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Abstract: We show how microfluidics technology can be used to fabricate 
simple and innovative biomimetic tools to shed new light on physio-
pathological events occurring in the blood microcirculation. Examples of 
applications are given in the context of the acute respiratory distress Syndrome 
(ARDS), an inflammatory disease of the lung triggered by a massive arrest of 
white blood cells in the lung microvasculature. The main challenge consists in 
building relevant micro-devices to reproduce key biological characteristics of 
blood capillaries. We present a series of tools that permit us to decouple the 
role of the multiple parameters involved in complex biological events. Straight 
narrow channels with non-adherent walls are used to characterise the passage 
of a cell in 4 µm wide constrictions in the absence of adhesion, whereas 
channels covered by endothelial cells allow a quantitative measurement of cell 
adhesion in the absence of mechanical constraints. We show that incubation  
of white blood cells in sera of ARDS patients increases their stiffness, 
confirming the role of stiffness on the abnormal sequestration of white blood 
cells, whereas we could not bring to light a significant adhesion increase.  
The multiple branches and constrictions of the blood microvasculature network 
are mimicked here by series of interconnected crenelled constrictions with 
different symmetries. In symmetric crenels, cells adopt a stable deformed shape 
after a few constrictions and travel fast through successive constrictions with a 
constant orientation. In asymmetric channels, cell orientation and trajectory are 
perturbed between two constrictions. Unfavourable orientations upon entry can 
yield temporary or even definitive arrests with the stiffest cells. Finally, we 
present a new artificial micro-vessel with porous walls to mimic the porosity of 
real blood vessels. This new tool is useful to observe directly under  
a microscope the late stages of inflammation in the microvasculature such as 
immune cells transmigration, or the infection of a micro-vessel by pathogenic 
bacteria. 

Keywords: microfluidics; microvasculature; cell mechanics; cell adhesion;  
cell migration; cell transmigration; respiratory distress syndrome; meningitis. 

Reference to this paper should be made as follows: Preira, P., Leoni, T., 
Valignat, M-P., Lellouch, A., Robert, P., Forel, J-M., Papazian, L.,  
Dumenil, G., Bongrand, P. and Théodoly, O. (2012) ‘Microfluidic tools to 
investigate pathologies in the blood microcirculation’, Int. J. Nanotechnol., 
Vol. 9, Nos. 3–7, pp.529–547. 
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migration and transmigration of circulating cells. 

 

1 Introduction 

Medical research has greatly benefited from the recent development of medical imagery 
tools (magnetic resonance imaging, tomography, nuclear and positrons imagery) that 
yield fascinating 3D images from the scale of the whole body down to organ details. 
However, the limited spatial resolution of these techniques precludes observations of 
phenomena at the cellular level. Optical microscopy remains the most powerful tool  
to investigate the micrometre-scale living world and many sophisticated techniques 
(phase contrast [1], fluorescence, DIC [2,3], two photons confocal microscopy [4], Total 
Internal Reflection Fluorescence Microscopy [5], Ultra-high resolution microscopy [6]) 
have been developed to probe the cellular activity from the tissue level down to the 
molecular scale. Unfortunately, the use of optical microscopy on the human body in 
medicine is strongly limited owing to the diffusion of light by biological matter that 
restricts penetration of light in the body to a few microns. Non-intrusive microscopy 
observations on humans are therefore limited to a superficial region that is at most a few 
hundreds of micrometres deep, whereas fibroscopy imagery allows observation of inner 
body parts but with poor resolution. The internal microscopic human body is still largely 
inaccessible, which puts important limitations on medical progress. Biological 
investigations at the microscopic level can resort to animal experimentation, where 
surgical windows are employed to access the deep organs [7] but this practice is ethically 
questionable, expensive and not applicable to those cases where human pathologies have 
no relevant animal model. A new approach has recently emerged, which consists  
in fabricating in vitro models to study microscopic internal biological functions of 
interest directly under a microscope. This approach takes advantage of the advances in 
microfabrication and microfluidics technologies [8–10]. The coupling of micro-devices 
with different microscopy observations modes permits one to design new tools with 
which to explore biological events from the cellular to the nanometre scale. 

In this work, we focus on pathological events occurring in the blood microcirculation. 
Blood vasculature ramifies in the organs into a network of narrow capillaries with 
diameters as small as 2 µm, providing a large surface area for efficient exchange of gas 
and nutrients between blood and organ tissues. Several specific characteristics of the 
microvasculature make it a special location for pathological events in the blood system. 
First, capillaries are remarkably small when compared with cells in the blood stream, i.e., 
blood cells or cancer circulating cells, which have a typical size of approximately 10 µm. 
Circulating cells must, therefore, strongly deform to pass through the microvasculature, 
which puts their mechanical properties to the test. Second, trafficking cells in capillaries 
are in close contact with the microvascular endothelium during their passage, which 
favours cell–endothelium interaction and potentially adhesion. Third, the hydrodynamic 
shear stress in the bloodstream reaches its highest values in arterioles and capillaries [11],  
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applying important stresses on endothelial and arrested cells, like immune cells or 
pathogens. Last, the intimate contact between the microvasculature and surrounding 
organ tissues favours the sensitivity of immune cells to inflammatory signals and the 
extravasation of immune cells towards inflammatory zones. This set of characteristics 
explains why certain pathological events occur specifically in the blood microcirculation. 
It has been recognised that circulating cells are blocked specifically in the 
microvasculature owing to an increase in stiffness or adhesion during pneumonia [12], 
sepsis [13], ARDS [14] and metastasis [15,16]. Conversely, pathologic low affinity of 
lymphocytes with microvascular endothelium results into immunological deficiency 
diseases [17,18]. Also, transient flow arrest in the microvasculature can favour 
opportunistic adhesion of pathogens, like in meningitis infection [19], and abnormal 
extravasation is known to be responsible for pathological infiltration of organs in certain 
lymphomas [20]. In this context, the development of new micro-fabricated tools to 
reproduce in vitro the series of events occurring in vivo in the microvasculature 
represents a new promise for research on microscopic mechanisms involved in a wide 
range of diseases [21]. 

The main challenge in a microfluidic study of the blood microcirculation consists first 
in building relevant micro-devices that reproduce the key biological characteristics  
of blood capillaries. An idealistic reconstruction of blood micro-vessels should 
encompass a lumen with physiological micrometric diameter, surrounded by flexible and 
porous walls covered with layers of endothelial cells, muscular cells and extracellular 
matrix tissue. Such a complex model does not yet exist, although models that have been 
developed progressively approach this ultimate goal. Straight synthetic channels with 
synthetic non-adherent and non-porous walls of micrometric cross section have been used 
to investigate the passage of single cells in a constriction [22–27], and their 3D motility 
in confined environment [28–30]. Several papers have reported experiments with 
channels covered by endothelial cells [31–34] and mainly used to investigate the 
characteristics of endothelial cells under hydrodynamic stress [35,36], or the intravascular 
adhesion of white blood cells [35] and metastatic cancer cells [37]. A recent paper has 
introduced side micro-channels perpendicular to the main flow chamber that provides 
porosity to vessel walls [38]. Although this work describes a flow chamber that is too 
large to mimic the minute dimension of a micro-vessel, the device has proven useful to 
measure the permeability of the endothelial barriers vs. hydrodynamic stress. Porous 
synthetic walls have also been created using rectangular channels with two walls made of 
a hydrogel, and used to investigate cellular morphogenesis [39]. Very recently, a 
sophisticated biomimetic device has been fabricated that reconstitutes the complex 
multiple tissue of the lung alveolