  The height of the features is controlled by the 

thickness of the layer of photoresist that is spread on the surface of the wafer, which is 

determined by the viscosity of the liquid photoresist and the spinning speed. The selective 

exposure of this film to UV light through the previously developed “mask” (Figure 2.1, c) 

results into chemical modification of the irradiated region of the photoresist. In the case of 

a positive photoresist, the exposed polymer molecules break down and become much 

more soluble in a specific developer solution than the unexposed regions. In the case of a 

negative photoresist, such as the commonly used SU-8, a photochemical crosslinking 

(Figure 2.1, d) of the photoresist is induced by UV light, making the exposed regions 

insoluble in the developer. In the latter case, the unexposed photoresist is removed using 

an organic solvent (Figure 2.1, e), leaving behind the cross-linked structures. The silicon 
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wafer with these patterned structures is typically called the master, or mold (Figure 2.1, 

f).  

2.3.2.2 Soft Lithography 

Soft lithography refers to a set of techniques pioneered by Whitesides and colleagues [113, 

116] for fabricating microstructures using soft elastomeric stamps based on printing, 

embossing and molding [125]. The soft lithography process is widely used for cell biology 

microdevices due to its straightforward manufacturing process, low manufacturing cost, 

high replicating accuracy and material compatibility with cells and cell culture [115, 126].  

One of the commonly used elastomers in soft lithography is poly(dimethylsiloxane) 

(PDMS) [113]. During the replication process, the two-component mixture of liquid PDMS 

is degassed to prevent the formation of air bubbles, and then cast (Figure 2.1, g) on the 

master (that was realized by photolithography, as explained in the previous paragraph). 

The PDMS is then cured at a raised temperature in order to accelerate the curing reaction 

(Figure 2.1, h). Finally, the cured elastomer, which contains the inverse of the original 

master pattern, is peeled off (Figure 2.1, i) from the master, which generally withstands 

several replications. The resulting elastomeric component can be used to create 

microchannels by irreversible covalent bonding to a glass or polymeric substrate using 

plasma treatment or it can be employed as a master mold for making another replica of 

the micropattern.  

Since using plasma treatment, or another surface treatment such as a Corona 

treatment, of a PDMS surface (Figure 2.1, l,m) results in a good bonding of the PDMS with 

another structure (Figure 2.1, n), this technology enables the fabrication of multilayer 

microfluidic devices. In our study, we integrate a porous SU-8 membrane in a multilayer 

microfluidic device by exposure to nitrogen plasma (see Chapter 6).  

2.3.2.3 Glass micropulling 

A technique for fabricating a well-defined microdevice based on glass capillaries is based 

on the pulling of a glass tubing using a machine called Micropuller in order to get a tapered 

capillary (Figure 2.2). We used this method to develop the Capillary Micromechanics 

device (Chapter 4). The center of a hollow borosilicate glass tube is heated with a heating 

filament for a preset time. The two ends of the glass tube are then drawn apart by two 

pulling bars driven by springs. This action results in two identical tapered micropipettes. 

The taper length and the tip diameter can be adjusted by varying the heating of the 

filament and the pulling force and velocity. 
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Figure 2.1– Photolithography (a-f): a photoresist solution is spun on a wafer by a spin-coater (a) and baked (b). 
The resist is exposed to UV light through the desired mask (c) and baked (d). The unexposed photoresist is washed 
away in a bath of organic developer (e) to obtain the patterned structures (f). Soft lithography (g-n): the process 
starts from the master obtained from photolithography (a-f). PDMS mixture is cast on the master (g) and cured 
(h). Then, it is peeled off and inlet/outlet are punched (i). The resulting component is exposed by plasma or 
corona treatment (l) and bond on a substrate at elevated temperature (m) to create the microchannels (n). 

 

Figure 2.2– Glass micropulling: A glass tube (3) is fixed by two clamps (1) at the micropuller. The center of the 
glass tube is heated by a filament (2) and pulled apart by the clamps connected to springs. This results in two 
identical tapered micropipettes. 
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2.4 Microfluidics for circulating cells 

Cells circulating in the blood are a combination of subgroups of cells, including red blood 

cells (RBCs), platelets, different classes of white blood cells (WBCs) and, in the adverse 

case of cancerous disease, circulating tumor cells (CTCs) [22]. The wide diversity of these 

cells and their non-adhesive properties pose significant challenges for the isolation and 

characterization of cell mechanical properties. Due to its characteristic advantages, 

microfluidics has been employed for blood cell analyses in healthy and diseased 

conditions [127–129], such as plasma separation and mechanical studies of RBCs [20, 

129–136], platelets [75, 137], WBCs [11, 27, 138] and CTCs [23, 52, 139].  

In order to mechanically characterize blood circulating cells, the microfluidic device 

must exert a certain deformation or force to the cell. In the next sections, we illustrate the 

state-of-the-art of experimental microfluidic tools, based on the mechanism used to 

deform or load the cell (see also Table 2.1).  

2.4.1 Flow induced 

Cells can be exposed to fluid stresses in a microfluidic channel by generating either shear 

flow in narrow channels [132, 135, 140] or extensional flow in two orthogonal 

microchannels [52, 141]. The deformation index (DI) is often used as a quantification 

parameter for cell deformability.  

Forsyth et al. [135] deformed RBCs in a straight microfluidic channel by pressure-

driven flow to study cell dynamics upon treatment with chemical agents known to affect 

cell mechanics, namely diamide and glutaraldehyde (Figure 2.3A). They revealed three 

different types of RBC motion due to the increased shear rate in the constriction, namely 

stretching, tumbling and recoiling. Katsumoto et al. [142] characterized RBCs 

deformability by detecting the resistance change when an RBC passed along the surface of 

embedded electrodes in the microchannel. In fact, the resistance profile turned out to be 

correlated with the shape of the RBC under shear deformation, giving information about 

cell deformability. 

Gossett et al. [52] reported a hydrodynamic-stretching microfluidic device for 

identifying cancerous malignant cells with a high throughput of 2000 cells/s flowing 

through microchannels (Figure 2.3B). By using inertial forces, cells were focused to the 

center of a junction of two channels where the cells underwent mechanical stretching. Cell 

deformation was captured using a high-speed camera. The DI was subsequently extracted 

by analyzing cell images. Gosset et al. demonstrated that cancerous cells are more 

deformable than benign cells.  

2.4.2 Optical stretcher 

The principle of the optical stretcher is based on the surface force exerted on a cell by two 

slightly divergent Gaussian beams [143–147]. The setup consists of a microchannel and 

two laser fibers located at both sides of the passage way of the cell. At low laser intensities, 

the flowing cell is trapped and, at higher intensities, the cell is deformed in a controlled 

way by the laser beams [9]. The deformability of different circulating cells was 
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characterized using the optical stretcher, such as RBCs [72, 148], cancer cells [9, 24] and 

myeloid cells [147]. 

Guck and colleagues [72, 149] developed a microfluidic optical stretcher to study the 

deformability of suspended cells, such as RBCs and human epithelial breast cancer cells 

(Figure 2.3C). They showed that cancer cells with higher metastatic potential deformed 

more than control cells. Mauritz et al. [150] also characterized the viscoelastic properties 

of healthy and malaria-infected RBCs. They showed that infected RBCs have increased 

rigidity due to the internalized parasite Plasmodium falciparum.  

2.4.3 Compression 

Compressive forces can be applied to circulating cells by a deformable membrane 

integrated in microfluidic devices [151]. These multi-layer devices consist of a thin 

elastomeric membrane sandwiched between two orthogonal fluid channels, namely the 

flow and the control channels. The cells in the flow channel are compressed when 

pressure in the control channel is applied to deflect the membrane. Hohne et al. [152] 

revealed that this method is capable of characterizing soft objects with a Young modulus 

in the range of 102-105 Pa, which is a relevant range for cell mechanical studies. Kim et al. 

[81, 153] used a device with an actuated membrane to measure cancer cell deformation 

and to characterize “bulge” formation on the cellular membrane (Figure 2.3D). They also 

showed that this device enables to distinguish between healthy and breast tumor cells. We 

designed a microfluidic device based on this principle (Figure 2.3E), and used it to 

characterize the viscoelastic properties of leukocytic and fibroblastic cells [154] by 

measuring cell relaxation time upon releasing the compression. We showed that it is 

possible to distinguish cell type on the basis of their viscoelastic response (see Chapter 3).  

2.4.4 Aspiration 

Micropipette aspiration is a conventional technique for measuring the mechanical 

properties of single cells. The method is based on the partial aspiration of a cell into a glass 

micropipette that has a diameter of 1 to 5 μm. A mathematical model permits the 

calculation of the Young’s modulus and of the cell viscosity, on the basis of the observed 

cell elongation [155]. The concept of conventional micropipette aspiration has been 

adopted in microfluidic applications [156, 157]. Kim et al. [157] used microfluidic devices 

with a series of 40 funnel-shaped constrictions to deform single cells in parallel. Cells were 

trapped by different flow resistances, and they were simultaneously deformed by 

application of a negative hydrostatic pressure. Gou et al.  [158, 159] developed a system 

based on cell deformation through a series of funnel-shaped constrictions (Figure 2.3F). 

They used this platform to measure the deformability of several cell types, such as 

neutrophils, lymphocytes and cancer cells [158] and to detect mechanical stiffening in 

malaria-infected RBCs [159]. Gifford et al. [160] also used a system based on wedge-

shaped channels to measure surface area and volume of RBCs. Herricks et al. [133] 

adapted this technique to study the deformability of a large population of RBCs at different 

malaria infection stages. They showed that the filterability of RBCs is well predicted by the 

minimum cylindrical diameter, which is calculated from cell surface area and volume. 
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Needham et al. [66] used the micropipette system to fully aspirated a neutrophil and 

measure the surface stress as a function of the surface area dilation of the highly ruffled 

cellular membrane. In Chapter 4, a similar method, adapted from micropipette technology, 

is described. The device we used is named the capillary micromechanics device. We used 

this technique for studying the changes of deformability of monocytic cells upon cell 

activation. The device [161] measures the pressure-induced deformation of cells as they 

are deformed in a tapered glass microcapillary (Figure 2.3G). This approach allows for the 

calculation of both compressive and shear moduli from a single experiment, over a large 

range of physiologically relevant deformations. 

2.4.5 Constriction deformation 

Constriction-based microfluidic devices have been widely used to investigate the 

mechanical properties of circulating cells, such as red blood cells [19, 20, 130, 162], white 

blood cells [11, 27, 79, 163] and circulating tumor cells (CTCs) [23, 164].  

Such a device contains one or more channel sections with a width that is marginally 

smaller than the diameter of the tested cells. Thus, single cells driven through such a 

constriction channel are squeezed and deformed by the channel walls. Due to the capacity 

of resembling the constrictive situation of an in-vivo capillary, this approach bears 

physiological relevance since it enables to give insight into blood cell behavior flowing 

through in vivo capillaries.  The system can be easily adapted to different cell types by 

changing the flow rate, which determines the driving force exerted to the cell, and the 

width of the constriction, which determines the amount of deformation on the cell. 

Cell deformability can be related to multiple trafficking parameters in the constriction, 

such as entry time, transit time, cell elongation, cell velocity and shape recovery time. 

These parameters can be determined from recordings made with a high-speed camera 

connected to a microscope.  

Shelby et al. [20] used this approach to characterize RBC deformability and to detect 

changes between healthy and malaria-infected cells in different stages of the disease. They 

showed that healthy RBCs were able to flow through the constrictions while stiffer late 

disease stage RBCs readily blocked the narrow channels (that had a width of 2-4 μm). By 

observation of the 2 μm constriction channel, Shelby et al.  were also able to describe the 

pitting phenomenon occurring in the spleen where parasites are removed without 

destroying the RBCs. In a similar way, Handayani et al. [131] confirmed the increased 

stiffening of malaria-infected RBCs by a constriction-based microfluidic device. Bow et al. 

[19] developed the so-called “deformability cytometer” by combining the constriction 

method with fluorescent measurement to study the deformability of malaria-diseased 

RBCs. Bow et al. performed a simulation of RBCs using a Dissipative Particle Dynamics 

(DPD) simulation to infer quantitative biomechanical characteristics of individual RBCs 

and to interpret the effect of the parasite on cell deformability. Bow et al.  showed a 

correlation between mechanical properties, such as entry time, and biochemical 

properties, such as surface markers related to malaria.  

Gabriele et al. [11] used constriction based microfluidic devices for studies of 

leukocytes. They investigated the role of actin and myosin II on cellular deformation in a 
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constriction channel, mimicking cell sequestration in the lung micro-vessels during acute 

lung injury (Figure 2.3H). Gabriele et al. showed that actin organization has a distinct role 

in entry time and in the extent of cell deformation in the transit stage within the 

constriction. They also found that cell shape and orientation at the channel entrance can 

influence entry and transit times. Preira et al. [27] used a comb-like filter in series to 

separate leukocytes on the basis of cell deformability. They showed that leukocytes of 

patients affected by acute respiratory distress syndrome got separated in the devices due 

to increased stiffness compared to cells of healthy subjects. We also developed a 

constriction-based device to investigate the role of actin structure in each stage of a cell 

trafficking in a narrow constriction channel (Chapter 5). 

Rosenbluth et al. [79] developed a device consisting of a network of channels 

successively bifurcating into increasingly narrower constriction channels to study sepsis 

and leukostasis state in relation to blood cell transit time in the channels (Figure 2.3I). 

The dependence of transit times on cell size and cell deformability was measured to 

determine a transit time distribution. Rosenbluth et al. demonstrated a clear difference in 

distribution of transit times between cells affected by leukostatis and healthy cells.  

Hou et al. [23] used a constriction-based microfluidic device to distinguish between 

benign breast epithelial cells and non-metastatic tumor cells by measuring the entry time, 

the elongation index and the transit velocity. Cancerous cells were described as more 

deformable than the benign cells in relation to the shorter entry time in the constriction. 

Zhang et al. [164] used a similar approach based on micro-barriers to detect more 

deformable cancer cells.  

Abkarian et al. [162] developed a novel technique called a microfluidic manometer, 

similar to a fluidic pressure compactor, to measure the excess pressure drop due to the 

passage of a cell in a constriction channel (Figure 2.3L). The setup consists of two 

identical channels, the reference and the test channels, that are connected downstream. 

Fluid flow was generated in both the channels but cells were flown only in the test 

channel. The increase in hydrodynamic resistance due to the presence of the cell in the 

constriction channel leads to a displacement of the downstream fluid-fluid interface, 

which correlates to the cell stiffness. They showed pressure drop variations due to 

changes in the RBCs mechanical properties upon treatment with the fixative drug 

glutaraldehyde.  

Adamo et al. [165] developed a high throughput (up to 14 cells/s) constriction-based 

device to measure the deformability of suspended Hela cells. They demonstrated that 

control cells have longer transit time compared to cells treated with drugs depolymerizing 

actin.  

Besides measurement of transit parameters, microfluidic constrictions can be coupled 

with other measurement techniques to achieve multiple analyses for cell characterization. 

For instance, Chen et al. [166, 167] developed a microfluidic device for electrical and 

mechanical characterization of single cells. The method is based on impedance 

spectroscopy combined with cellular deformation. A single cell was deformed in a 

constriction channel by negative pressure and the cellular impedance was measured via 

two Ag/AgCl electrodes. They distinguished with high precision breast cancer cells from 
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their multi-drug resistant counterpart, which was treated with anti-cancer drug. Zheng et 

al. [130] used a similar system for high-throughput (100-150 cells/s) biophysical 

characterization of RBCs, which may be used eventually for measurement of multiple 

biophysical disorders in RBCs of patients with sepsis, malaria, or sickle cell anemia. 

We developed and used a constriction device that enables to combine cell mechanical 

characterization with chemical manipulation. This multi-layer device was used to study 

drug-induced changes in leukocytic cell mechanics (Figure 2.3M). The technology is based 

on mechanical analysis in the constriction and chemical manipulation by diffusion through 

a SU-8 porous membrane (see Chapter 6).  

2.5 Conclusions and outlook 

The development of novel platforms for the mechanical manipulation and analysis of 

single cells is necessary to gain more and quantitative insight into the relation between 

cell properties and cell function, in particular in disease state. Microfluidic devices have 

emerged as a promising alternative for mechanical characterization of single cells due to 

the several small-scale advantages. The integration of several functionalities within a 

single chip may lead to clinical applications of microfluidic system as diagnostic or drug 

screening tools.  

Despite the considerable growth in microfluidic development, several challenges 

remain to be solved, such as reliably applying the methods to real patient samples, 

increasing the throughput, and automation of the analysis. These challenges will be 

discussed in detail in Chapter 7. 
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Figure 2.3 – Examples of microfluidic tools for mechanical characterization of circulating cells. [caption in the 
next page]. 
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Caption of Fig. 2.3 - Flow induced: cells can be deformed by flow in a narrow channel (A) or in two orthogonal 
channels (B). Optical stretcher: cells are deformed in a microchannel by two laser beams located at both sides of 
the channel (C). Compression: cells are compressed by an integrated deformable membrane (D-E). Aspiration: the 
method of conventional micropipette aspiration can be adapted in microfluidic devices as funnel-shaped 
constrictions (F) or pressure deformation in a glass pipette (G). Constriction deformation: cells can be probed in a 
single narrow constriction (H) or in a branching network (I). The concept of cell deformation in the channel can 
be adapted by investigating different parameters, such as hydrodynamic resistance (L), or by coupling this system 
with other procedures, such as chemical manipulation (M). A) Reprinted from [135] with permission from 
Elsevier (http://dx.doi.org/10.1016/j.mvr.2010.03.008). B) Adapted from [168] with PNAS permission 
(http://dx.doi.org/10.1073/pnas.1200107109). C) Reprinted from [24] with permission from Elsevier 
(http://dx.doi.org/10.1529/biophysj.104.045476). D) Reprinted from [81] with permission from Elsevier 
(http://dx.doi.org/10.1016/j.snb.2007.05.050). F) Adapted from [158] with permission of The Royal Society of 
Chemistry (http://dx.doi.org/ 10.1039/C2LC40205J). H) Reprinted from [11] with permission from Elsevier 
(http://dx.doi.org/10.1016/j.bpj.2009.02.037). I) Adapted from [79] with permission of The Royal Society of 
Chemistry (http://dx.doi.org/10.1039/b802931h). L) Adapted from [162] with PNAS permission 
(http://dx.doi.org/1073/pnas.0507171102). (Copyright (2006) National Academy of Sciences, U.S.A.).  
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Table 2.1– Microfluidic devices for mechanical characterization of single cell on the basis of cell deformation. 

Method Technique Cell type Parameters Main results Ref 

Flow 
induced 

 

Straight micro channel 
High shear flow 

RBCs 
Deformation 

index (DI) 

Measured shear modulus (3.7 
mN/m) is in good agreement with 

previous results  
[140] 

 
Hyperbolic converging 

microchannel 
Extensional flow 

RBCs 
Deformation 

index (DI) 

Extensional flow is more efficient 
than shear flow in  inducing cell 

deformation 
[141] 

 
Straight channel 
Pressure-driven 

stretching 
RBCs 

Extent of 
deformation 

and cell dynamic 

Three types of cell motion. 
Cellular viscosity governs cell 

behavior in pressure-driven flow 
[135] 

 
Channel with micro 

membrane electrodes 
Shear stress 

Normal and 
rigidified RBCs 

Deformation 
rate 

Electrical 
resistance 

Normal RBCs have an ellipsoidal 
shape while rigidified RBCs 

maintain a biconcave shape. The 
electrical resistance signal is 

correlated to RBCs deformation 

[142] 

 

Two orthogonal micro 
channels 

Hydrodynamic 
stretching 

Cancer cells; 
stem cells 

Deformation 
index (DI) 

Carciroma cells are highly more 
deformable; stem cell 

pluripotency is associated with 
increased deformability 

[52] 

Optical 
stretcher 

Two laser-beams 
RBCs and 

fibroblasts 
Extent of 

deformation 

Optical deformability can be used 
to distinguish between different 

types of cells 
[72] 

 Two laser-beams 

Normal, 
cancerous and 

metastatic 
epithelial cells 

Extent of 
deformation 

Cancerous cells deform more 
than normal cells. Metastatic 
cancerous cells deform even 
more than non-metastatic 

[24] 

 
 

Two laser-beams 
Differentiating 
myeloid cells 

Creep 
compliance 

Compliance measurements 
reveal softening during 

differentiation of myeloid cells 
[147] 

 
Compression 

 

Actuated PDMS 
membrane 

Epithelial cells Cell viability 
Epithelial cells are deformed and 
lysed under the compression of 

the membrane 
[81] 

 
 

Actuated PDMS 
membrane 

Monocytic and 
fibrobastic cells 

Recovery time 
constant 

Cell type can be distinguish on 
the basis of the characteristic 

recovery time constant 

[154] 
Ch3 

 
Aspiration 

 
Glass micropipette Neutrophils Cortical tension 

The measured cortical tension is 
0.024 dyn/cm. The change in 

cortical tension can represent an 
indicator of cell activation state. 

[66] 

 
 

Micro-aspirator chip – 
40 cells traps 

 
Suspended Hela 

cells 

 
Young modulus 

 
High-throuput measurement 

of cell Young modulus 

 
[85] 

 
Funnel-shaped 
constrictions 

Malaria-infected 
and normal 

RBCs 

Minimum 
cylindrical 

diameter MCD 
(related to area 

and volume) 

Results show a high MCD for 
infected RBCS 

[133] 
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Aspiration 
[cont.] 

Funnel-shaped 
constrictions 

Neutrophils, 
lymphocytes 

and cancer cells 
Cortical tension 

The measured cortical tensions 
are consistent with previous 

studies performed with 
traditional techniques 

[158] 

 
 
 

Funnel-shaped 
constrictions 

Malaria-infected 
and normal 

RBCs 

Cortical tension 
and pressure 
required to 
squeeze out 

cells 

Diseased RBCs from different 
malaria stages are from 1,5 to 
200 times stiffer than normal 

RBCs 

[159] 

 Glass micropipette 

Monocytic cells 
(non-treated, 
activated and 

actin-disrupted) 

Compressive 
and shear 

moduli 

Activated cells become less 
compressibile but more 

deformable. Actin-disrupted cells 
has extremely low compressive 

and shear moduli 

[161] 
Ch4 

 
Constriction 
deformation 

 

Single constriction 
channel 

Malaria-infected 
and normal 

RBCs 

Cell blockage vs 
passage 

Malaria-infected cells easily 
block the channel 

[20] 

 
Two identical 
constrictions 
(manometer) 

RBCs and fixed 
RBCs 

Excess pressure 
drop 

The pressure drop of RBC passage 
is enhanced after fissative 

treatment 
[162] 

 
Bifurcating channels 

network 

Neutrophils and 
monocytic cells 
(healthy, sepsis 
and leukostasis 

infected) 

Transit time 
distribution 

Diseased cells are stiffer than the 
normal ones. This observation is 
based on the increased transit 
time and occlusion of diseased 

cells 

[79] 

 
Single constriction 

channel 

Malaria-infected 
and normal 

RBCs 

Transit and 
recovery time 

Malaria-infected cells are stiffer 
than non-infected RBCs. RBCs in a 

later stage of the disease easily 
get destroyed by the passage in 

the constriction 

[131] 

 
Single constriction 

channel 

Leukocytic cells 
(non-treated 

and 
actin/myosin 

treated) 

Cell entry time, 
transit velocity 
and relaxation 

time 

Actin has an important role in cell 
entry time and transit velocity 
but not in cell relaxation time. 
Myosin is not responsible for 

these trafficking stages. 

[11] 

 
Single constriction 

channel 

Epithelial cells 
and cancer 

epithelial cells 

Entry time, 
elongation index 

and transit 
velocity 

Cancer cels are less stiff than 
normal epithelial cells since they 

exhibit shorter entry time 
[23] 

 
Single constriction 

channel 

Leukocytes and 
ARDS (inflamed) 

leukocytes 
Entry time 

ARDS leukocytes exhibit 
significantly longer entry time 

(increased stiffness) 
[163] 
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Constriction 
deformation 

[cont.] 

Single constriction + 
electrodes 

Cancer cells 
Electrical 

impedance 

Combination of biomechanical 
and bioelectrical parameters, 

could provide a higher cell 
classification success rate 

[166] 

 
Microbarriers-based 

filter 
Cancer cells Cell separation 

Cancer cells with high metastatic 
potential are less stiff than 

normal cells. They change shape 
and pass through the filter exiting 

the separation device 

[164] 

 
Single constriction 

channel 

Suspended Hela 
cells (normal 

and actin-
disrupted) 

Transit time 
Control Hela cells have a longer 
transit time compared to actin 

disrupted cells 
[165] 

 
Single constriction + 

electrodes 
Adult and 

neonatal RBCs 

Transit time, 
impedance 

amplitude ratio, 
and impedance 
phase increase 

Multiple parameters in 
combination can provide a higher 

classification success rate 
[130] 

 Comb-like filter 
Leukocytes and 

inflamed 
leukocytes 

Cell blockage 
stage 

Inflamed leukocytes stop at an 
early stage of the filter due to 

their increased stiffness 
[27] 

 

Two successive 
constrictions separated 

by a chemical 
stimulation component 

Monocytic cells 
Entry time, 
transit time 

Differences in entry and transit 
times are detected after chemical 

cues are delivered to the cells 
through an integrated porous 

membrane 

Ch6 



 
 

 

 

3 Chapter 3 
Microfluidic measurement of viscoelastic recovery 

of circulating cells versus adherent cells 

  

 

 

 

 

This chapter describes the study of the mechanical response of monocytic cells by 
determining the characteristic recovery time constant of these circulating cells and by 
comparing the mechano-response to fibroblastic adherent cells, known to have different 
cytoskeletal structure. We used a microfluidic device containing an actuated flexible 
membrane, which allows the viscoelastic analysis of cells in small volumes of suspension by 
loading them in compression and observing the cell deformation over time. The two cell types 
show a substantially different response in the device and can be clearly distinguished on the 
basis of the measured characteristic recovery time constant. The effect of breaking down the 
actin network, a main mechanical component of the cytoskeleton, by a treatment with 
Cytochalasin D, results in a substantial increase of the measured characteristic recovery time 
constant. Experimental variations in loading force, loading time, and surface treatment of 
the device also influence the measured characteristic recovery time constant significantly. 
The device can therefore be used to distinguish between cells with different mechanical 
structure in a quantitative way, and makes it possible to study changes in the mechanical 
response due to cell treatments, changes in the cell’s micro-environment, and mechanical 
loading conditions. 

 
 
 
 
 
 
 
 
 

Parts of this chapter have been published in: Guansheng Du, Agnese Ravetto, Qun Fang, Jaap 
M.J. den Toonder, Cell types can be distinguished by measuring their viscoelastic recovery 
times using a micro-fluidic device, Biomedical Microdevices, (2011); 13(1): 29-40. 
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3.1 Introduction 

The internal structure of most biological cells is governed by the cytoskeleton. The 

cytoskeleton can reorganize itself in response to external stimuli and cell function. This 

rearrangement of cytoskeletal structures is involved in various cellular processes, such as 

cell locomotion and transport of intracellular particles [169]. Furthermore, the 

cytoskeleton is important in maintaining cellular architecture and cell shape and in 

regulating resistance to deformation. In fact, cell cytoskeletal structure determines the 

mechanical properties of a cell, such as its stiffness and its time-dependent response to 

mechanical stimuli. Thus, the investigation of the close relation between cell cytoskeletal 

structure and cell mechanical properties is fundamental for a better understanding of 

cellular response and function. 

As a consequence, different types of cells, having a different cytoskeletal organization, 

will have different mechanical properties. Depending on its stage of development a 

specific type of cell may show a development in stiffness due to the corresponding change 

in cytoskeleton. Also, many diseases are associated with significant changes in the 

organization of cytoskeletal structures which affect the mechanical and adhesive 

properties of the cell. In particular, in the case of inflammatory diseases, such as 

atherosclerosis, circulating monocytes undergo a reorganization of actin cytoskeleton, 

which might results in changes in cell mechanical properties. On the basis of a reliable 

measurement of mechanical properties of cells, in particular cell stiffness and time-

dependent responses, it will be therefore possible to distinguish and select certain type of 

cell and to discriminate affected cells from healthy cells or cells in particular stages of the 

disease on the basis of cell mechanical properties. In order to understand disease related 

aspects of cellular systems, it is important first to characterize cell stiffness and 

deformability in relation to cell cytoskeletal structure and to investigate the effect of 

mechanical forces on cellular response. Several techniques exist for the measurement of 

cellular mechanical properties. These techniques can be roughly divided into those 

methods that probe only part of the cell, and those that deform cells globally. The first 

category includes techniques such as atomic force microscopy (AFM) [64, 170], magnetic 

twisting cytometry [171, 172], cytoindentation [22], and micro-rheology measurements 

[173]. Although these approaches can provide a quantitative mechanical analysis, a 

disadvantage is that the response may depend significantly on the precise measurement 

location, since only part of the cell is probed. As a result, these techniques generally show 

a large cell-to-cell spread. Techniques in which cells are deformed globally are 

laser/optical cell stretching [174], microplate stretching [69], micropipette aspiration [67, 

175] and cell compression testing [176].  

In many of the mentioned methods it is difficult to control the micro-environment 

around the cells to be tested, which would be desirable for testing the effect of 

environment on mechanical properties, or for creating physiologically relevant conditions. 

Microfluidics approaches offers opportunities to study mechanical properties of single, 

non-isolated cells in a controlled micro-environment, such as a capillary-like 

microenvironment under physiological conditions, for example in blood.  
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Different mechanical stimuli can be implemented in the microfluidic system in order to 

deform the cell and assess cell deformability. For instance, structure-induced deformation, 

such as by constriction channels, was used to monitor deformability of red blood cells [20, 

131] and cancer cells [23, 164]. Flow could be also used for hydrodynamic deformation 

and stretching of cells to measure cell properties and to identify malignant cells [52]. 

Another deformation system is based on cell compression applied through a thin 

membrane. This device was used for inducing mechanical lysis of epithelial cells [81] or to 

characterize the mechanical properties of soft viscoelastic solids such as bacterial biofilms 

[152]. 

In this Chapter, a similar microfluidic device based on deflection of an integrated 

flexible membrane is described. It enables the characterization of the time-dependent 

mechanical properties of cells. The working principle of our device is sketched in Figure 

3.1. It consists of two flow reservoirs, separated by a flexible elastomeric membrane. 

During experiments, the control chamber is filled with water and the cell chamber 

contains a cell suspension. By pressurization of the control chamber, the flexible 

membrane deflects into the cell chamber and applies a compressive stress over the cells. 

This process is observed using an optical microscope. After a sudden release of the 

pressure, the membrane returns to its original position, and the cells recover, in time, back 

to their original state. From the observation of this process over time, the global 

viscoelastic time constant of the cells can be estimated, which is a measure of their 

viscoelastic mechanical response. 

 

 

Figure 3.1 - The working principle of our device, illustrated by a cross-sectional sketch (not drawn to scale). (a) 
The non-actuated state. (b) The control chamber is pressurized, and the deflecting membrane deforms the cells 
present in the cell chamber; cell deformation is monitored by a high-speed camera connected to the optical 
microscope. 

As a proof-of-concept of this method, we have measured the characteristic time 

constants of two cell types known to have different cytoskeletal structures, namely white 

blood cells from the HL60 cell line, and 3T3 fibroblast cells. Also, we have studied the 

effect of the variation of several parameters such as surface treatment of the device, 

disruption of the actin network of the cells using Cytochalasin D, and other experimental 

parameters.  
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3.2 Materials and methods 

3.2.1 The microfluidic device 

The micro-fluidic device (Figure 3.2) consists of a cell chamber (100 μm in height and 15 

mm × 5 mm in the lateral directions), and a control chamber (100 μm high and 10 mm × 5 

mm in the lateral directions). To keep the flexible membrane flat in the beginning of the 

experiment, a relatively thick PDMS membrane was used, i.e. about 500 μm thick.  

 

 

Figure 3.2 - Our PDMS-based device consists of two micro-fluidic chambers separated by a flexible PDMS 
membrane. 

The microfluidic device was fabricated from PDMS silicone elastomer using multilayer 

soft lithography as illustrated in Figure 3.3 [151]. A layer was formed by pouring the 

PDMS prepolymer-crosslinker mixture (Dow Corning Sylgard 184, The Netherlands, 10:1 

ratio of prepolymer to crosslink agent) onto a SU-8 mold that contained the negative 

shape of the control chamber (step 1 in Figure 3.3). The PDMS was then cured on a 

hotplate for 30 minutes at a temperature of 80C. To fabricate the PDMS membrane, the 

PDMS prepolymer-crosslinker mixture was poured on a piece of glass (glass A in Figure 

3.3) and the glass was kept standing at 85° with the horizontal for about 1 min allowing 

the PDMS to flow, resulting in a 500 µm thick PDMS film that was subsequently cured at 

80C. Both the layers peeled from the mold and the film were treated by a handheld 

corona treater (Electro-Technic Products) for 15 s to activate the surfaces before bonding 

the two surfaces together. Then, the structure with PDMS membrane plus the top layer 

was peeled off from the glass substrate (Step 2, Figure 3.3). To fabricate the bottom 

chamber, another PDMS film was made using the process described earlier, and manually 

a square area (15 mm × 5 mm) was cut out from the film and removed from its glass 

substrate (glass B in Figure 3.3). The remaining PDMS was treated by the corona treater 

for 15 s to bond with the PDMS block made before (Step 3, Figure 3.3). The whole PDMS 

construction was then peeled off from glass B. Finally, the complete PDMS part was 

treated by the corona treater and bonded to a clean glass substrate (glass C in Figure 3.3), 

to finally form the bottom cell chamber (Step 4 in Figure 3.3). 

To form the fluidic connections, the PDMS layers were punched by gauge needles and 

self-made tips were inserted for connection with syringes. 
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3.2.2 Cell culture and treatments 

We used two types of cells for the experiments reported here, namely HL60 cells and 3T3 

fibroblast cells. HL60 cells are human promyelocytic leukemia cells. They are 

predominantly a neutrophilic promyelocyte (precursor). 3T3 cells are from a standard 

fibroblast cell line. It is known that these cells have different mechanical properties due to 

a difference in cytoskeletal structure: for adherent 3T3 cells, an elastic modulus of 3-12 

kPa was measured with AFM [177]; for HL60, a value of 0.2-1.4 kPa was found using AFM 

[64]. The HL60 cells were grown in RPMI 1640 medium (32404-014, Invitrogen Ltd, 

United Kindom) supplemented with 10% fetal bovine serum (FBS) and 1% L-glutamine. 

The 3T3 cells were cultured in DMEM (BE12-707F, Lonza, Belgium) supplemented with 

10% FBS, 5% Penicillin/Streptomycin (Lonza, Belgium) and 1% L-glutamine. The 3T3 

cells were detached from the culture flasks by trypsin. After centrifugation at 1000 rpm 

for 5 min (for both cell types), the old medium was carefully removed and the remaining 

cell suspension was resuspended with 10 mL of its own fresh medium.  

In some of the experiments, the cells were pre-treated by Cytochalasin D (CytoD). This 

is known to disrupt actin, which forms one of the components of the cytoskeleton of cells. 

Hence, this intentional disruption of the cell structure enables to study its influence on the 

mechanical properties, in particular recovery time, in our measurements. Both the HL60 

and the 3T3 cells were exposed to 4 µM CytoD (Sigma, The Netherlands) for 1 h. After that, 

the cells were removed from the flask and centrifuged at 1000 rpm for 5 min. The medium 

was carefully removed and the cells were resuspended in 10 mL of their own fresh 

medium.  

 

 

Figure 3.3- Schematic of the fabrication procedure of the device. 

The change in cytoskeletal structure by the CytoD treatment was assessed by staining 

actin filaments with phalloidin and subsequent imaging with fluorescent microscopy. 

Briefly, 3T3 cells were seeded and grown for 2 days on coverslips coated with 0.1% 

gelatin. HL60 suspensions (around 2×104 cells) were spun down on slides in a 

cytocentrifuge for 10 minutes at 500 rpm (Rotofix 32 A, Hettich, Germany). After fixation 
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in formalin, both 3T3 and HL60 cells were incubated for 10 minutes in 0.5% Triton-X-100 

to improve antibody penetration. Non-specific binding was avoided by incubation in 1% 

horse serum (HS) for 20 minutes. Then, samples were stained in dark for 1 hour with 

phalloidin fluorescein isothiocyanate (1:200, Sigma, The Netherlands) in order to visualize 

filamentous actin and were counterstained with DAPI (Sigma, The Netherlands) in order 

to visualize nuclei. It should be noted that, contrary to the experimental condition in the 

micro-fluidic device, the 3T3 cells were allowed to attach before staining. Although the 

cytoskeletal structure in the staining experiment might then not be fully representative of 

the experimental situation, it does show the effect of CytoD on the actin filaments. 

Figure 3.4 shows the fluorescent images obtained for both cells, with and without 

treatment by CytoD. It is clear that after CytoD treatment, in 3T3 cells the long actin 

filament bundles have been disrupted and short, not-cross-linked aggregates of F-actin are 

present. For HL60 cells, the effect is less evident but still a strong disintegration of actin 

cytoskeletal structure can be observed. 

The figure also shows, by comparison of (c) and (i), that the two cell types have a 

different cytoskeletal structure. Stationary tightly adherent cells, such as 3T3 fibroblast, 

are characterized by thick and well-structured stress-fiber bundles across the cell [178], 

whereas such structures cannot be found in more motile cells, such as HL60, where actin 

fibers are primarily concentrated on the cortical shell area [15]. This difference can be 

seen in Figure 3.4.  

 

 

Figure 3.4- Fluorescence images of 3T3 (a-c), CytoD treated 3T3 (d-f), HL60 (g-i), CytoD treated HL60 (j-l) stained 
with phalloidin (green, showing actin) and DAPI (blue, showing nuclei). The first column visualizes both the actin 
(green) and the nuclei (blue), whereas the second and third columns show respectively the nuclei and the actin 
only. 
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3.2.3 Measurement procedure 

The cell chamber was treated for 3 days by 1% (w/w) Pluronic F127 solution (Sigma, The 

Netherlands) which acts to prevent cell adhesion to the PDMS [179]. Prior to the 

experiment, the chamber was washed by flushing the device with phosphate buffered 

saline. At the start of the experiment, the control chamber was filled with water and 

connected to a syringe pump. In the cell chamber, that was kept open to atmospheric 

pressure during experiments, a cell solution (around 6×106 cells/mL) was entered. To 

start the membrane deflection, the syringe pump was switched on at 4 µL/min, injecting 

water into to the control chamber, and the PDMS membrane was deformed slowly by the 

resulting pressure increase in the control chamber. At sufficient membrane deflection, the 

cells present in the cell chamber were touched by the membrane and subsequently 

deformed between the bottom wall and the membrane. The deformation of the cells, 

which was visible as a change in the observed projected surface area, was observed by a 

microscope equipped with a camera. The pump was stopped when a particular cell 

compression ratio was reached. After a specific holding time during which the cell 

deformation was kept constant, the pressure was suddenly removed from the system and 

the PDMS membrane unloaded in less than a second. The cell started to recover back to its 

original shape and this process was recorded. 

All the cell recovery movies were recorded using an optical microscope (Leica) and a 

CCD camera. The movies were captured at 200× magnification (resolution of 100 nm) at a 

frame rate of 15 Hz and split by MATLAB to one frame per second. The projected surface 

area of the cell was analyzed by Cellprofiler (http://www.cellprofiler.org). All results 

discussed in the next section are based on 5 or 6 individual measurements on different 

cells. 

A range of experiments was conducted, including the following variations: 

 Cell type: HL60; 3T3 

 Cell treatment: no particular treatment; treatment with Cytochalasin-D  

 Surface treatment device: no treatment; three days treatment with Pluronic 

F127 

 Cell compression ratio at maximum load, defined as the projected undeformed cell 

area divided by the area at maximum compression: 0.3; 0.5; 0.7 

 Holding time at maximum compression: 5 min, 30 min 

The conditions in bold are the reference conditions. 

 

3.2.4 Data analysis 

Several mechanical models, with varying level of complexity, have been used to describe 

the mechanical properties of cells, see [180] for an overview. The cell deformation images 

we obtain are analyzed by assuming that the mechanical properties of the cells can be 

described as a homogeneous linear viscoelastic solid model (LVS). In this model, we then 

did not take into account the effect of the nucleus for calculation of cell mechanical 

properties. This was proposed by [181] to study the deformation of human leukocytes 

undergoing micropipette aspiration, and later applied by others to other cell types, see e.g. 
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[180]. The model includes an elastic element (modulus G2) parallel to a Maxwell element, 

in which another elastic element (modulus G1) and a viscous element (viscosity η1) are 

combined. Mathematically, the model is represented by the following equation describing 

the relationship between stress σ and strain γ 

 
1 1 2

2 1
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G Gd d
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G dt G G dt
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3.1 

In a recovery experiment, in which stress is applied and suddenly removed, this model 

shows a recovery to the original strain according to the following expression 
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in which γmax is the maximum strain just before starting the recovery at t=0. The 

characteristic time constant of recovery can thus be expressed by 
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 . 3.3 

To apply Equations 3.2 and 3.3 we assume that the cell is spherical with radius R0 in 

the undeformed state, and will take an ellipsoidal shape during recovery, as sketched 

Figure 3.5. Also, we assume that the cell volume remains constant during the recovery 

process. The z-direction is perpendicular to the deflecting membrane, i.e. the direction in 

which the cell is loaded.  

 

 
Figure 3.5 - The cell deformation process showing only the upper half of the cell. (a) Before deformation; (b) 
during deformation. The z-axis is oriented perpendicularly to the moving membrane. 

During recovery, the length Rz lengthens, while Rx and Ry shorten equally, all 

approaching the value R0 in the end. The projected cell area, as seen along the z-axis, equals 

the surface area of the ellipse that is formed by the cross section of the cell in the x-y plane 
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We assume that the cell deforms in an axisymmetric way 
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We also assume that the volume remains constant, i.e. the volume of the deformed ellipsoidal 

cell is equal to the undeformed spherical cell 
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The combination of the previous equations leads to  
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which is the projected cell area that we observe during the experiment. 

 The area strain is then defined by 
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in which Amax is the maximum projected area at maximum deformation, just before 

unloading. The linear strain γ is defined as 
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in which 3.4 was used, and A0=πR02. Note that γ is negative in our experiments, since the 

cell is compressed. The combination of Equations 3.5 and 3.6 yields 
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We assume now that Equations 3.2 and 3.3 applies to the linear strain of Equation 3.7. 

Hence, we implicitly assume that the cell experiences a uniform linear strain, which is an 

approximation since the cell has a curved surface. Substitution of Equation 3.7 into 

Equations 3.2 and 3.3 results in 
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where τ is now called the characteristic recovery time constant of the cell. 

Equation 3.8 was fitted to the measured recovery curves using MATLAB to obtain G* 

and the characteristic recovery time constant τ. The fit was done for each individual cell 

recovery curve separately, and subsequently the fit results were averaged for all cells 

(typically five or six different cells) for each condition or population. To assess the 

goodness of fit, the percent relative standard deviation (%RSD) was computed. To assess 

the significance of the differences in fit parameters found, Student’s t-test were carried out 

and p-values were calculated. For p-values smaller than 0.01, the differences were 

considered to be statistically significant. 

3.3 Results and discussion 

The snapshots from a movie of the recovery process of both an HL60 and a 3T3 cell are 

shown in Figure 3.6. The corresponding recovery curves and the fitted function according 

to Equation 3.8 are also depicted. In these experiments, the reference experimental 

conditions were used, i.e. the cell compression ratio at maximum load was 0.5, the holding 
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time at maximum compression was 5 min, the cells were not treated with CytoD, and the 

device was treated with Pluronic F127. Both cell types gradually recovered to their 

undeformed cell compression ratio value of 0.5, and both cells seemed to undergo a slight 

instantaneous elastic response at t=0. These characteristics are consistent with the linear 

viscoelastic solid model described in the previous section. It takes typically 100 seconds or 

more for the cells to recover completely. Clearly, the 3T3 fibroblast has a longer recovery  

time than the HL60 cells.  

 

 
Figure 3.6 - Left, images of the recovery of the cells at various points in time, after sudden release of the pressure 
at t=0. (a) 3T3; (b) HL60. Right, the recovery curves of 3T3 (solid blue), and HL60 (dashed red), showing the 
change in time of the area ratio defined in equation (4). In these measurements, the reference measurement 
conditions were used. Each marker represents one data point; the data points of multiple cells are shown. The 
lines represent fits according to Equation 3.8. In the inset, the measurements of the area ratio of individual cells 
are shown (for HL60 cells). 

Fitting Equation 3.8 to the experimental data enables us to quantify the characteristic 

recovery time constants of the cells, given by Equation 3.9. The average over 6 

measurements (per cell type) is shown in Figure 3.7. The error bars represent the 

standard deviation on the basis of these 6 measurements. There is a significant difference 

between the characteristic recovery time constant of HL60 (26s) and that of 3T3 (55s). 

Hence, we can distinguish one type of cell from the other by measuring its characteristic 

recovery time constant. The measured values for G* are 0.96 ± 0.03 and 0.95 ± 0.03 for 

HL60 and 3T3, respectively. This difference is not statistically significant. 

 

 
Figure 3.7- Average characteristic recovery time constants for the HL60 and the 3T3 cells under reference 
conditions. 



Microfluidics for single cell mechanical characterization 

 

 39 

The difference in recovery response times correlates with the entirely different 

cytoskeletal structure of the two cell types. This difference in cell structure could be seen 

in Figure 3.4. It needs to be noted that the 3T3 cells were adherent to the substrate in the 

staining experiments of Figure 3.4, whereas they were in suspension in the recovery 

experiments. In the suspended condition, a less organized structure may be present due to 

the lack of tension forces at the focal adhesion points; nevertheless, we expect the actin 

structure still to be different in 3T3 compared to HL60 cells in the experiments. 

The effect of the maximum cell compression ratio A0/Amax maintained during the 

holding period is shown in Figure 3.8. The other measurement conditions were equal to 

the reference situation in these experiments. The corresponding characteristic recovery 

time constants are summarized in Figure 3.9. The characteristic recovery time constant 

depends on the maximum cell compression ratio. This proves that, under these 

measurement conditions, the linear viscoelastic model does not hold strictly, since for this 

model the characteristic recovery time constant is a constitutive parameter that should be 

independent of the deformation or loading conditions. The reason is that the deformation 

itself causes changes in the cells’ cytoskeletal structure such that the effective cell 

properties change. Larger deformations (i.e. smaller cell compression ratios) resulted in 

longer recovery times. For the 3T3 cells recovery times are longer than for the HL60 cells 

over the entire range of cell compression ratios tested. The fitted values of G* for 3T3 are 

0.97 ± 0.02, 0.95 ± 0.03, and 0.91 ± 0.04 respectively for the maximum cell compression 

ratios of 0.6, 0.5 and 0.3, respectively. For HL60, these values are 0.98 ± 0.02, 0.99 ± 0.02, 

and 0.96 ± 0.03 for the cell compression ratios of 0.5, 0.4 and 0.3. 

 

 
Figure 3.8- Cell recovery curves measured for different maximum cell compression ratios. (a) 3T3 cells, for 
A0/Amax=0.6 (blue, N=6, %RSD=4.8), 0.5 (black, N=6, %RSD=5.8) and 0.3 (red, N=6, %RSD=4.7). (b) HL60 cells for 
A0/Amax=0.5 (black, N=6, %RSD=5.3), 0.4 (green, N=7, %RSD=5.2) and 0.3 (red, N=6, %RSD=5.4). N is the number 
of cells tested for each condition. Each marker represents one data point; the data points of multiple cells are 
shown. The lines represent fits according to Equation 3.8. 

The treatment with CytoD had a dramatic effect on the cell properties, as is evidenced 

by Figure 3.10 and Figure 3.11. The characteristic recovery time constant was greatly 

increased, especially for the HL60 cells. As we have seen in Figure 3.4, the CytoD 

treatment disrupts the actin network in the cells, and therefore it can be expected that the 

structural coherence of the cell is at least partly lost. The elastic component in response to 

deformation becomes therefore more insignificant due to the treatment, which will result 

in longer characteristic recovery time constants (see also Equation 3.9 that shows that 

smaller elastic moduli in the LVS model result in a larger characteristic recovery time 
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constant τ), as observed in our study. For the reference loading conditions, τ increased 

from 55s to 110s for 3T3 cells (i.e. a 100% increase), and from 26s to 150s for the HL60 

cells (i.e. a 470% increase), see Figure 3.11 compared with Figure 3.12. The values for G* 

for the cytoD treated 3T3 cells are 0.95 ± 0.02 and 0.93 ± 0.034 respectively for the area 

ratios 0.7 and 0.5. For the cytoD treated HL60 cells the fitted G* is 0.99 ± 0.03 and 0.98 ± 

0.04 for the area ratios 0.6 and 0.5.  

 

 
Figure 3.9- The characteristic recovery time constant of the HL60 and 3T3 cells compared, as a function of the 
maximum cell compression ratio A0/Amax. The p-values indicate that the differences are statistically significant. 

 
Figure 3.10- Recovery curves measured for cells untreated or treated with cytochalasin D. (a) 3T3 cells: untreated, 
reference conditions (black), treated with CytoD, A0/Amax=0.5 (green, N=6, %RSD=4.8), treated with CytoD, 
A0/Amax=0.7 (blue, N=5, %RSD=3.0). (b) HL60 cells: untreated, reference conditions (black), treated with CytoD, 
A0/Amax=0.5 (green, N=6, %RSD=4.8), treated with CytoD, A0/Amax=0.6 (blue, N=6, %RSD=3.9). N is the number of 
cells tested for each condition. Each marker represents one data point; the data points of multiple cells are shown. 
The lines represent fits according to Equation 3.8. 

 
Figure 3.11 - The characteristic recovery time constant of both cell types after treatment with Cytochalasin D, as a 
function of the maximum cell compression ratio. A comparison with figure 3.9 shows that the treatment results in 
a large increase of characteristic recovery time constant. 
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Cellular shape, elasticity and contraction are to a large extent determined by the actin 

structure of the cytoskeleton. Therefore, the structural organization of actin fibers 

determines the mechanical properties of the cell. For this reason, disruption of actin by the 

CytoD treatment results in a change of cytoskeletal organization and thus a change in the 

mechanical response [170, 182, 183]. In previous studies, it has been shown that actin 

microfilament disrupting drugs such as CytoD or latrunculin B, diminished cell elasticity 

[184] and caused a dramatic reduction of cell stiffness [185]. Rosenbluth et al. found that 

the transit time of HL60 cells flowing through narrow microchannels was decreased 

substantially by a CytoD treatment [79]. The characteristic recovery time constant 

increase we observed is in line with these previous studies. This is due to the fact that 

actin filaments provide and support contractile stresses generated within the cell. It has 

been postulated that actin filaments are anchored to the plasma membranes by barbed 

end capping proteins and for this reason they provide tensile forces in the cell [54]. CytoD 

destabilizes these sites of anchorage, disrupts the fibers and consequently reduces the 

elasticity of the cell and the ability to maintain cell shape. It might be postulated that other 

cytoskeletal structures, such as microtubules and the cell membrane, then take substantial 

part in the cell recovery. 

Figure 3.12 shows the effect of an increase of the holding time at which the maximum 

load was maintained from 5 min to 30 min. For the 3T3 cells the characteristic recovery 

time constant increased to 340s, i.e. a 7-fold increase. The characteristic recovery time 

constant increase for the HL60 cells was less, but it seemed still substantial despite the p-

value indicates that the change is not statistically significant. The most probable 

explanation for the influence of the holding time is that the cell structure is rearranged 

during the holding period. The compression load acting on the cell influences the 

continuous polymerization and depolymerization processes that happen in the 

cytoskeleton, thereby substantially changing the cell’s mechanical structure and 

properties. 

 

 
Figure 3.12- The influence of the holding time on the characteristic recovery time constant. (a) The characteristic 
recovery time constant of 3T3 cells with a maximum compression ratio around 0.5 for a holding time of 30 min 
(grey, N=4) and 5 min (white, N=6). (b) The characteristic recovery time constant of HL60 cells with a maximum 
compression ratio around 0.35 when with a holding time of 30 min (grey, N=4) and 5 min (white, N=6). N is the 
number of cells tested for each condition. The difference is not statistically significant for the HL60 cells. 

The effect of Pluronic F127 treatment was studied to illustrate the influence of the 

interaction of the cells with the surface. Figure 3.13 shows the results of the Pluronic 
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F127 treatment of the device on the characteristic recovery time constant. Both 3T3 and 

HL60 cells have a larger characteristic recovery time constant for the untreated surfaces, 

although the change is not statistically significant for the HL60 cells. It is known that the 

Pluronic treatment reduces the cell-surface adhesion [179]. Hence, the interaction 

between the cells and the surface, in particular adhesion, is larger for the untreated than 

for the treated surfaces. It is clear from Figure 3.13 that the additional interaction can 

slow down the cell recovery quite substantially, in particular for the 3T3 cells. 

 

 
Figure 3.13 - The effect of device surface treatment on the characteristic recovery time constant. (a) The 
characteristic recovery time constant of 3T3 for an untreated surface (grey, N=4) and of the F127 treated surface 
(white, N=6), both for a maximum compression ratio of 0.3. (b) The characteristic recovery time constant of HL60 
when for an untreated surface (grey, N=5) and in the F127 treated device (white, N=6), both for a maximum 
compression ratio of 0.35. N is the number of cells tested for each condition. Only for the 3T3 cells, the difference is 
statistically significant. 

Finally, Table 3.1 compares our values of the parameters G* and τ, with those derived 

from the LVS parameters G2, G1 and η1 published by other authors for various cell types 

and using different methods. The value of G* does not vary much (between 0.35 and 0.96), 

at least compared to the value of the characteristic recovery time constant that ranges 

over orders of magnitude (from 0.3 to 116) for the various cells and methods. Our value 

for the 3T3 fibroblast is comparable to that measured with microplate stretching by 

Thoumine and Ott for fibroblasts [69]. 

However, one should be very careful in directly comparing these numbers. To a large 

extent, the variation in τ-values is due to the differences in the structure of the different 

cell types, but it is also due to differences in loading devices, loading protocols, operating 

conditions, and degree of cellular attachment. For example, the experiments by Thoumine 

and Ott [69] and by Sato et al. [186] were done by applying large strains during long 

timescales, whereas the measurements by Peeters et al. [176] and Schmid-Schönbein et al. 

[181] were performed at smaller strains and short timescales. Indeed, our own results 

show that experimental conditions such as loading time and surface conditions can have a 

large effect on the measured parameters. Strictly, the wide variation of τ implies that the 

LVS model is not a suitable quantitative constitutive model for this wide range of 

conditions, although it can still be used to describe our experiments qualitatively.  
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Table 3.1 - Reported parameters for the homogeneous linear viscoelastic solid, compared to our results under 
reference conditions. 

Cell type G* [-] τ [s] Method Reference 

Myoblasts 0.48 0.3 Cell compression [176] 

Fibroblasts 0.35 39 Microplate stretching [69] 

Human 

leukocytes 
0.73 0.65 

Micropipette 

aspiration 
[181] 

Endothelial cells 0.67 116 
Micropipette 

aspiration 
[186] 

3T3 fibroblasts 
0.95 ± 

0.03 
55 

Microfluidic 

membrane device 
The present work 

HL60 

neutrophilic 

promyelocytes 

0.96 ± 

0.03 
26 

Microfluidic 

membrane device 
The present work 

3.4 Conclusions 

Our micro-fluidic device, based on the actuation of a flexible membrane, allows the 

characterization of the viscoelastic properties of cells in small volumes of suspension by 

loading them in compression and observing the cell deformation in time. From this 

experiment, we can determine the characteristic time constant of cell recovery.  

As a first proof-of-concept, we characterized two different cell types known to have a 

different cytoskeletal structure, 3T3 fibroblasts and HL60 neutrophilic promyelocytes. 

Indeed, these cell types showed a substantially and significantly different response in the 

device and could be clearly distinguished on the basis of the calculated characteristic 

recovery time constant. Also, the effect of breaking down the actin network, by a 

treatment with Cytochalasin D, resulted in a dramatic increase of the measured 

characteristic recovery time constant. Experimental variations in loading force, loading 

time, and surface treatment of the device also influenced the measured characteristic 

recovery time constant significantly. 

The device can be used to distinguish between cells with different mechanical 

structure, and makes it possible to study changes in the mechanical response due to cell 

treatments, changes in the cell’s microenvironment, and mechanical loading conditions. 

This allows, for example, a systematic study of the effect of biological remodeling of the 

cell. Adherent cells may also be grown in the device itself before testing.  The method may 

be further developed to aid in the selection of a certain type of cell, cells in particular 

stages, or in isolating affected cells from healthy cells for a variety of diseases. The device 

can be extended with a pressure sensor and/or a measurement of the PDMS membrane 

deflection, which would allow the quantitative determination of elastic moduli, though at 

the expense of an increased complexity.  

 



 
 



 
 

 

 

4 Chapter 4 
Measurement of mechanical properties of  

activated monocytic cells by capillary micromechanics  

  

 

 

 

 

During the process of inflammation, circulating monocytes become activated in the blood 
stream. The consequent interactions of the activated monocytes with the blood flow and 
endothelial cells result in reorganization of cytoskeletal proteins, in particular of the 
microfilament structure, and concomitant changes in cell shape and mechanical behavior. In 
this Chapter we investigate the full elastic behavior of activated monocytes in relation to 
their cytoskeletal structure to obtain a better understanding of cell behavior during the 
progression of inflammatory diseases. The recently developed Capillary Micromechanics 
technique, based on exposing a cell to a pressure difference in a tapered glass microcapillary, 
was used to measure the deformation of activated and non-activated monocytic cells. 
Monitoring the elastic response of individual cells up to large deformations allowed us to 
obtain both the compressive and the shear modulus of a cell from a single experiment. 
Monocytic cells become less compressible but more deformable upon activation. This change 
in mechanical response under different modes of deformation could be important in 
understanding the interplay between the mechanics and function of these cells. In addition, 
our data are of direct relevance for computational modeling and analysis of the distinct 
monocytic behavior in the circulation and the extravascular space. Lastly, an understanding 
of the changes of monocyte mechanical properties will be important in the development of 
diagnostic tools and therapies concentrating on circulating cells. 

 

 

 

 

 

 

Parts of this chapter have been published in: Agnese Ravetto, Hans M. Wyss, Patrick D. 
Anderson, Jaap M.J. den Toonder, Carlijn V.C. Bouten, Monocytic cells become less 
compressible but more deformable upon activation, PlosOne, (2014), e92814. 
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4.1 Introduction 

Atherosclerosis is a chronic inflammatory disease that affects mainly large and medium 

sized arteries. Circulating monocytes, which form a small subpopulation of the leukocytes, 

are well known to be involved in the disease progression [44, 187]. The rheological 

properties of monocytes play a significant role in flow dynamics and alterations in cell 

mechanical properties, such as cell deformability, can significantly influence vascular flow 

and might lead to vascular complications, such as sequestration of monocytes on the 

vessel wall.  

Investigating the evolution of monocyte mechanical behavior might therefore lead to a 

better understanding of the progression of the disease and the development of viscoelastic 

mechanical models clarifying the abnormal behavior of monocytes in circulation. During 

the process of inflammation, monocytes become activated in the blood stream. Upon 

activation, they adhere to the endothelium and, in a process called diapedesis, extravasate 

through the endothelium to migrate to the target tissue. The interaction of monocytes with 

the blood flow and with endothelial cells results in structural changes in the cytoskeleton. 

In fact, the cytoskeleton has the ability to rapidly regulate the amount and the architecture 

of its protein components in response to inflammatory cytokines to enable cells to fulfill 

their function [15].  

For the main leukocyte subpopulations, neutrophils and granulocytes, it has been 

established that reorganization of cytoskeletal proteins, in particular of the microfilament 

structure, is strongly related to changes in cell shape and mechanical properties [11, 12, 

14, 28, 48, 51–53]. We hypothesize that a similar response is present in the monocytic 

subpopulation.   

Since most of the studies on leukocytes focus on neutrophils or granulocytes, there is 

little knowledge on the relation between the activation and the mechanical properties of 

monocytes [27, 48, 50]. Doherty et al. measured the stiffness of monocytes upon activation 

using a cell poker. They showed that monocytes become stiffer upon stimulation with 

lipolysaccharide, which results in increased monocyte retention in the capillaries. On the 

other hand, Rinker et al. showed that linoleic acid, known for its pro-inflammatory effect, 

increases monocytic cell deformability as measured by micropipette aspiration; such 

increased deformability may promote adherence, as it increases the surface area available 

for bond formation. None of these studies evaluated the full elastic response of the cells, 

instead focusing on a single mode of cellular deformation. Thus, in order to elucidate and 

understand the changes in circulating cell mechanical properties that occur upon 

activation, it is of key importance to experimentally access the full elastic response of the 

cells, thereby characterizing the response to both compressive and shear deformations. 

In this study, the changes in the mechanics of monocytes upon cell activation were 

studied systematically, characterizing the full elastic response of the cells. Structural 

changes accompanying these changes in mechanics were visualized by imaging the re-

organization of actin in the cells. For the mechanical measurements a technique termed 

Capillary Micromechanics [188–190] was used, which measures the pressure-induced 

deformation of cells as they are forced through a tapered glass microcapillary. This 
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recently developed technique has the advantage of obtaining data at the single cell level 

and characterizing both the compressive and the shear moduli from a single experiment. 

Further, the approach allows evaluation of cell mechanical properties over a large range of 

deformations, spanning the entire physiologically relevant range of deformations. 

Validation experiments using monocytes with a disrupted actin cytoskeleton indicated 

that the technique was valid to determine changes in cellular elastic behavior upon 

cytoskeletal structural changes. In addition, the application of inflammatory cytokines 

caused rapid changes in actin amount and organization and, consequently, changes in 

mechanical behavior. It was found that the compressive modulus was higher for activated 

cells, but their resistance to shape deformation, characterized by the elastic shear 

modulus, was lower. This effect was especially pronounced at high strains, such as those 

occuring during diapedesis through the vascular wall. These results could explain previous 

seemingly contrasting results on circulating cell mechanical behavior in literature, which 

could not distinguish between deformability and compressibility of the cells. 

Since our experiments provide a link between cell mechanical properties and behavior, 

they are of special interest for the development of quantitative models that describe and 

predict the behavior of monocytes in the circulation and they might lead to a better 

understanding of the role of circulating monocytes in the progression of inflammatory 

diseases. 

4.2 Materials and Methods 

4.2.1 Study design 

The effect of monocyte activation was assessed using Capillary Micromechanics and 

correlated to the actin cytoskeletal organization in cultured cells. First, the validity of the 

capillary micromechanics technique was assessed by investigating the difference in 

mechanical properties between non-treated monocytic cells (NT, cell number=7) and 

cytochalasin-D-treated monocytic cells (cytoD, cell number=3). Cytochalasin-D is a drug 

known to disrupt actin filaments and, consequently, to influence cell mechanical 

properties.  

After validation, the influence of activation with inflammatory cytokines on cell 

mechanical properties was assessed by investigating differences in compressive and shear 

moduli between non-treated monocytic cells (NT, cell number=7) and cells treated with 

Lipopolysaccharides (LPS, cell number=5). 

In analogy with previous studies in literature, both the validation and the activation 

experiment were performed at room temperature (21°C). As it is recognized that cell 

mechanical properties may change with temperature, the experiments were repeated at 

37°C to mimic physiological temperature conditions.  Analysis of NT (cell number=5), LPS 

(cell number=5) and CytoD (cell number=2) treated cells at 37°C indicated that this 

temperature increased the sensitivity to activation. Now, even non-treated control cells 

became activated due to mechanical deformation, thereby hampering the comparison with 

LPS-induced activation on cell mechanical properties. NT cells formed pseudopods upon 

deformation (Figure S4.1) and demonstrated unusual mechanical behavior due to late 
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activation in the capillary tip, especially at large strains (Figure S4.2 and Figure S4.3). For 

this reason, comparisons between NT, LPS and CytoD treated cells in the Results section 

are provided for the experiment performed at room temperature. Interestingly, however, 

analysis of LPS-treated cells at 37°C indicated that the increase of experimental 

temperature resulted in decreased resistance to deformation upon activation (Figure 

S4.4). 

4.2.2 Cell culture and treatment 

Human promyelocytic leukemia HL60 cells were used as a model cell line for monocytes. 

The cells were obtained from the European Collection of Cell Cultures (ECACC) and 

cultured in RPMI 1640 medium (Invitrogen, The Netherlands) with 2 mM L-glutamine 

(Lonza, Belgium) and 10% Fetal Bovine Serum (Greiner, The Netherlands). Cell cultures 

were maintained at concentration between 1-9 x 105 cells/ml at 37°C in a humidified 

atmosphere containing 5% CO2. Cell differentiation towards monocytic lineage was 

stimulated by treatment with 0.4 mM Sodium Butyrate (Sigma, The Netherlands), as 

previously described [191, 192], for 4 days at culturing conditions prior to validation and 

activation experiments. 

Cell actin cytoskeleton was disrupted by exposure to 4 µM Cytochalasin-D (Cyto-D, 

Sigma, The Netherlands) for 20 minutes at 37°C. Cell activation was induced by incubation 

with 2 µg/ml Lipopolysaccharides (LPS, Sigma, The Netherlands) for 15 minutes at 37°C. 

4.2.3 Measurement of filamentous and monomeric actin 

To characterize cytoskeletal organization, cells were centrifuged at 150g for 5 minutes, 

resuspended in 4% paraformaldehyde and incubated for 10 minutes at room temperature. 

The cells were permeabilized for 15 minutes with 0.1% Saponin (Sigma, The Netherlands) 

in PBS. Next, cells were blocked for 20 minutes with 3% bovine serum albumin (BSA) and 

incubated for 30 minutes with Alexa-555-labeled Dnase I (10 µg/ml, Sigma, The 

Netherlands) and Alexa-488-labeled Phalloidin (50 µg/ml, Sigma, The Netherlands) for 

staining of globular and filamentous actin, respectively. A quantitative measure of 

fluorescence was obtained using FACS flow cytometry (Millipore, Guava EasyCyte HT), 

while fluorescent microscopy was used to imaging the cytoskeletal structure (Zeiss 

Axiovert 200M). 

4.2.4 Single cell cytology  

The cytoskeletal structure of the cell during cell deformation was visualized with actin 

staining while the cell was compressed at the tip of the capillary. Cells were stained at two 

different pressures to evaluate protein remodeling at increasing pressure and to observe 

the effect of treatment on the cytoskeleton.  

First, a cold solution of 4% paraformaldehyde was placed near the capillary outlet to fix 

the cell by diffusion through the tip. After 10 minutes incubation, cell permeabilization 

was performed by incubation for 10 minutes with a solution of 0.5% Triton-X 100 (Merck, 

The Netherlands). The droplet at the tip was then replaced by a staining solution of Alexa-

488-labeled Phalloidin (50 µg/ml, Sigma, The Netherlands) for actin, and DAPI (Sigma, The 
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Netherlands) for staining the nuclei. The organization of cytoskeletal protein and the 

conformation of the cell nucleus were then evaluated by fluorescence microscopy (Zeiss 

Axiovert 200M). 

4.2.5 Capillary micromechanics 

4.2.5.1 Microcapillary device 

A device based on cell deformation in a tapered microcapillary was used to measure the 

mechanical properties of circulating cells [188, 189]. A schematic of the setup is shown in 

Figure 4.1. The device consists of a borosilicate micropipette tapered to a 3 μm tip. The 

inlet of the microcapillary is connected to a flexible tube by which the pressure difference 

between the inlet and the outlet of the capillary is adjusted, as shown schematically in 

Figure 4.1. The cell suspension is then flown into the device by applying a small 

overpressure. As the cells are larger than the tip of the capillary, the first cell arriving near 

the tip becomes lodged in the tapered capillary. By adjusting the fluid height h in the tube, 

the pressure difference and, consequently, the externally applied stress on the cell can be 

regulated. For each experiment, the pressure was increased in small steps from initial 

pressure of 10 Pa to the final maximum pressure of 500 Pa and the cell was allowed to 

equilibrate for 120 seconds between steps. A larger tip was connected to the flexible tube 

in order to decrease the effect of the capillary force. Since the meniscus height was smaller 

than the read-out dimension (1 mm), the pressure uncertainty was estimated as 10 Pa. 

Cell deformation was then assessed at the end of the stabilization period by microscopy 

imaging (Zeiss Axio Observer Z1) followed by a digital image analysis, yielding the 

volumetric and shape deformation of the cells in terms of the cell volume V, as well as the 

radial and longitudinal strain deformations εr and εz, respectively.  

 

 

Figure 4.1- Capillary micromechanics; schematic of experimental setup. In brief: The tip of a horizontally stabilized 
tapered capillary (3-μm-wide) leads into a liquid drop of buffer solution (PBS). A cell is lodged in the tapered part of 
the capillary. A flexible tube is attached at the backside of the capillary. The filling height h of PBS buffer in the 
tubing determines the pressure difference in the system (1 mm H2O is 10 Pa, changed in steps of 10 Pa) and thereby 
the externally applied stress acting on the cell. Cells are imaged in real-time (shape and volume) using an inverted 
microscope (40x objective) at each pressure step after a cell lodges in the capillary. 
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4.2.5.2 Capillary micromechanics and friction analysis 

In equilibrium, the externally applied stresses induced by the fluid pressure difference p 

must balance the internal stresses in the material. In the absence of friction, these internal 

stresses are readily expressed as a function of the elastic stresses and strain deformations. 

The pressure pwall exerted by the cell on the glass walls of the capillary is obtained by 

balancing the direct external force Fp = pπR2, induced by the applied pressure difference p, 

with the longitudinal component of all contact forces between the cell and the surface of 

the glass capillary, approximated as Fǁ ≈ 2πRLsin(α)pwall [188]. With R the (average) radius 

and L the length of the contact area between the cell and the glass wall, and α the tapering 

angle of the capillary, this balance yields a wall pressure of pwall ≈ Rp/2Lsin(α). As a result, 

assuming that the cell behavior can be described with a linear elastic model (as opposed to 

the viscoelastic model used in Chapter 3), both the compressive (K) and the shear (G) 

elastic moduli can be calculated directly from the cell deformations and the stresses that 

are induced as the applied pressure increases. The compressive modulus reflects the 

resistance of the cell to a volume change, while the shear modulus represents the 

resistance to a shape change. The cell membrane of leukocytes is arranged in nanoscale 

folds and villi, which can smooth out during prolonged cell deformation or physiological 

processes, such as phagocytosis. Furthermore, it was observed in previous studies [176], 

that upon prolonged compression a small exchange of water occurs through the cell 

membrane.  

The limited resolution of the microscope and the digital image analysis introduce 

errors in the determination of the volume. The volume uncertainty (ΔV/V=2 Δx/R+ Δx/L) 

depends on the typical spatial resolution Δx in determining the characteristic points that 

are used to characterize the cell shape, both for measuring the cell radius R and the length 

L of the contact area [188]. The typical positional error Δx was estimated to 1 pixel, R was 

around 15-20 pixels and L was around 80-100 pixels. Thus, the maximum volume 

uncertainty can be estimated as 14.5%. 

The compressive and shear moduli can then be expressed as  
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where p is the fluid pressure, pwall is the pressure that the wall of the microcapillary exerts 

on the cell and εr or εz  are the strains in radial and longitudinal direction, respectively 

[188].  

The mechanical properties of biological tissues and of cells often depend on the degree 

of deformation, displaying strain-hardening behavior at larger deformations [134, 193, 

194]. To study this effect in response to activation, the moduli K and G were calculated 

using two different linear curve fits per cell: one for smaller deformations (K1, G1) and one 
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of the linear region of the curve at larger deformations (K2, G2), respectively, as 

exemplified for K in Figure 4.2. This figure also shows images of a deformed cell as 

pressure increases.  

Data are presented as stress-strain scatter plots for each applied pressure (Figure 4.3 

and Figure 4.4). The compressive and shear moduli then correspond respectively to the 

slopes of the characteristic stress as a function of the characteristic strain for each of the 

modes of deformation probed. Specifically, the compressive modulus K is evaluated by 

plotting the characteristic stress defined by (2pwall + p)/3 as a function of the deformation 

ΔV/V, as shown in Figure 4.3. The compressive modulus then corresponds to the slope of 

this curve. In analogy, to extract the shear modulus, the characteristic stress (pwall – p)/2 is 

plotted as a function of the strain (εr – εz), as shown in Figure 4.4, where G is given as the 

slope of the curve. The values of the linear fitting are presented as mean ± SD for the linear 

regions of the curve (Figure 4.3 and Figure 4.4, insert). 

 

 

 

Figure 4.2- Since the mechanical properties of cells depend on the degree of deformation, the curves representing 
the compressive and the shear moduli were non-linear. For this reason, the moduli were calculated using two 
different linear fits in two different ranges of the deformation, shown in the top graph for the case of non-treated 
cells. These fits yield two significantly different values for the compressive modulus K (K1 and K2). The bottom four 
graphs display representative images showing cell deformation of a not-treated cell at room temperature, as the 
pressure increases (20, 70, 150, 350 Pa). The corresponding locations in the stress-strain are indicated as numbers in 
the main top graph. 
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The capillary and the tubing were coated with 2% BSA to minimize friction and 

adhesion of the cells to the wall of the capillary. Moreover, to verify the absence of friction, 

cells were flown in a flat non-tapered 4 µm-wide glass capillary to observe the critical 

force that causes them to move and to check whether friction could have an influence on 

the calculation of the elastic moduli. It was found that the minimum applied pressure used 

in the experimental method (10 Pa) was enough to set the cell in motion and that the cell 

kept moving in the capillary. As a result, friction between the cell and the glass capillary 

was neglected in the calculation of the elastic moduli. 

4.3 Results 

4.3.1 Actin polymerization and organization depend on cell activation 

Actin organization was evaluated in order to investigate the effect of structural change on 

the elastic response. For the validation study, HL60 cells were treated with 4 µM Cyto-D to 

disrupt the actin structure.  

As shown in Figure 4.5A, untreated monocytic cells display a diffuse shell of 

filamentous F-actin structure, while G-actin is distributed throughout the cytoplasm. After 

treatment with Cyto-D, a clear loss of actin structure and organization is observed. After 

treatment with LPS, an increase in actin polymerization and a structural reorganization of 

F-actin localized at the cell cortex could be observed. Some cells exhibit projection of 

pseudopods, namely actin-rich structures, which are characteristic of the activated state of 

monocytes.  

These results were confirmed by FACS analysis, as shown in the typical fluorescence 

intensity distributions in Figure 4.5B. While the Cyto-D-treated group shows a clear 

decrease of F-actin, the LPS-treated group exhibits a pronounced increase in F-actin, 

compared to the untreated group. 

Mechanical deformation itself might also have a strong effect on cytoskeletal 

remodeling and disruption of cytoskeletal filaments. For this reason, the cells were also 

stained while being compressed in the tip of the capillary. The results showed that actin is 

uniformly distributed in non-treated cells, while LPS induces polarization of actin 

structure to the front of the cell (Figure 4.6). Treatment with Cytochalasin-D disrupted the 

filaments as evident also in the loss of structure in deformed cells. 

It was shown that treatments with CytoD and LPS result in changes in the amount and 

in the organization of actin structure, both in the relaxed and in the deformed situations.  

4.3.2 Cell elastic behavior depends on cell activation 

In the validation study, it was observed that the Capillary Micromechanics technique 

allows differentiating between not-treated monocytic cells and monocytic cells with 

strongly disrupted actin structure. In fact, both the compressive and the shear moduli 

exhibit distinct changes, based on cell treatment.  

It was shown that the mechanical behavior of the monocytes also strongly depends on 

the activation of the cells, as can be clearly seen in the stress-strain graphs in Figure 4.3 

and Figure 4.4. For the compressive modulus shown in Figure 4.3, both control and LPS-
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treated cells show a clear stiffening behavior with increasing deformation, which can be 

approximately described by using two linear regimes as shown in Figure 4.2. Hence, a 

smaller modulus in the small deformation region (K1) and a larger modulus in the larger 

deformation region (K2) can be distinguished. However, for LPS-treated cells the transition 

to the higher modulus happens at a lower strain compared to non-treated cells. This 

earlier stiffening of the activated cells might be due to the polymerization of cortical actin 

after activation, as shown in Figure 4.5. The inset in Figure 4.3 shows the value of the 

compressive modulus for the untreated and LPS activated cells in both strain regimes. The 

LPS-treated cells have a K1 of 3.4·103±647 Pa compared to 783±101 Pa of NT cells 

(increase of 340%) and a K2 of 7·103±2·103 Pa compared to 4·103±2.3·103 Pa of NT cells 

(increase of 73%). The cyto-D treated cells do not show any stiffening effect for the 

compressive modulus and the behavior remains linear at a low modulus, a behavior that 

could be caused by a disruption of the main cytoskeletal supporting structure. 

 

 

Figure 4.3- Scatterplot of the compressive stress versus the volumetric strain for non-treated (NT, GREEN), 
activated LPS-treated (RED) and cyto-D treated (BLUE) cells. To quantify the effect of activation, the compressive 
moduli K1 and K2 for the NT (cell n=7) and LPS-treated cells (cell n=5) are shown (insert). The compressive moduli 
were calculated by two linear fits to the data, as illustrated in Fig.2. 

Figure 4.4 shows the results for the shear modulus. Again, the non-treated cells show 

clear stiffening behavior, i.e. the behavior can be divided into a shear modulus at low 

strains (G1), and a shear modulus at larger strains (G2). The LPS-treated cells, however, 

show a much less pronounced stiffening behavior for shear than for compression, and the 

shear modulus remains relatively small for higher strains. This behavior results in a 

reduction of shear modulus of LPS-treated cells compared to NT cells both at small (62±24 

Pa compared to 83±36 Pa, decrease of 25%) and at high deformations (63.2±28 Pa 

compared to 517±161 Pa, decrease of 88%) as shown in the inset of Figure 4.4, in contrast 

to the behavior for the compressive modulus. As for the compressive modulus, the shear 
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modulus of the cyto-D treated cells is not divided into two regions and is low for the entire 

strain range observed. 

In conclusion, activation of the HL60 cells with LPS results in an increase in their 

compressive elastic modulus but a decrease in their shear elastic modulus, especially at 

high deformation. This drop in the magnitude of the shear modulus might be due to 

disruption of cytoskeleton by increased stress or to remodeling of cytoskeletal structure 

as in monocyte diapedesis. 

 

 

Figure 4.4- Scatterplot of the characteristic differential stress (pwall – p)/2 as a function of strain εr – εz  for not-
treated (GREEN), activated LPS-treated (RED) and cytoD-treated (BLUE) cells. In the insert of the figure, the 
quantification of the shear modulus for not-treated (cell n=7) and activated cells (cell n=5) is shown. The shear 
modulus was calculated by two linear fits, as shown in Fig.2. 

 

Figure 4.5- A) Representative immunofluorescent images of HL60 cells showing structural organization of F-actin 
(green) and G-actin (red). B) Typical intensity distribution of F-actin for NT cells (red), LPS-treated cells (green) 
and CytoD-treated cells (blue) as measured with flow cytometry. 
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Figure 4.6 - Immunostaining of cells deformed in the micropipette. Deformation at 20 Pa (left) and at 350 Pa 
(right) are shown for each cell group. The images were obtained by overlay of a bright field image and a 
fluorescent image. Actin structure is stained in green. Nuclei are stained in blue. 

4.4 Discussion and conclusion 

The quantification of mechanical properties of monocytes can give insight into the 

development of cardiovascular diseases, such as atherosclerosis. For this reason, the 

present study aimed to investigate the biophysical properties of monocytic cells with a 

newly developed technique based on cell deformation in a glass capillary by application of 

external fluid pressure. The deformation of monocytic cells in the tip of the capillary 

allows the measurement of the full elastic response of the cell, reducing the amount of 

experiments and cells required. The mechanical properties were successfully measured 

and they are dependent on the treatment mimicking activation. Interestingly, upon 

activation the cells show an increase in resistance in compression, but a lower resistance 

to shape change in shear. This increase in cell deformability can be physiologically 

correlated to cell transmigration through the endothelial layer upon activation.  

Apart from monitoring the full elastic response of a single circulating cell in a 

microcapillary tip, the benefit of the method applied in our study is that it enables precise 

quantification of cell mechanical properties for a large range of deformations, relevant for 

scientific insights into cell deformation behavior and as input for computational models. 
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Furthermore, its ease-of-use is higher than that of common micropipette aspiration 

techniques and enables probing the deformation of the entire cell, rather than just a small 

sub-volume. However, because the technique is rather time consuming, its application for 

routine diagnostic purposes is limited. So far, a vast range of techniques has been used for 

the measurement of the mechanical properties of circulating cells. These include filtration 

techniques [49, 51, 55, 62], micropipette aspiration [55, 66–68], and atomic force 

microscopy (AFM) [64]. As these techniques often probe different parts of the cell, 

reported values for cell stiffness and the elastic response of cells upon activation vary 

considerably with the type of method used. More importantly, most techniques provide 

distinct or momentary values, as they are not able to measure the elastic response of a 

single cell over a large range of deformations. Cell filtration, for instance, can provide 

insight into the average behavior of a cell population, but cannot measure the properties 

at the single cell level. Micropipette aspiration, on the other hand, can be used for single 

cell probing, but is generally applied to determine cell membrane cortical tension or 

cytoplasmic viscosity and when used for whole cell aspiration, it mainly gives momentary 

results. AFM is not ideal for measuring the mechanical properties of circulating, non-

adherent cells because they tend to slip while pressured with the cantilever. In addition, 

AFM is a very local technique that probes only a small and superficial portion of the cell. 

Changes in elastic and adhesive response are usually related to cellular modifications. 

Signalling generated by chemokines can cause a series of biochemical reactions that might 

result in reorganization of cytoskeletal structures. It is well known that the actin network 

and the actin binding proteins provide the main contribution to the mechanical properties 

of living cells. In fact, it was shown in previous studies on leukocytes [12, 53, 56, 195, 196] 

and it was confirmed in our analysis that the increase in stiffness induced by activation 

compounds is related to polymerization and reorganization of actin. To rationalize this 

behavior, a simplified conceptual cell model (see Appendix) was used to estimate the 

changes in the compressive and the shear modulus of the cell, respectively, upon the re-

organization of actin into a shell-like structure. In the case of re-arrangement of the total 

amount of actin from a homogeneous network to a localized rim in the submembrane 

region, the model is in qualitative agreement with the experimental results; predicting a 

significantly different behavior for the compressive and the shear modulus. In fact, the 

model predicts that the compressive modulus strongly increases while the shear modulus, 

depending on the thickness of the submembrane region, can exhibit a slight decrease.  

The low resistance to shape deformation of activated cells might also be caused by re-

arrangement of other cytoskeletal proteins or of the membrane structure. The low shear 

modulus can also be explained from disruption of filamentous actin or of the bridging of 

actin cross-linking proteins. Previous studies showed that F-actin depolymerizes and 

softens under high deformation, especially at low concentrations of actin cross-linking 

protein [52, 197]. In the present study, cells were stained inside the pipette at two 

different ranges of deformation. However, the immunostaining of actin structure of 

circulating cells was not sufficient to show differences in protein organization and 

crosslinking. Further experiments are required to explain this abnormal behavior of 

activated cells (e.g. staining of other cytoskeletal component under cellular deformation).  
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The experiment was performed both at room temperature and at physiological 

temperature. At RT, it was possible to detect differences between not-treated and 

activated cells. As such, the technique might be useful to detect mechanical changes as a 

biomarker for cell activation and disease progression in clinical settings. At physiological 

temperature, it was shown that leukocytes subjected to compression undergo activation 

due to the mechanical loading itself. In fact, mechanical deformation comparable to the 

range experienced in the microcirculation causes changes in cell structure and function. In 

previous studies on neutrophil compression, it was observed that upregulation of 

adhesion molecules and reorganization of cell cytoskeleton with projection of pseudopods 

happened mainly at physiological temperature [195, 198, 199]. We indeed see comparable 

behavior as for the other leukocyte subpopulation. In our study, the analysis at 

physiological temperature confirmed this dynamic response of monocytes subjected to 

mechanical stress. In fact, non-treated cells, deformed in the tip of the capillary, showed 

projection of pseudopods, and an elastic response similar to LPS-treated cells. However, it 

was interesting to notice that LPS-cells at physiological temperature were more 

compressible than activated cells at room temperature (Figure S4). This behavior at 

physiological conditions might allow a better adhesion to the vascular wall and a quicker 

diapedesis to the damaged tissue. 

In conclusion, our data show that non-treated and activated cells can be distinguished 

on the basis of elastic response. Cells activated by LPS show a higher compressive modulus 

compared to non-treated cells. The resistance to shape deformation, on the other hand, is 

lower for LPS-treated cells, even at high deformation. These findings are important for 

understanding the link between changes in mechanical properties of cells and their 

function; as such they are also of relevance for the development of quantitative models 

that describe the (ab)normal behavior of monocytes in circulation and for the prediction 

of vascular events.   
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4.5 Appendix 

 

Figure S4.1- Bright field images of untreated cells deformed in the microcapillary at 37°C. The formation of 
pseudopods at this temperature is indicated by the red arrows. At room temperature, non-treated cells did not 
form pseudopods (see Fig. 5). 

 

Figure S4.2 - Scatterplot of compressive stress versus volumetric strain for non-treated (NT, GREEN), activated 
LPS-treated (RED) and Cyto-D treated (BLUE) cells at 37°C. 

 

Figure S4.3 - Scatterplot of the characteristic differential stress (pwall – p)/2 as a function of strain εr – εz  for non-
treated (NT, GREEN), activated LPS-treated (RED) and cytoD-treated (BLUE) cells at 37°C. 
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Figure S4.4  - Scatterplot of the compressive stress as a function of the volumetric strain for activated LPS-treated 
cells at 21°C (BLUE) and at 37°C (RED). 

4.5.1 Cell model 

Upon activation, actin re-organizes from a homogenous network to a localized rim in the 

submembrane region, as shown in Fig.S5. We used a simplified conceptual model to 

estimate the changes in compressive and shear modulus due to this reorganization.  

 

 

Figure S4.5– Schematic representation of the actin distribution of actin structure in a non-treated cell and in an 
activated cell. Upon activation, the diffused actin structure of concentration Φo reorganizes into a core-shell 
structure with concentration Φc and Φs. The constant α is defined as the ratio between the radius of the core 
region and the cell radius.  

We assume that the compressive and shear elastic moduli K and G scale with the 

concentration of actin (or volume fraction Φ) as K and G ~ Φ5/2 as has been previously 

theoretically predicted by scaling arguments [200] and confirmed by experiment [201]. 

We further assume that actin reorganization occurs from an initially homogeneous 

concentration Φo into a core-shell structure with a spherical core of lower concentration 

Φc and a shell of higher concentration Φs. We assume that the total amount of actin stays 

constant, thus 
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The local compressive and shear moduli in the core and in the shell are then given as 
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In the case of re-arrangement of the total amount of actin from a diffuse structure to a 

ring structure at the cortex (Φs= 0),  

 

Figure S4.6 – Schematic representation of the actin structure of an activated cell in the case of re-arrangement of 
the total amount of actin to the cell cortex. 

the volume fraction and the moduli within the shell material are given as 
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Assuming that the compressive modulus is governed by a volume average of core and 

shell, we obtain  
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for the compressive modulus of the entire core-shell structure. To estimate the 

corresponding shear modulus, we consider the core-shell structure as a cube-shaped 

structure. In this case, along any given axis, there are three separate segments in parallel, 

where the front and rear segments have a shear modulus of Gs, whereas the middle 

segment consists of three separate segments in series. As a result; the shear modulus of 

the entire object is then given as  
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such that for the case of Kc and Gc=0, we obtain 
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The model is in qualitative agreement with the experimental results, predicting a 

significantly different behavior for the compressive and the shear modulus. In fact, the 

model predicts that the compressive modulus strongly increases while the shear modulus, 

depending on the thickness of the submembrane region, can exhibit a slight decrease, as 

shown in the following graph. 
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Figure S4.7 - Plot of K (-) and G (--) as a function of the aspect ratio α. The inset shows how the ratio between the 
storage and loss modulus changes with aspect ratio. These graphs are referring to the case where we assume Kc and 
Gc = 0. 

 

 



 

 
 

 

 

5 Chapter 5 
Mechanical characterization of monocytes 

with a constriction-based microfluidic device 

 
 
 
 
 
In this Chapter, we present a microfluidic investigation of the roles of actin organization 
during the different stages of monocytic cell flowing through a constriction channel. The 
changes in cell mechanical properties by the actin-disrupting agent Cytochalasin-D were 
related to cell entry in the constriction, transit through the channel and cell relaxation after 
release from the constriction. We showed that the actin content and organization play an 
important function in cell deformability. The entry time was shown to be strongly dependent 
on the structure of the actin cytoskeleton. In the cell trafficking through the constriction, 
since cell friction is influenced by cell stiffness and structural organization, cell velocity was 
extremely dependent by microfilament organization. Thus, Cytochalasin-D treated cells had a 
considerably lower entry time and a significantly higher trafficking velocity in the 
constriction. However, the cell shape recovery appeared not to be driven by actin 
polymerization. For this reason, the entry time and trafficking velocity in the channel are 
considered appropriate parameters for detecting differences in the mechanical properties of 
cells with altered actin cytoskeleton.  
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5.1 Introduction 

The cytoskeleton of blood circulating cells such as monocytes is predominantly composed 

of actin filaments, which appear to be a primary structural determinant of mechanical 

properties of monocytic cells [6, 14, 54]. Actin dynamics, such as remodeling and 

structural polymerization, is also involved in various cellular functions of monocytic cells, 

such as cell motility, chemotaxis and integrin-mediated adhesion [6, 15]. Previous studies 

showed that reorganization of the actin structure in blood circulating cells is also 

associated with disease progression, such as chronic inflammation [12, 29, 53]. In fact, 

during the process of inflammation, activated cells undergo polymerization of cortical 

actin and formation of an actin-rich rim in the cell submembrane region. This cellular 

modification is required for cell migration to the site of inflammation, but greatly stiffens 

the cell body. Activated cells were shown to be more rigid than resting cells due to 

increase of filamentous actin [11, 27, 28, 48, 50, 51, 196]. Thus, the investigation of the 

role of the actin structure in mechanical properties of monocytes might give insights in the 

rheological properties of the cells in circulation. 

In order to understand the function of actin structure in the rheological behavior and 

morphology of monocytic cells, the effect of the pharmacological actin inhibitor 

Cytochalasin-D was analyzed. This compound interferes with polymerization, de-

polymerization, and rearrangement of the actin cytoskeleton [202, 203]. After cytoskeletal 

treatment, both protein expression of filamentous actin and changes in mechanical 

properties were measured.  

Capillary-based microfluidic devices, with a constricted microchannel narrower than 

the diameter of the cells, have been used for investigating the biomechanics of circulating 

cells. This technique allows to deform individual cells by squeezing them between the 

walls of the narrow channel. Moreover, constriction channels are able to mimic the in vivo 

capillary-like microenvironment which enables to investigate the mechanical behavior of 

cells as they traffic through them. Parameters such as entry time, velocity in the channel 

and recovery time can be quantified and related to cell deformability.  

The constriction channel design was applied in various studies to measure the 

deformability under different cell conditions, such as cytoskeletal-treated cells or diseased 

cells, in comparison to control cells [11, 20, 23, 27, 79]. Gabriele et al. studied leukocytic 

cell deformation both through a single narrow microchannel and through an array of 

interconnected narrow segments [11]. They investigated the role of actin and myosin II in 

capillary leukocyte trafficking. They showed that the reorganization of actin filaments has 

an important role in cell deformation in relation to entry and transit stages. In addition, 

they observed that the cell shape and its orientation at the channel entrance can directly 

affect the overall transit time. Hou et al. [23] could distinguish differences in stiffness 

between benign and more deformable cancerous breast tumor cells on the basis of entry 

time, elongation index and transit velocity through a narrow straight square channel with 

a width of 10 μm. Rosenbluth et al. [79] showed the potential application of this device for 

the analysis of sepsis and leukostasis. They found that diseased cells had an increased 

transit time compared to control samples. Preira et al. [27] developed a constriction-based 
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filter with different pore sizes to separate leukocytic cells affected by acute respiratory 

distress syndrome from cells from a healthy cell line based on deformability.  

In the study reported in this chapter, we used a constriction-based microfluidic device 

to study the importance of the actin cytoskeleton in cell deformability and cell circulation 

through a capillary for monocytic cells. We evaluated which trafficking parameters enable 

to make a distinction between cells with different actin structures and consequent changes 

in cell mechanical properties.  

The results confirmed that treatment with Cytochalasin-D results in a decrease of 

filamentous actin content. Microfluidic analysis showed that entry time and velocity in the 

constriction are relevant parameters in order to distinguish between monocytic cells with 

a different degree of actin polymerization. This result confirms the important role of the 

actin structure in the mechanical deformability of monocytic cells.  

5.2 Materials and methods 

5.2.1 Fabrication of the microfluidic device 

The microfluidic channel design was carried out using AutoCAD (Autodesk, USA) and a 

high-resolution chromium mask was generated from the drawing file and etched by an 

electron beam (TechnoMask, The Netherlands). The design consists of a 50 μm wide inlet 

channel, followed by an 8 μm wide and 250 μm long constriction channel and a serpentine 

relaxation channel with a width of 150 μm (Figure 5.1). Using standard soft 

photolithography procedures, a square channel negative master of 20 μm in height was 

fabricated on a silicon wafer with a photosensitive resin (SU-8 50, MicroChem, Germany). 

From the master, channels in poly-dymethylsiloxane (PDMS, Sylgard 184 Silicon 

Elastomer Kit, Dow Corning, The Netherlands) were molded at 75°C for 45 minutes. 

Access holes to the channel were formed by using a punch made from a gauge needle. The 

device was finalized by treating the surfaces for 15 seconds with a handheld corona 

generator (Electro-Technic Products, USA) and by sealing the PDMS piece on a microscope 

glass to form the closed capillary. A connector with polyethylene tubing (New England 

Small Tube Corp, USA) was inserted into the inlet hole. The tubing was attached to a 250 μl 

glass syringe (Hamilton, Switzerland) through which the cell solution was introduced into 

the channel at a flow-rate of 1 nl/min by a syringe pump (Harvard, USA). Before 

introducing the cell solution the device was treated with non-adhesive solution (1% 

Pluronic F-127) to minimize the effect of adhesive properties in comparison to mechanical 

stiffness.  

5.2.2 Cell culture and treatment 

HL-60 (human acute promyelotic leukaemia) cells (ECAAC, UK) were maintained and 

passaged (passage 6-15) in RPMI 1640 medium (Invitrogen, The Netherlands) 

supplemented with 10% fetal bovine serum (Greiner Bio One, The Netherlands), 2 mM 

Glutamine (Sigma, The Netherlands) and 1% penicillin/streptomycin (Lonza, Belgium) in 

a humidified atmosphere containing 5% CO2 at 37°C. Cells were treated with Cytochalasin 

D (CytoD), known to be an actin disrupting agent [202, 203], to examine the role of actin 
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structure on cell mechanical properties. Cells (5×105 cells/ml) were incubated right before 

the microfluidic analysis at 37°C for 20 minutes with CytoD at a concentration of 2 μg/ml. 

A control group was maintained in culture medium. The cell size distribution of the cells 

was measured to be between 12 μm and 18 μm for non-treated cells and between 10 μm 

and 15 μm for CytoD-treated cells. This means that the cells are substantially larger than 

the constriction width of 8 μm but smaller than the channel height of 20 μm. 

 

 

Figure 5.1– Image of the microfluidic device with schematic magnification of the narrow channel. Cell solution is 
inserted in a 50 μm-sized channel. The cell is then squeezed in the 8μm-sized constriction. The 8μm-sized channel 
is followed by a 150μm-sized channel to allow for observation of cell recovery. 

5.2.3 Cytoskeletal analysis 

In order to analyze the state of actin polymerization in HL-60 cells with or without 

treatment with CytoD, a dual fluorescent labeling of globular and filamentous actin was 

used. Cells were suspended in 3% paraformaldehyde and incubated for 20 minutes at 

room temperature. Cells were washed twice and were then permeabilized with 0.1% 

saponin (Sigma, The Netherlands) in PBA. After an additional washing step, cells were 

blocked for 20 minutes with 3% BSA in PBA. Alexa-594-labeled DNase I (Molecular 

Probes, The Netherlands) and Alexa-488-labeled phalloidin (Invitrogen, The Netherlands) 

were added to stain G-actin and F-actin respectively. Cells were incubated for 20 minutes 

at room temperature. After two washing steps, fluorescence was measured using a FACS 

flow cytometer (Millipore, Guava EasyCyte HT). 

5.2.4 Cell deformation and movement analysis 

Experiments were carried out at room temperature. Cell observation was performed with 

an inverted optical microscope (Axio Observer, Zeiss, Germany) and videos of the cell 

flowing in the micro-channel were obtained with a high-speed camera (M5, IDT Vision, 

UK). Both control HL60 cells (n=45) and CytoD treated cells (n=26) were subsequently 

analyzed at different stages of transiting in the 8-μm-wide constriction. Entry time, 

velocity in the channel and relaxation time were measured.  
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The entry time was defined as the time interval between the leading edge of the cell 

crossing the entry of the narrow channel and the trailing edge clearing the entry (Figure 

5.2A). The cell transit time was defined as the time interval between the trailing edge 

clearing the entry of the narrow channel and the leading edge crossing the exit of the 

constriction (Figure 5.2B). It was observed in trial studies that the cell velocity was 

constant through the constriction. Thus, cell velocity was calculated as the length of the 

narrow channel divided by the cell transit time. The cell relaxation time was defined as the 

time required for the cell to recover its initial shape (Figure 5.2C). The cell recovery was 

measured by the time required for the long and the short axes to become of equal size. Cell 

size was taken into account by plotting the measured parameters as a function of the cell 

diameter.  

The relationships between trafficking parameters and cell diameter were analysed with 

linear regression and the statistical significance of the differences in entry time, velocity in 

the channel and relaxation time were tested by comparing the regression line slopes and 

the intercepts (with values of p<0.05 considered significant).  

 

 

Figure 5.2– Images from recorded video of a cell flowing in the constriction. A) Entry time: frames defining the 
interval of the cell entry in the narrow channel. B) Speed in the channel: frames defining the interval of the cell 
trafficking in the constriction. C) Relaxation time: frames defining the interval of the cell recovery shape. 

5.3 Results and discussion 

5.3.1 Cytoskeletal analysis 

The content of monomer (G-) and filamentous (F-) actin was measured by FACS analysis. 

Results show a reduction of F-actin content in CytoD-treated cells while the G-actin 

content is slightly increased in CytoD treated cells (Figure 5.3). This shift is due to the 

disruption of actin filaments by this chemical compound, as was also confirmed by 

fluorescent microscopy of CytoD-treated cells (see Figure 3.4). 
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Figure 5.3– FACS intensity distribution of F-actin (left) and G-actin (right) for non-treated and CytoD-treated 
cells.  The filamentous actin content decreases, while the globular monomeric actin content is slightly decreased 
upon treatment with Cytochalasin-D. 

5.3.2 Microfluidic analysis 

5.3.2.1 Entry time 

Single-cell entry time measurements as a function of cell diameter were performed for 

CytoD-treated and control monocytic cells (Figure 5.4).  Entry time increases with cell 

diameter for control cells, as expected, while it is independent of cell size for CytoD-

treated cells, at least within the measurement accuracy. CytoD-treated cells have a 

considerably shorter entry time compared to the control cells. The difference between the 

slopes and the intercepts of the regression lines of the two cell populations is significant. 

Since HL60 cells have a large round nucleus, the effect of the nucleus on the entry time 

was under consideration. However, since CytoD-treated cells entered very rapidly into the 

narrow channel, it was clear that the cell entry time is not dependent on the nucleus but is 

only strongly affected by actin cytoskeletal content and organization. 

This conclusion is consistent with the results shown by Gabriele et al. that indicated 

that the contribution to the cell entry stage is significantly larger for actin filaments than 

for other cytoskeletal components, such as myosin [11].  

 

Figure 5.4– Entry time in the constriction as a function of cell size for non-treated control cells (red circles) vs 
CytoD treated HL60 cells of which the F-actin is disrupted (blue squares). There is a strong dependency on cell 
diameter for non-treated cells. This dependency is absent for CytoD cells and the entry time is considerably 
shorter in the case of F-actin disrupted cells. The data were fitted by a linear regression line (for NT R2=0.56 and 
for CytoD R2=0.18). 
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5.3.2.2 Trafficking velocity 

CytoD-treated cells turned out to have a considerably higher trafficking velocity when 

compared to control cells (Figure 5.5). The results show that cells with a disrupted actin 

structure have different rheological properties than control cells. The difference between 

the slopes and the intercepts of the regression lines is significant. 

This microfluidic system allows the discrimination between cells with altered actin 

structure and permits the investigation of the different degrees of resistance of cells with 

different cytoskeletal properties in a microchannel.  

These results suggest that the friction between the channel walls and the cell 

membrane is strongly related to actin cytoskeletal organization. Previous studies showed 

that, in absence of cell adhesion on the wall of the capillary, the friction of the cells with 

the channel walls is due to the shear stress in the lubrication film of the medium fluid [11, 

199, 204, 205]. The thickness of this lubrication film is then an important parameter in 

determining the cell friction on the wall and, consequently, the cell velocity. In fact, a lower 

cell velocity is related to a thinner lubrication film due to a higher pressure exerted by the 

cell against the channel wall. The viscoelastic properties of the cell membrane or of the 

cytoskeletal structure play a significant role in monocytic cell trafficking through a 

capillary. Since actin-disrupted cells showed a higher transit speed in the channel, 

associated to a lower pressure on the channel wall, the actin content and organization 

seem to significantly contribute to the cell elastic properties. The stiffer cortical actin 

structure of control cells exerts a higher pressure against the channel walls resulting in a 

thinner lubrication layer and a consequent higher friction. Figure 5.5 also shows that 

larger cells have a lower trafficking velocity, and that this dependency seems to be 

stronger for the treated cells. This is a consequence of the fact that larger cells have a 

larger contact area with the wall (via the lubrication film), and therefore experience higher 

friction. 

In the experiments, the fluid velocity was imposed using a syringe pump. Since the cell 

velocity is not only determined by the friction forces between the cell and the wall, but 

also by the fluid velocity, imposing a constant flow tends to equalize the trafficking 

velocities of the cells unless the differences between the frictional forces of the cells is very 

large, as turns out to be the case for the measurement shown in this Chapter. In order to 

avoid the effect of the imposed fluid velocity over the measured cell velocity, for the 

measurements presented in the following Chapter the system was modified to be driven 

by a hydrostatic pressure drop generated by fluid differences between inlet and outlet, 

rather than by an imposed flow. In this way, at low driving pressures, cell velocity 

differences are mainly determined by differences in friction forces between the cell and 

the channel wall. This behavior enhances differences in transit time on the basis of the cell 

structure and mechanical properties. 

Although both the entry time and the transit time are governed by cell mechanical 

stiffness, the two quantities are measured independently and they are not derivable from 

each other. The correlation between these two parameters is illustrated in Figure 5.6. It 

appears that the velocity of non-treated cells slightly decrease with increasing entry time. 

For CytoD-treated cells, the cell velocity is independent from cell entry time. In this 
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representation of the data, the non-treated cells and the CytoD-treated cells are clearly 

separated.  

Despite the non-adhesive coating of the microfluidic channel, surface adhesion might 

have an effect on entry time and transit time within the constriction. It is difficult to 

separate the effects due to surface adhesion from the effect due to mechanical stiffness. 

Further experiments with different surface treatments could clarify the contribution of 

adhesive over mechanical properties. The main focus of the study was to discriminate 

between cells with different cytoskeletal structure or in a different cell state and not 

quantifying cell mechanical properties, which would have required a dissection between 

adhesive and mechanical contributions. Thus, the influence of surface adhesion was not 

thoroughly investigated. 

 

Figure 5.5– Velocity in the constriction as a function of cell diameter for non-treated (red circles) and CytoD 
treated HL60 cells (blue squares). The velocity is plotted as a function of cell diameter. It is clear that the 
trafficking velocity is considerably higher for CytoD-treated cells than for non-treated HL60 cells. The data were 
fitted by a linear regression line (for NT R2=0.30 and for CytoD R2=0.34). 

 

Figure 5.6 – Correlation between cell entry time and cell velocity in the constriction channel. There is a clear 
separation between the non-treated cells (red circle) and the CytoD-treated cells (blue squares). The velocity of 
non-treated cells has a decreasing trend as the entry time increases. 
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5.3.2.3 Relaxation time  

After the cells crossed the 8 μm wide constriction, they were released into a 150 μm wide 

channel, which allowed for cell shape relaxation. The results for the measured relaxation 

times shown in Figure 5.7 show that there is no correlation between cell relaxation time 

and cell diameter, and there is no significant difference between the two cell populations. 

The spread of the data is extremely large, as also evidenced by low R2 of the linear fitting, 

and the difference between the slopes and the intercepts of the regression lines is not 

significant. The large spread of the data can be due to the possibility of the cell to rotate 

upon exiting the constriction. This can cause variation in the measurement as a result of 

visualization of the cell at a different angle of view.  

Hence, actin disruption by Cytochalasin-D does not have any effect on cell shape 

recovery as compared to control cells. In fact, non-treated and treated cells show a similar 

rate of shape recovery.  Gabriele et al. also showed that actin disruption does not affect the 

dynamics of leukocytes recovery after deformation into a 4 μm wide channel [11]. 

However in their study complete shape recovery took a longer time (around 50 s), which 

can be due to the larger initial deformation (smaller channel) and the duration of 

sequestration in the capillary (longer channel, namely 2250 μm versus 250 μm).  

Cell relaxation is not an effective parameter to discriminate cells with modified actin 

structure. Intermediate filaments or microtubules might be responsible of the relaxation 

mechanism of monocytic cells. This can be related to the structural and functional 

properties of these cytoskeletal polymers. Microtubules are known to resist compressive 

loading and intermediate filaments were shown to play an important role during large cell 

deformation since they contribute to the transmission of mechanical stress across the cell 

[107, 206, 207]. 

 

Figure 5.7– Relaxation time as a function of cell diameter for non-treated (red circles) and CytoD treated HL60 
cells (blue squares). It appears that there is no significant difference in the relaxation time between the two 
experimental groups. The data were fitted by a linear regression line (for NT R2=0.21 and for CytoD R2=0.16). In 
the inset, the long to short axis ratio versus the time of release of a non treated cell is shown. 
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5.4 Conclusion and outlook 

A microfluidic device based on a constriction channel was used to investigate the role of 

the actin structure in rheological properties of monocytic cells. It was established that the 

actin content and organization play an important function in cell deformability. The 

deformation rate into a capillary, represented by entry time and trafficking velocity in the 

constriction, was shown to be strongly dependent on the structure of the actin 

cytoskeleton. The cell shape recovery appeared not to be driven by actin polymerization. 

For this reason, the entry time and trafficking velocity in the channel are considered 

appropriate parameters for detecting differences in the mechanical properties of cells 

with altered actin cytoskeleton.  

The setup was also tested for discriminating between monocytic cells activated by an 

LPS treatment and not activated control cells, to test for the effect of cell activation on 

deformability. In this case, the channel width was 10 µm and the flow rate was imposed to 

40 nl/min in order to avoid blockage of the constriction due to stiffer activated cells. 

However, we did not see a substantial effect like for the actin-disrupted cells. In fact, LPS 

appeared to have no relevant effect on the entry time (results not shown) and the shift in 

transit time (Figure 5.8) was not as significant as compared to CytoD-treated cells. The 

difference between the slopes of the regression lines was not significant but the difference 

between the intercepts was significant.  

This result can be due to the sensitivity of the device since the size of the channel and 

the higher flow rate control might not be appropriate to sense this cell treatment.  

 

Figure 5.8- Velocity in the constriction as a function of cell diameter for non-treated (green circles) and LPS 
treated HL60 cells (orange squares). The velocity is plotted as a function of cell diameter. The data were fitted by 
a linear regression line (for NT R2=0.48 and for LPS R2=0.16). 

In conclusion, the constriction channel method is effective to distinguish cells with 

altered actin structure and resulting different mechanical properties. As observed from 

previous studies, the principle of the constriction channel can also be adapted for various 

other investigations, such as cell differentiation, cell sorting or cell stimulation. The design, 

such as the size of the constriction channel, can be adjusted on demand according to 
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targeted cell types. Moreover, cell deformation in the constriction can be used in 

combination with other measurement techniques or other cell manipulations to achieve 

multiple parameter measurements for cell type classification [19, 130, 162, 165, 208]. For 

instance, Zheng et al. combined a constriction channel design with electrical impedance 

measurements [130]. In such method the transit time is obtained from the electrical 

impedance measurements of a flowing red blood cell at various locations within the 

constriction channel. Since the results obtained in this study show the potential 

application as a cell biomechanics characterization technique, the constriction-based 

design was integrated with an additional chemical analysis to investigate the effect of 

chemicals on cell mechanical properties. The results of this study are presented in Chapter 

6. 



 

 
 



 

 
 

 

 

6 Chapter 6 
Characterization of a   

membrane-based microfluidic device  

for mechano-chemical cell manipulation  

 

 

 

 

 

This chapter introduces a microfluidic device for chemical manipulation and mechanical 
investigation of circulating cells. The device consists of two crossing microfluidic channels 
separated by a porous membrane. A chemical compound is flown through the upper 
“stimulus channel”, which diffuses through the membrane into the lower “cell analysis 
channel”, in which cells are mechanically deformed in two sequential narrow constrictions, 
one before and one after crossing the stimulus channel. Thus, this system permits to measure 
cell deformability before and after chemical cues are delivered to the cells within one single 
chip. The device was tested with monocytic cells stimulated with an actin-disrupting agent 
(Cytochalasin-D) and an anti-inflammatory drug (Pentoxifylline) as proof of principle for the 
device’s capacity of analysing chemo-mechanical relationships of cells. The results show that 
the system can detect differences in cell mechanical deformation after chemical cues are 
delivered to the cells through the porous membrane. Diffusion of Cytochalasin-D resulted in a 
considerable decrease in entry time in the narrow constriction and an evident increase in the 
velocity within the constriction. Pentoxifylline showed to decrease the entry time but not to 
affect the transit time within the constriction. This analysis shows that the device has 
potential applications as a cellular assay for analyzing cell-drug interaction.  
 
 
 
 
 
 
 
 
Part of this Chapter in preparation for publication (Agnese Ravetto, Imo Hoefer, Jaap den 
Toonder, Carlijn Bouten, Characterization of a membrane-based microfluidic device for 
mechano-chemical cell manipulation). 
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6.1 Introduction 

Blood cell deformability can affect vascular flow and can play a significant role in 

cardiovascular diseases, such as chronic inflammatory diseases. Drugs used for vascular 

complications can change biophysical properties of blood cells, due to their effect on cell 

membrane, cell cytoskeleton and cell fate, such as apoptosis [16, 29, 79, 139, 209]. 

Therefore, it is of significant importance to study mechano-biological changes of diseased 

circulating cells in the development of a new treatment.  

The analysis of mechanical effects of cell-drug interaction is essential for biochemistry 

and clinical applications, for example in drug screening and toxicity testing. Despite the 

fact that conventional macroscopic assays for drug development are still widely used, 

microfluidic technology has attracted increasing interest in the past years [96, 162, 209–

211]. Integrated microfluidic devices can be used to perform reproducible analyses on 

small sample volumes and reduced reagent consumption with precise system control. 

Furthermore, microfluidics is being regarded as an excellent platform for cell-based assays 

since it enables analysis at the single cell level in an in vivo-like environment, allowing for 

controlled cell and biomolecule manipulation and interrogation, while still offering the 

perspective to analyze many cells within a short time. In particular, controlling diffusion of 

chemical agents in a microfluidic device permits to realize a stable chemical gradient that 

can be maintained for prolonged periods of time, or create stable concentration levels of 

chemicals relevant for cellular assays. At the same time, microfluidic devices offer the 

ability to observe in real-time the cellular responses to applied chemicals. Thus, 

microfluidic-based cell platforms can be used to generate biomolecular gradients 

mimicking biological signaling occurring in vivo, and to test concentration-dependent 

cellular response to chemical treatments.  

Recently, a number of cell-based microfluidic systems have been described that have a 

perfusion cell culture chamber in which medium flow is not only used to feed cultured 

cells continuously, but also to provide additional functionalities, such as generating 

gradients of drug concentrations. Liu et al. developed a microfluidic method for 

monitoring in real time the effect of an anticancer drug on cancer glioma cells [212]. 

Furthermore, to generate stable chemical gradients without producing shear stress over 

cultured cells, gradient barriers such as membranes [213, 214] or hydrogels [93, 215, 216] 

have been integrated in microfluidic devices. These systems allow establishing a 

controllable chemical gradient without affecting the fluid flow in the cell area. Kim et al. 

[214] developed a device that generates a steep gradient interface of small molecules over 

a cell culture. They established the chemical gradient by separating the gradient channel 

and the cell culture channel with a polyester membrane and measured the uptake of the 

chemical by the cultured cells. Abhyankar et al. [213] created a stable chemical gradient 

without requiring fluid flow by diffusion through a membrane from a chemical source 

region. Saadi et al. [93] developed a microfluidic device for generating stable 

concentration gradients based on a two-compartment diffusion system consisting of two 

large parallel channels connected by horizontal microgrooves filled with collagen gel. The 

device was validated by observing neutrophil chemotaxis in a soluble chemoattractant (IL-
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8) gradient. Cheng et al. [215] used a hydrogel-based microfluidic device to monitor cell 

migration and chemotaxic response of suspension cells.  

Another benefit of microfluidic devices is that it is possible to accomplish sequential 

processes in a single device, such as sample handling, controllable mixing and diffusion of 

chemicals, detection and analysis. The design of the system can then be integrated with 

additional features to achieve multiple measurements in a single experiment. 

In this Chapter, we discuss the design, the fabrication and the characterization of a new 

microfluidic device that integrates two single-cell functions, namely mechanical and 

chemical manipulation. The drug stimulation chip developed in this study has the 

potential to be used for the analysis of cell-drug interaction due to the ability to test the 

mechanical effects of chemicals in a single chip. This device consists of two crossing 

channels separated by a porous membrane: the lower channel is dedicated to mechanical 

cell analysis, while the upper channel is the chemical stimuli channel. The cell analysis 

channel consists of two sequential constrictions, one before and one after a serpentine 

structure at which the two channels cross and where the chemical stimulation of the cells 

takes place. The constrictions were designed to investigate cell stiffness in correlation to 

its influence on cell trafficking through the channels before and after chemical stimulation. 

Hence, in one single device, the serpentine enables cell retention for drug delivery to the 

cells through the porous membrane connected to an upper stimuli channel, and the 

constrictions enable mechanical characterization before and after the drug delivery.  

In order to validate the device, the effect on mechanical properties of circulating cells of 

Cytochalasin-D, an actin-disrupting chemical, and Pentoxifylline, an anti-inflammatory 

drug, was investigated. Application of Cytochalasin-D resulted in a considerable decrease 

in entry time in the constriction and an evident increase in the velocity within the 

constriction. Cell treatment with Pentoxifylline resulted in a slight decrease of entry time 

but no relevant change in the speed in the narrow channel was observed. The results 

demonstrated the feasibility of the system for simultaneous chemical manipulation and 

analysis of cellular mechanical changes.  

6.2 Materials and Methods 

6.2.1 Device principle  

The constriction design permits the investigation of cell stiffness, while chemical diffusion 

through a porous membrane permits chemical manipulation (Figure 6.1).  

Constricted microchannels have been used previously in microfluidic analysis of cell 

mechanical properties. Since this structure geometrically mimics the in vivo capillary-like 

microenvironment, it allows for mimicking the biorheological behavior of cells as they 

pass through narrow constrictions of the blood capillaries. Constriction channels, which 

are smaller than the diameters of tested cells, provide an effective method to generate 

mechanical stimuli. Multiple parameters, such as entry time, transit time, elongation and 

recovery time, in association with cell deformability, can be quantified.  

The integration of porous membranes into microfluidic devices offers many 

opportunities, such as diffusion of chemicals between two channels or chambers. The 
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diffusion of chemicals through the porous membrane integrated in our chip depends on 

the difference in concentration between the upper stimulus channel and the lower 

analysis channel. The diffusion D of the chemical compound is defined by the Stokes-

Einstein equation [217, 218]  
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where ρ is the fluid density, N the Avogadro number and M the molecular weight of the 

diffusing molecule. Then, the flux J through the membrane reads  
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where n is the porosity of the membrane and ∇C is the concentration gradient. 

In our device the length of the serpentine channel is designed to be much larger than 

the diffusion length, defined as the distance that the compound travels by diffusion while 

being transported by the fluid flow at the imposed flow rate through the serpentine 

channel. This design of the serpentine channel allows the compound to get into contact 

with the flowing cells in the lower microfluidic channel for the desired residence time. 

The height of the microfluidic analysis channel and of the stimuli channel was 20 μm. The 

constriction channel had a width of 7.5 μm and a length of 250 μm. The serpentine channel 

had a width of 150 μm and a length of 31 mm. The stimuli channel had a width of 2.4 mm 

and a length of 7.5 mm. 
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Figure 6.1– Images of the microfluidic device consisting of three inlet holes (i1, i2, i3), two narrow constrictions 
(A), the serpentine channel with the upper stimuli channel (B) and the outlet hole (o). The magnified images show 
(A) the two constrictions with a cell entering in the first channel (red circle) and (B) the serpentine with the 
porous membrane on top, with a flowing cell stimulated by the chemical compound diffusing through the 
membrane from the upper stimulus channel. Scale bar for magnified images A&B is 100 µm. 

The fluid flow was driven by applying a hydrostatic pressure drop over the device. The 

pressure drop was generated by the difference in height of a liquid in reservoirs in the 

inlet and the outlet. By carefully adjusting the liquid levels, the liquid flow rate can be 

regulated. The flow rate was adjusted to obtain sufficient incubation time of the cells with 

the drug while flowing through the serpentine. The pressure drop is given by  
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where Q is the flow rate and R is the hydraulic resistance, t is the time, µ is the dynamic 

viscosity. L, w, h, A are the geometrical characteristics of the channel (length, width, height 

and area respectively). The cell residence time was measured also experimentally within 

the microfluidic serpentine, by recording the cell trafficking through the complete 

serpentine. 
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6.2.2 Design and fabrication 

The device was fabricated from two layers of (poly)dimethylsiloxane (Sylgard 184, Dow 

Corning, The Netherlands) and a custom-made SU-8 membrane (with through pores 3 μm 

in diameter).  

The fabrication steps are summarized in Figure 6.2. Briefly, the PDMS layers were 

fabricated using prototyping and multilayer soft lithography. The cell analysis channel and 

the stimuli channel were generated from two transparency masks made in chromium on 

glass and plastic foil, respectively. The photoresist-based negative molds (SU-8, 

MicroChem, Germany) were patterned on silicon wafers from the transparency masks by 

contact photolithography. Positive replicas were fabricated by pouring a 10:1 mixture of 

PDMS on the microstructures of the master (Figure 6.2, I.a and II.a) and by curing the 

elastomer for 1 hour at 110°C (I.b and II.b).  

The porous membrane was fabricated in a unique and custom way by photolithography 

of an SU-8 2010 film on a PDMS layer used both as carrier and as sacrificial substrate. In 

detail, the PDMS mixture was poured on a silicon wafer, was allowed to evenly spread on 

the substrate on a flat surface for 30 minutes at room temperature (Figure 6.2, III.a) and 

subsequently was cured at 110°C for 1 hour (Figure 6.2, III.b). SU-8 2010 was spun onto 

the PDMS layer at a spinning frequency of 500 rpm for 10 seconds, followed by a cycle of 

3000 rpm for 30 seconds (Figure 6.2, III.c). This spincoating procedure resulted in a 7-

μm-thick SU-8 layer. After spinning, the SU-8 layer was pre-baked (Figure 6.2, III.d) with a 

controlled temperature ramp (first 2 minutes at 50°C followed by 10 minutes at 65°C). 

Then, the layer was exposed by UV light (Near UV Exposure System 350 Watt, ABM, USA) 

with exposure energy of 120 mJ/cm2 (Figure 6.2, III.e). Finally, the SU-8 layer was post-

baked for 3 minutes at 90°C (Figure 6.2, III.f) and then developed for 2 minutes in SU-8 

developer (MrDev, Mircoresist, Germany) to remove the uncrosslinked resist (Figure 6.2, 

III.g).  

The PDMS cell analysis layer was then activated in nitrogen plasma (Figure 6.2, II.c) 

and immediately aligned and bonded to the SU-8 membrane layer. The adhesion was 

consolidated by baking the structure at 75°C overnight (Figure 6.2, II&III.a). The SU8-

PDMS structure was then peeled off from the PDMS sacrificial layer (Figure 6.2, II&III.b). 

Inlet and outlet ports were cut off in the stimulus PDMS layer (Figure 6.2, I.c) using a 

biopsy puncher (Harris, The Netherlands).  The stimulus layer was then aligned to the   

SU-8 membrane and bonded by nitrogen surface treatment (Figure 6.2, I.d) followed by 

curing, as previously explained (Figure 6.2, I&II&III.a). The final assembled device (Figure 

6.2, I&II&III.b) was then connected by silicon tubing to liquid reservoirs to generate the 

desired flow in the channels driven by hydrostatic pressure difference. Prior to cell 

analysis, the channel was coated with 1% non-adhesive Pluronic solution for 1 hour and 

washed with phosphate buffered saline for 40 minutes. 
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Figure 6.2– Steps of the fabrication of the microfluidic device [caption in the next page]. 
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[Caption of Figure 6.2] The cell analysis channel and the stimuli channel were fabricated by pouring PDMS on the 
microstructures of the master (I.a and II.a) and by curing the elastomer for 1 hour at 110°C (I.b and II.b). The 
porous membrane was fabricated by photolithography of an SU-8 2010 film on a PDMS layer. PDMS mixture was 
poured on a silicon wafer (III.a) and was cured (III.b). SU-8 2010 was spun onto the PDMS layer (III.c) and it was 
pre-baked (III.d) with a controlled temperature ramp. Then, the layer was exposed by UV light (III.e), post-baked 
(III.f) and then developed in SU-8 developer (III.g). The PDMS cell analysis layer was then activated in nitrogen 
plasma (II.c) and immediately aligned, bonded to the SU-8 membrane layer and baked overnight (II&III.a). The 
SU8-PDMS structure was then peeled off from the PDMS sacrificial layer (II&III.b). Inlet and outlet ports were cut 
off in the stimulus PDMS layer (I.c).  The stimulus layer was then aligned to the SU-8 membrane and bonded by 
nitrogen surface treatment (I.d) followed by curing overnight (I&II&III.a) to get the final assembled device. 

6.2.3 Cell culture and chemical stimulation 

Human promyelocytic leukemia HL60 cells were used as a model cell line for monocytes. 

The cells were obtained from the European Collection of Cell Cultures (ECACC) and 

cultured in RPMI 1640 medium (Invitrogen, The Netherlands) with 2 mM L-glutamine 

(Lonza, Belgium) and 10% Fetal Bovine Serum (Greiner, The Netherlands). Cell cultures 

were maintained at a concentration between 1-9 x 105 cells/ml at 37°C in a humidified 

atmosphere containing 5% CO2. Cell differentiation towards monocytic lineage was 

stimulated by treatment with 0.4 mM Sodium Butyrate (Sigma, The Netherlands), for 4 

days at culturing conditions prior to experiment. Cell activation was induced by incubation 

with 2 µg/ml Lipopolysaccharides (LPS, Sigma, The Netherlands) for 15 minutes at 37°C. 

For the first experiment, non-treated HL60 cells (NT) were stimulated by diffusion of 

Cytochalasin-D (CytoD, Sigma, The Netherlands) through the porous membrane from the 

upper stimulus channel to the lower cell channel. In the second experiment, activated cells 

(LPS) were stimulated by diffusion of Pentoxyfilline (PTX) through the porous membrane. 

6.2.4 Data analysis 

An inverted microscope (Zeiss Observer Z1) equipped with a high-speed camera 

(MotionScope M5, Idtvision) was used to record cell trafficking in the microfluidic channel. 

Cell entry time was defined as the time between the cell getting across the entry of the 

constriction and the cell clearing the entrance. Cell  velocity was calculated by using the 

time interval between the cell clearing the entry and the cell reaching the end of the 

constriction. Cell entry time and velocity in the channel were plotted against cell diameter. 

Cell entry time and cell velocity in the channel were measured from recorded videos, both 

for the first (before chemical stimuli, NT cell number=31, LPS cell number=19) and for the 

second constrictions (after chemical stimuli, CytoD cell number=41 , PTX cell number=15).  

The relationships between trafficking parameters and cell diameter were analysed with 

linear regression and the statistical significance of the differences in entry time and 

velocity in the channel were tested by comparing the regression line slopes and the 

intercepts (with values of p<0.05 considered significant).  

6.3 Results 

6.3.1 Experimental design 

The concentration of the chemical in the upper chamber was calculated based on 

Equation 6.3, in order to reach in the lower cell analysis channel a concentration of the 
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compounds used previously in literature [29, 154] within the first minute of 

experimentation. For Cytochalasin-D, a concentration of 5 μg/ml was used and for PTX a 

concentration of 1 mg/ml was chosen. 

Furthermore, the flow rate in the cell analysis channel generated by the hydrostatic 

pressure drop was calculated both theoretically by Equation 6.4 as well as determined 

experimentally. For the experiment with Cytochalasin-D a difference in height of 25 

millimeters corresponds to a cell residence time of 10 minutes in the serpentine (around 

10 nl/min). For the experiment with PTX a difference of 50 mm was used in order to 

stimulate the cells for 5 minutes in the serpentine (around 19 nl/min). 

6.3.2 Cytochalasin-D demonstration 

CytoD, a known actin-disrupting agent, was used to demonstrate the working principle of 

the device. The HL60 cell solution was added in the lower microfluidic channel while the 

CytoD solution was added in the upper stimulus channel.   

Figure 6.3 and Figure 6.4 show images captured from videos of HL60 cells flowing in 

the first and second constrictions, respectively. A difference in trafficking behavior before 

and after CytoD stimulation can be clearly appreciated from the timing indicated in the 

images. The entry time (Figure 6.5) and speed or trafficking velocity in the channel 

(Figure 6.6) were then calculated as a function of cell diameter. Although the spread in the 

data is considerable, Figure 6.5 clearly shows that the entry time increased with cell 

diameter for non-treated HL60 cells, while there was no clear diameter dependence for 

CytoD stimulated cells. Most importantly, there was a strong decrease in the time required 

to enter in the confined channel after stimulation of the cells by CytoD. Although the 

spread of the data is relatively high, as evidenced by the low R2 value, the differences 

between the slopes were significant. 

The change in cell trafficking velocity in the constriction due to the CytoD treatment 

was less evident than for the entry time, as can be seen in Figure 6.6. The behavior of non-

treated cells depended on cell diameter, with a decrease in speed within the channel as 

cell diameter increased. The data for CytoD stimulated cells showed too much variation to 

recognize a clear trend. The spread of data was high and the linear fitting was 

characterized by an extremely low R2 value. This resulted in a contradictory increasing 

trend in the cell velocity as the cell diameter increased. Nevertheless, difference in speed 

in the constricted channel between the first and the second constriction was observed: 

cells treated with CytoD had a higher trafficking velocity. The differences between the 

slopes were significant. Although both the entry time and the transit time are governed by 

cell mechanical stiffness, the two quantities were measured independently and they were 

not derivable from each other. The correlation between these two parameters is 

illustrated in Figure 6.7. There was a clear distinction between the measured parameters 

in the first constriction (not treated cells) and in the second constriction (CytoD-treated 

cells). 

This simple demonstration opens up the door for future applications where clinical 

drugs used on circulating cells could be tested to determine the effect on cell mechanical 

properties. 
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Figure 6.5- Entry time in the first constriction (before CytoD stimulation, green circles) and in the second 
constriction (after CytoD stimulation through the porous membrane, blue squares). The entry time is plotted as a 
function of basis of cell diameter. There is a clear dependency on cell diameter for non-treated cells, while this 
dependency is not present for CytoD-treated cells. Most importantly, and the entry time is substantially shorter 
after CytoD stimulation. The data were fitted by a linear regression line (for the first constriction R2=0.34 and for  
the second constriction R2=0.02). 

 

 

 

Figure 6.6 - Cell velocity in the first constriction (before CytoD stimulation, green circlse) and in the second 
constriction (after CytoD stimulation through the porous membrane, blue squares). The velocity is plotted as a 
function of cell diameter. The trafficking velocity is, overall, higher after treatment with CytoD through the porous 
membrane. The data were fitted by a linear regression line (for the first constriction R2=0.13 and for  the second 
constriction R2=0.17). 
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Figure 6.7 - Correlation between cell entry time and cell velocity in the constriction channels. There is a strong 
distinction between the cells in the first constriction (NT, green circle) and thecells in the second constriction 
(CytoD, blue squares). 

6.3.3 Pentoxifylline demonstration 

Pentoxifylline, a drug used in inflammatory diseases, was used to demonstrate the 

working principle of the system. Monocytic differentiated HL60 cells, activated with LPS, 

were flown through the lower microfluidic channel while the PTX solution was added in 

the upper stimulus channel.   

Again, the entry time (Figure 6.8) and the cell trafficking speed within the constriction 

(Figure 6.9) were determined as a function of cell diameter. There was a clear 

dependence of the entry time on cell diameter both for LPS activated cells and for 

activated cells stimulated with PTX. The apparent decrease in entry time after treatment 

was minor both at small and at large cell diameter. Nevertheless, the differences between 

the slopes were significant. 

The trafficking velocity (Figure 6.9) tended to decrease for larger cells, for both cell 

groups, but the variation in the data was too large, as also evidenced by the low R2 value, 

to draw solid conclusions. Contrary to the CytoD experiment, there was no difference in 

trafficking velocity in the constriction channel between the two experimental groups. The 

differences between the slopes and between the intercepts were not significant. Compared 

to the analysis with CytoD, the differences caused by the drug treatment were not 

considerable in this case. This might be due to biological reasons, such as the effect of the 

occasional adhesion of activated cells to the channel wall, or to technical reasons, such as 

the incapability of the device to detect differences in mechanical properties for these cells 

and treatment.  

The correlation between entry time and trafficking velocity in the first and second 

constrictions is illustrated in Figure 6.10. There was no clear distinction between these 

parameters measured in the two constrictions. 
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Figure 6.8 - Entry time in the first constriction (LPS-treated cells before PTX stimulation, red circles) and in the 
second constriction (LPS-treated cells after PTX stimulation through the porous membrane, blue squares). The 
entry time is plotted as a function of cell diameter. It appears that there is a dependency on cell diameter for both 
experimental groups, with an increase in entry time for larger cells. The entry time for PTX-treated cells appears 
slightly smaller than for LPS-activated cells. The data were fitted by a linear regression line (for the first 
constriction R2=0.76 and for  the second constriction R2=0.60). 

 

 

 

 

 

Figure 6.9– Cell trafficking velocity in the first constriction (LPS-treated cells before PTX stimulation, red circles) 
and in the second constriction (LPS-treated cells after PTX stimulation through the porous membrane, blue 
squares). The velocity is plotted as a function of cell diameter. It appears that there is no clear difference in 
trafficking velocity between the experimental groups. The data were fitted by a linear regression line (for the first 
constriction R2=0.11 and for  the second constriction R2=0.05). 
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Figure 6.10 - Correlation between cell entry time and cell velocity in the constriction channels. There is no clear 
distinction between the cells in the first constriction (LPS, red circle) and the cells in the second constriction (PTX, 
blue squares).  

6.4 Discussion and conclusion 

Most cellular processes, including those related to diseases, are influenced by both 

mechanical and biochemical cues and result in changes of the cytoskeletal and mechanical 

properties of cells. Thus, in the development and testing of cellular assays and disease 

treatments, it is important to control and manipulate the chemo-mechanical cellular 

micro-environment and to investigate the resulting cellular response. In this chapter, we 

have introduced and characterized a microfluidic device that permits the investigation of 

cellular mechanical response to biochemical stimuli at single cell level in a physiologically 

relevant microenvironment. The key element of the device is a porous membrane that 

separates a stimulation channel (containing the biochemical agent) and a cell testing 

channel (through which cells are flown), and through which the agent can diffuse to reach 

the cells. 

Microfluidic systems offer a number of opportunities in the development of drug 

assays. Several microfluidic systems have been proposed in which membranes or gel 

layers are used as interfaces through which chemicals can diffuse to the cells [93, 213–

215]. The microfluidic system proposed in this study has the following advantages. First, it 

requires smaller volumes of stimulating agent compared to conventional chemical assays. 

The chemical is placed in the stimulus channel of the microfluidic device (with a volume of 

around 2 μl) and it is allowed to diffuse through the membrane into the lower channel. 

Furthermore, the diffusion from the upper chamber through a membrane permits a stable 

chemical transfer without generating fluid shear forces and affecting the flow in the lower 

analysis chamber. 

The fabrication of the device is rather easy and reproducible. The device design and the 

system parameters can be changed to adapt the device to different cellular assays. Both 

the stimuli and the cell analysis channels can be modified on the basis of cell type and drug 

used. For instance, the porosity or the pore size of the membrane could be changed 
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according to the choice of chemical compound and to the desired diffusion rate. The design 

of the cell microfluidic channel could also be adapted according to the drug used in the 

assay. For instance, the length of the serpentine channel could be increased if the drug 

requires a longer time of efficacy.  

On the other hand, the device is not applicable to all circulating cell types and cellular 

pathologies. Despite the advantages of this technique, cell deformability is associated with 

cell adhesion between cell membrane and the wall of the channel (see also the previous 

Chapter). Monocytic cells treated with LPS become stickier than non-activated cells. Thus, 

in the analysis of activated cells, even with the non-adhesive coating pre-treatment of the 

device, it appeared that the cells tended to stick to the wall or to the floor of the 

microfluidic channel due to increased adhesive properties of activated cells. Similar 

behavior was observed with atherosclerotic patients’ cells where the pseudopods 

projected by diseased cells where often anchored to the wall of the channel (Figure 6.11). 

Furthermore, since monocytes from atherosclerotic patients tend to form clusters due to 

increased adhesive properties of cell membrane, it was difficult to investigate the 

trafficking behavior at single cell level. Cell adhesion interferes with the analysis of cell 

stiffness since it would influence the entry time and the speed in the channel. For the 

analysis of activated HL60 cells, the flow rate was increased to avoid cell adhesion on the 

floor of the serpentine channel. However, this resulted in a decreased sensitivity of the 

device since the dependency of entry time on cell treatment is enhanced at low pressure 

differences. For this reason, this setup does not seem to be appropriate for analyses of 

diseased cells with strong adhesive properties.  

 

Figure 6.11– Images captured from a video of an monocyte from an atherosclerotic patient trafficking into a 
constriction channel. It appears that, while exiting the constriction, the monocyte remained anchored at the 
channel wall by the projected pseudopods (indicated with red arrows). 

Different challenges were encountered in the choice and in the incorporation of the 

porous membrane in the microfluidic device. The membrane required to have an array of 

pores smaller than 5 μm to avoid cell migration towards the upper stimulus channel but it 

needed to be fully transparent over the constriction region to avoid the influence of 
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microscopic pores on the observation of cells in the constrictions. Thus, the membrane 

was custom made as a free-standing SU-8 thin film over a substrate of PDMS as sacrificial 

layer. The fabrication of the membrane in a clean room has the advantage that any feature 

can be tailor-made. In fact, photolithography permits easy fabrication of micrometer 

structures according to a preferred design with specific properties and thicknesses. The 

sealing of membranes in microfluidic devices is a common problem. The incorporation of 

the membrane was performed at elevated temperature by reaction of the amino groups on 

the PDMS channel surface, generated by exposure to pure nitrogen plasma, with the epoxy 

group of the SU8 membrane surface. 

The results shown in this chapter are comparable with previous studies on monocytic 

cells trafficking through narrow channels after treatment with actin-disrupted agents [11, 

27]. Previous studies on Pentoxifylline showed that this drug reduces pro-inflammatory 

response and decreases the amount of adhesion proteins, such as ICAM-1, in monocytes 

[219, 220]. PTX was also shown to have a mechanical effect on blood circulating cells by a 

significant increase of the deformability of activated granulocytes after 10 minutes of 

treatment with a 0.2 mg/ml PTX solution [29]. Rosenbluth et al., proposed a microfluidic-

based flow cytometer to measure the transit time of HL60 cells stimulated with 

Cytochalasin D and Pentoxifylline. They observed that median transit time was reduced 

from 0.63 s to 0.23 s for 1 hour exposure of 2 μM of CytoD solution and to 0.37 s for 3 

hours exposure of 1mM PTX solution [79]. 

In our study the change in mechanical properties after exposure to PTX was not 

significant. There was a decrease in entry time after stimulation with PTX but no 

difference was observed in the trafficking velocity within the channel. This could be 

caused by biological and/or technical reasons. In fact, it can be due to the short residence 

time in the stimulus region (just 5 minutes, in contrast to 3 hours in Rosenbluth et al.). 

Furthermore, the measured entry and trafficking time can be affected by the occasional 

adhesion of activated cells to the wall or to the floor of the channel, as previously 

described. On the other hand, the increase in the flow rate used in this study could 

decrease sensitivity of the device, as previously described, or the setup is not sensitive 

enough to discriminate small differences in mechanical properties. Thus, further 

investigation might be necessary to investigate the sensitivity of the system by varying the 

driving pressure and by considering different cell types and cellular modifications.  

Despite the limitations, the preliminary characterization of our device showed that it 

has potential applications for various cellular assays investigating the interaction between 

biochemical and mechanical cues. The device might be adjusted to the use for different 

applications. For instance, it might be possible to investigate the in vivo-like cellular 

response to molecule release in signaling processes by incorporating the secreted factors 

in the in vitro setup.  This setup might then lead to an enhanced understanding of the 

biophysical aspects of many biological processes, including diseases, and to assess the 

effect of new treatments on diseased cells.  
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7.1 Summary and main findings 

Recent advances in mechanobiology show that many diseases are associated with 

significant changes in the organization of cytoskeletal and membrane structure of cells 

that are involved in the development of the disease [1, 7, 17, 18]. These cellular 

modifications lead to changes in the mechanical and adhesive properties of the cells. Given 

a known relationship between modification in mechanical properties and disease status, 

cell deformability could be used as a biomarker and a diagnostic indicator for the onset 

and the progression of these so-called diseases of mechano-biology. Furthermore, the 

investigation of the role of the cytoskeletal structure might give insight into the 

development of the disease and into possible therapeutic targets [7, 76].  

Inflammatory diseases, such as atherosclerosis, can be associated with changes in the 

mechanical properties of circulating monocytes, which have a crucial role in the initiation 

and progression of the disease [37, 38, 44, 45]. The main aim of this thesis was to develop 

microfluidic devices to investigate the role of cell mechanics during the progression of 

inflammatory diseases and to discriminate between healthy subjects and diseased patients 

based on the mechanical properties of their cells. 

In order to select the parameters for the development of such a device, it is 

fundamental to gain knowledge of the structural components and the mechanical behavior 

of monocytes, both in the healthy and in the activated states. Thus, in the first part of our 

work, we aimed at characterizing the mechanical properties of monocytic cells by 

measuring their response to deformation and by investigating the effect of structural 

changes on mechanical behavior. We hypothesized that actin polymerization and 

organization are important determinants of monocytic cell mechanical properties. Based 

on the knowledge that activation of neutrophils and granulocytes results in re-

organization of actin microfilaments, we suggested a similar response for the monocytic 

subpopulation of circulating immune cells. These assumptions underline the importance of 

investigating the role of actin structure in cell mechanical response and the effect of actin 

modifications in the activated state. First, we developed a microfluidic device containing a 

flexible membrane that enabled us to determine the characteristic time constant of cell 

recovery by loading the cell in compression and to distinguish monocytic cells from 

adherent fibroblastic cells on the basis of their mechanical response to deformation 

(Chapter 3). Next, the full elastic behavior of monocytes was quantified with a technique 

named Capillary Micromechanics, based on cell deformation in a glass capillary by the 

application of external fluid pressure. This method allowed measuring the cell mechanical 

properties over a large range of deformations (Chapter 4). Both studies contributed to our 

understanding of the mechanical properties of monocytic cells and the involvement of 

actin structure in cell response and activation state, albeit on different length and time 

scales. It appeared that the viscoelastic properties of monocytic cells are driven mainly by 

the polymerized actin organization. In fact, and not surprisingly, the disruption of this cell 

structure by Cytochalasin-D resulted in loss of cell mechanical integrity and stiffness. 

Changes in actin structure were also observed upon cellular activation induced by 

treatment with LPS, with an increase in protein polymerization and a reorganization of the 
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filament network in the cortical area of circulating cells. These cytoskeletal modifications 

due to activation were accompanied by an increase in cell stiffness. These observations 

suggest that actin is involved in the mechano-response of activated cells and may 

represent a possible therapeutic target for inflammatory diseases [11, 54, 86]. Another 

interesting finding on cell mechanical properties upon activation was the decrease of cell 

resistance to deformation. A pronounced drop in shear modulus was observed at high 

strains, such as those occurring during diapedesis through the endothelial wall. This result 

was in contrast with previous studies on leukocytic cells [12, 28, 48, 53, 56, 196] , which 

reported an increased overall stiffness of activated cells. Our study showed the importance 

of differentiating between compressibility and deformability in order to investigate the 

contribution of each deformation characteristics in the full elastic properties of the cell. 

These discoveries suggest that mechanical characterization can reflect the activation 

state of monocytic cells. Therefore, we decided to develop a microfluidic device based on 

cell deformation in a constriction (Figure 7.1) to differentiate cells on the basis of changes 

in cell structure and, consequently, in cell mechanical properties (Chapter 5).  It was 

proven that the device is sensitive to detect changes in entry time of the cells in the 

constriction and velocity of the cells in the channel.  

Using the same microfluidic constriction structure, we investigated the effect of 

chemical compounds on cell mechanical properties within one single microfluidic device in 

which both chemical and mechanical manipulation of the cells was possible (Chapter 6). 

The actin-disrupting drug Cytochalasin-D, whose effect was proven in the previous studies 

[12, 86, 154], and the clinical anti-inflammatory drug Pentoxyfilline, which was shown to 

down-regulate adhesion molecules expression in monocytes [29, 219, 221] were tested. 

The chemicals were diffused through a custom-made porous membrane while cell 

mechanical properties were characterized, as in Chapter 5, by cell entry time and velocity 

in the constriction. The characterization of this system showed the possibility of detecting 

changes in cell mechanical properties upon chemical manipulation within the same 

microfluidic device. At last, cells from atherosclerotic patients were examined in the setup 

by stimulation with Pentoxyfilline. It appeared that the analysis of individual patient cell 

mechanical properties is challenging due to monocyte aggregation and evident cell 

adhesion to the wall of the microfluidic channel. Nevertheless, this device has shown the 

potential application in the field of drug screening and cellular response to cytokines and 

chemical signaling. The live imaging of single cells and the constant delivery of chemicals 

within the device can serve to develop a device for recreating physiologically relevant 

microenviroment in which testing cellular mechano-response to various drug 

concentrations.  

The knowledge obtained from this thesis is of relevance for the development of 

diagnostic devices and techniques for detection of diseased cells, and in particular 

circulation-derived cells. It was also demonstrated that the developed microfluidic method 

is a first step towards the development of a microfluidic tool for testing the effect of drugs 

on cell mechanical properties.  
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Figure 7.1- Scheme representing the integration of results from our investigations. The device with the integrated 
membrane (a) and the microcapillary measurements (b) gave insight into the mechanical properties of leukocytic 
cells. It was concluded that cell structure and mechanics can be used as biomarker for cell phenotype and activation 
state. Thus, devices for cell screening based on cellular deformation in a micro-constriction (c) were developed for 
discriminating healthy cells from activated cells and for testing the effect of drugs on cell mechanical properties (d). 

7.2 Comparison of methods and technology 

7.2.1 Computational model for describing monocytic cell mechanical properties 

In Chapter 3, we observed that the monocytic cell shows a time dependent behavior 

and that the cellular mechanical properties change depending on the loading time. 

However, in the microcapillary study used for calculating the compressive and shear 

moduli, cell behavior was described with a linear elastic model. A more detailed analysis, 

which includes time dependency, would have required a more complex numerical model 

in order to quantitatively analyzing cell mechanical properties. 

A numerical model of a cell entering in a constriction channel could allow evaluating 

the effect of cell stiffness or elasticity on entry and velocity times by changing the 

characteristic mechanical parameters and by comparing the numerical results with simple 

experimental studies. The contribution of each cellular component, such as nuclear or 

cortical stiffness, on cell trafficking can be investigated. The proposed model would, in first 

instance, be a continuum compound liquid drop model, which includes the outer shell and 

an inner core. The main challenge of the model is to account properly for the contact 

between the cell and the wall of the channel.  

Previous studies showed that drop model can adequately predict the mechanical 

behavior of leukocytes [68, 204, 222–226]. It was showed that it was possible to simulate 

the entry of the cell in a capillary in accordance with experimental measurements. The 

entry time depends strongly by cortical stiffness [204] and it decreases with pressure 

drop, increases with cell viscosity and increases when the capillary diameter decreases 

[222]. Furthermore, it was showed that a stiffer nucleus is displaced towards the cell front 

during entry, whereas a viscous nucleus is displaced towards the rear [204].  

In conclusion, a numerical model of the monocytic cell is recommended since it would give 
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insight into parameters that are difficult to be measured experimentally. For instance, in 

our study, we showed that the reorganization of polymerized actin to the cell cortex 

results in an increase in compressive modulus but in a decrease in shear modulus. This 

result was confirmed by the cell model, which predicted a significantly different behavior 

for the compressive and the shear modulus and gave insight into the contribution of 

cortical actin in cell elastic response.  

7.2.2 The role of actin in cell mechanical response 

The reorganization of actin cytoskeleton in leukocyte is extremely fast upon stimulation, 

both by chemotactic peptides [227–229] (within the first minute upon stimulation) and by 

Cytochalasin agents [228, 230] (within the first 15 minutes upon stimulation). 

Cytochalasin-D blocks actin polymerization from the barbed end of the filament and its 

effect on actin polymerization lasts hours [230].  

A key role of actin in leukocyte mechanical properties was underlined in each of the 

mechanical investigations performed in our research. In particular, our conclusions 

obtained with the constriction-based system were similar to the results by Gabriele et al.  

[11] produced with an analogous device. They showed that actin has an important role in 

cell deformation in a narrow microchannel. In fact, both the inhibition and the stabilization 

of actin structure strongly influenced cell entry time and cell trafficking in the constriction. 

Taken together, these observations indicate that cell stiffness depends strongly on F-actin 

organization. These results were confirmed in our study (Chapter 5) in which we 

investigated only the disruption of actin structure by treatment with Cytochalasin-D, 

which resulted in decrease the entry time and increase the cell velocity in the channel.  

The influence of actin organization on cell recovery appeared contrasting between the 

study on cell compression by the flexible membrane (Chapter 3) and the analysis in the 

micro-constriction (Chapter 5). The disruption of actin seemed to have a relevant effect on 

cell recovery upon release of the membrane, while no clear effect was observed after 

exiting the constriction. This contradiction is probably due to the different mode of 

deformation applied to the cell. The monocytic cell was deformed to a high compression 

ratio and for a long time (up to 30 minutes) using the membrane, while in the constriction 

the deformation rate was lower and the cell was confined for an extremely short time. It is 

known that actin forms a network with great resistant to stress at the cell cortex where 

most stresses are imposed from the environment and where the forces for migration are 

generated [52, 206]. Nevertheless, above a critical deformation threshold this rigid 

network breaks down and softens. At high deformation, the cell response is predominantly 

viscous due to this fluidization of actin network [52]. 

In Chapters 4 and 5, it was shown that F-actin reorganization played an important role 

in monocytes’ inflammatory response initiated with LPS. In fact, the formation of 

polymerized cortical actin is required for monocytes migration and adhesion. These 

processes require cellular changes to initiate signaling pathways and release adhesion 

molecules. Previous studies showed that reorganized F-actin in activated neutrophils may 

provide a signal to induce adhesion molecules redistribution at the cell’s leading edge in 

which these molecules cluster to facilitate adhesion and sequestration [86]. Furthermore, 
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it was shown that in pulmonary monocytes, F-actin reorganization up-regulates 

inflammatory cytokines.  Disruption of filamentous actin by Cytochalasin-B resulted in 

reduced neutrophil adhesion and decreased up-regulation of inflammatory molecules in 

pulmonary monocytes [86]. Therefore, it appeared that F-actin reorganization, and 

consequently changes in mechanical properties, may offer a potential biomarker for the 

development of inflammatory diseases and blocking actin polymerization might be 

investigated as possible target for prevention and treatment of inflammatory response of 

monocytes. 

7.2.3 Sensitivity of constriction-based device 

The sensitivity to detect changes in cell trafficking through a constriction channel is 

strongly dependent on the design of the channel and on the driving flow parameters. The 

appropriate design has been investigated by testing different channel sizes, the tapering of 

the constriction and the option of by-pass channels. It was observed that the effect of 

activation on entry time was not relevant in the design presented in Chapter 5 with the 

applied flow rate and the channel width. On the other hand, differences in entry time but 

not in trafficking velocity were observed between activated cells and cells treated with an 

anti-inflammatory drug by analysis with a similar device with adjusted design 

characteristics and flow parameters. The classification rate can be improved by additional 

changes in the channel design and in the flow conditions. In order to define the 

experimental parameters, a numerical model of the channel geometry can assist in the 

development of appropriate design characteristics of the microfluidic structures and in the 

characterization of the appropriate hydrodynamic pressures. It was showed using a liquid 

drop model that the geometrical characteristics of the capillary strongly influenced the 

entry and the transit of a leukocyte. For instance, the threshold pressure drop that causes 

stoppage of the cell at the entry of a capillary is lower for rounded entry corners and it 

increases as the corners get sharper [222]. 

7.3 Towards the development of a microfluidic device for 

disease detection 

Current techniques for cellular mechanical characterization show evidence of the 

importance of mechanical properties for disease detection and lead the way to further 

research on mechanical biomarkers [1, 7, 17, 18, 231]. Nevertheless, several challenges 

remain to be overcome in order to develop a ‘biomechanical’ microfluidic device that could 

be translated into a diagnostic instrument for detection of blood circulating cells affected 

by cardiovascular diseases, such as atherosclerosis.  

Despite the development of microdevices for cell mechanical analysis, most of the 

research on newly developed devices focused on proof-of-concepts demonstrations of the 

system. The validation of the technique is necessary to test the utility of the technique and 

to understand the benefits, such as the classification success rate, and the limitations of the 

setup, such as the low sample throughput. However, the devices still need to be improved 

at the technical level, to integrate and automate the necessary processes with increased 
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ease of use and appropriate throughput. Furthermore, many biological questions need to 

be addressed in order to develop a standardized method that provides clearly 

interpretable results for clinically relevant applications.  

In the following paragraphs, we elucidate the technical challenges for the development 

of a clinical tool and the clinical issues for the application of the device to inflammatory 

diseases.  

7.3.1 Technical challenges and design considerations 

Despite the recent technological advances, the development of a lab-on-chip device 

capable of performing an accurate detection of diseased cells based on mechanical 

screening in a high throughput and sensitive way remains challenging. Several aspects of 

consideration that can be reflected in the design of the device are discussed below.  

7.3.1.1 Sample throughput 

A main challenge for microfluidic approaches for cell mechanical characterization is the 

sample throughput. In order to obtain clinically relevant data, the developed device should 

be able to sensitively test a large number of cells (at least 50-100 cells/min) within a 

reasonable time frame (maximum an hour for analyses performed at room temperature). 

In our developed setups, we focus on analysis of pure populations of cells with a known 

condition. For a clinical application, a heterogeneous population with cells of an unknown 

state is tested. Since the device needs to perform the detection and the selection of the 

diseased cells, the amount of analyzed cells will be significantly higher compared to the 

current throughput. An accurate and high throughput analysis is also clinically relevant 

due to the possible rarity of diseased cells within the cell population.  

In the case of the constriction-based device, a possible solution for processing a higher 

and more accurate number of analyses is to perform several assays in parallel. In fact, the 

microfluidic design can be adapted with a number of parallel constrictions (Figure 7.2), 

which would allow multiple cell analysis, or with a sequence of constrictions, which would 

improve efficiency and purity of the selection.  
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Figure 7.2– Design of an array of channels with multiple constrictions. Many 5 μm-wide channels (within the square) 
are used for cell deformation to avoid device failure due to clogging of a single microchannel. Scale bar, 150 μm. 

7.3.1.2 Ease of use and automation 

Ease of use and analysis automation are often undervalued in the design of microfluidic 

chips for research purposes. In order to reach clinical applications, the device should work 

with minimal user intervention in a fully automated way and the analysis should follow a 

simple protocol that will result in clear and easy readable outputs. Our setup is rather 

simple to use since the monocytic cells could be directly delivered into the device upon 

isolation from drawing blood. However, the proper cell selection, and analysis of the data 

need further research and technical development to improve the automation of the 

system. The development of image analysis software is advised for evaluating cell 

mechanical properties from videos of the cells flowing in the microfluidic channel, albeit 

this may not result in real-time readouts. Another desirable solution for the improved 

automation of a mechanical biosensor might be the integration of a sorting approach to 

collect the cells with specific mechanical properties for further biochemical analyses.  

7.3.1.3 Integration of additional features (membranes) 

With the advances in microfabrication, it is possible to design and produce microfluidic 

structures with high precision. The integration of additional features in the microchip, 

such as valves or membranes, permits manipulation of the fluid and active control of the 

microenvironment in the system. However, it may pose some challenges regarding the 

fabrication process, the used material and the assembly method. In our study, we 

incorporated a PDMS flexible membrane designed for cell compression and a porous SU-8 

membrane designed for chemical diffusion.  

The fabrication of the PDMS membrane did not encounter major challenges regarding 

the process and the sealing of the membrane to the chip since the process involves basic 

steps of the soft lithography process. The main requirements of this membrane were the 

high flexibility to allow deformation by the applied fluid pressure but at the same time 
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with sufficient rigidity to keep the membrane flat at the beginning of the experiment.  

For the design of the porous membrane, key challenges included the fabrication of an 

array of pores with diameter below 4 μm and the sealing of the membrane for the 

incorporation in the microchip. Various possibilities for the membrane material were 

considered, including commercial polycarbonate membranes, dialysis membrane, 

hydrogel-based membrane and custom-made PDMS membrane. None of these materials 

did meet the desired membrane properties or the possible fabrication options. For 

instance, a main disadvantage of the polycarbonate membranes was the insufficient 

transparency that reduces the possibility of monitoring the cells in the microfluidic 

channel. On the other hand, the fabrication of a transparent PDMS membrane tailored 

from an array of pillars, as previously described [232], would be extremely challenging 

considering our required pore size.  The choice of fabricating the membrane in SU-8 

photoresist allowed the development of a fully transparent film with precise patterned 

pores. The main challenge of a SU-8 membrane was the bonding with the PDMS structures 

of the chip that is not as straightforward as to bond glass or PDMS structures. It was 

necessary to generate amino groups on the PDMS surface using N2 plasma treatment and 

to allow these amino groups to react with the residual epoxy groups on the SU-8 surface. A 

rather simple but extremely controlled protocol needs to be used for the fabrication of the 

device, in which controlled baking temperature and nitrogen gas purity play an important 

role in the sealing process.   

7.3.1.4 Standardization 

Because of the above challenges, a standardized protocol is required, which would allow a 

comparison with results obtained from traditional techniques. The development of a well-

established method will permit a better interpretation of the data obtained by microfluidic 

devices and the recognition of cell deformability as clinical marker. For circulating blood 

cells, it is necessary to have standards on the cell sampling and isolation of the cell 

populations. For mechanical characterization of circulating cells, in physiological and/or 

diseased conditions, the standard protocol should include the deformation range and the 

trafficking analysis. The deformation range should be physiologically relevant to the 

analyzed cell (e.g. for leukocyte sequestration in microvasculature, the deformation is 

related to the capillary diameter). The trafficking analysis should include consistent 

parameters (e.g. entry time is a fundamental parameter since it is directly linked to cell 

stiffness).  

7.3.2 Clinical challenge  

Several studies have provided assumptions of the etiological role of cell mechanical 

properties in progress of inflammatory diseases [11, 54, 163]. Recently, many microfluidic 

systems have been developed for investigating leukocyte properties and immune functions 

[27, 163, 233]. The measurement of leukocyte mechanical properties might give insight 

into novel therapeutic treatments. Another advantage of the quantification of cell 

mechanical properties is the input of mechanical data for (computer) models aimed at 

predicting leukocyte behavior under different circumstances, such as inflammatory 
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response. Despite these advances, several biological questions need to be addressed in 

order to identify cell mechanical properties as a relevant disease biomarker and possible 

target for therapy. 

7.3.2.1 Specificity of mechanical marker 

A major issue for the use of a mechanical marker for characterizing an inflammatory 

condition is the low specificity of deformability as indicator of the disease, compared to 

other biochemical markers. Thus, the mechanical assessment needs to be integrated with 

other analyses, such as expression of activation/adhesion membrane molecules, in order 

to avoid the detection of a false positive sample and the definition of an inaccurate 

diagnosis. Nevertheless, microfluidic devices for mechanical characterization are valuable 

tools since they offer the possibility of a fast initial screening and detection of altered cells 

that can be isolated for further analysis.  

7.3.2.2 Channel clogging 

One of the key challenges in characterizing circulating cells in microchannels is the 

problem of clogging of the constrictions when large numbers of cells are processed or 

when an excessively stiff cell flows through the channel. Another disadvantage of the 

constriction channel technique is the difficulty to characterize the effect of adhesion in the 

measurement of cell deformability. This aspect was considerably relevant in our study 

since activated cells have increased adhesive properties that will result in longer entry and 

transit times. It also appeared that activated, stickier cells might attach to the wall of the 

microfluidic channel and can cluster together. It is necessary to increase the hydrophilicity 

of PDMS surface to avoid possible cell adhesion. 

7.3.2.3 Cell line vs patients’cells 

As previously said, most of the microfluidic tools for mechanical characterization of cells 

have been tested with cell lines and with a model of the disease. In our study, it was clear 

that the measurement of patients’ monocytes introduce significant challenges compared to 

the analysis of the HL60 cell line. Among other factors, the monocytes clustering upon cell 

separation (Figure 7.3) and the high adhesive characteristics of activated cells made single 

cell analysis in the constriction-based device particularly difficult. Thus, the translation of 

the microfluidic device to clinical application introduces additional factors to be evaluated. 

For instance, after leukocytic cells are collected from the blood, cell deformability starts to 

change. Since many experimental parameters, such as temperature or CO2 concentration, 

might affect cell state and deformability, it is essential to establish a standard testing 

protocol and standard circumstances in which experimental conditions are maintained as 

constant as possible and cells are tested within a limited period of time.  
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Figure 7.3– (Left) Cell suspension of monocytes from a diseased patient after isolation from blood PBMCs. Monocytes 
tend to form cell clusters, as visible in the microscope image. (Right) The clustering cells cause blockage of the 
microfluidic constriction channel. 

7.3.2.4 Monocyte reactivity 

Another reason to define specific experimental conditions for leukocytic cells is the 

reactivity of these cells, whose state can change under in vitro measurement. The state of 

cell activation needs to be preserved both during blood cell separation and subsequent 

microfluidic analysis to avoid detection of abnormalities in in vitro studies. Methods 

utilizing whole blood or reducing cell manipulation are highly desirable in studies for 

activated cell detection and characterization. In order to avoid factors that influence the 

state of cells between the different experimental phases, it would be recommended to 

integrate blood cell separation within the same device that subsequently performs cell 

mechanical analysis.  

7.4 Conclusion and future outlook 

The present work provides insight into the development of microfluidic devices for the 

mechanical characterization of and distinction between healthy subjects and diseased 

patients based on the mechanical properties of their monocytic cells. While several 

challenges need to be overcome, the results obtained in this study indicate that 

microfluidic-based biophysical measurements can potentially be used for diseased cell 

sorting and screening. In view of these results, we can conclude that the proposed 

microfluidic-based mechanical analyses, in combination with biochemical measurements, 

may be relevant for future tools for clinical point-of-care diagnosis.  

Considering the challenges explained in the above sections, in order to move towards a 

clinical application, the main technical requirements should be simple device fabrication, 

standardization of the system with existing methods and feasibility for application to 

different cells/pathologies. With regards to the clinical requirements, the cell analysis 

throughput should be high, in order to detect rare diseased cells within the cell population, 

and the validity of the device should be assessed with patients’ cells.  

The relative role of biomechanical ‘diagnosis’ versus biochemical markers needs to be 

assessed in systematic studies that investigate the role of selective individual as well as 
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combined chemical and mechanical markers. The membrane device described in Chapter 6 

may be an ideal initial setting to study this in the lab. The device can also be used to test 

other diseases in which changes in mechanical properties are likely to happen, i.e. 

circulating tumor cells, malaria infected red blood cells or cell affected by cardiac 

myopathy. Obviously, when moving to the patient, further analyses should be carried out 

to evaluate the accuracy of the biomechanical screening outside the laboratory also 

considering inter-subject variations. In-vitro screening of large cell populations from 

groups of patients can provide initial insight into the reliability, validity and sensitivity of 

the method.  
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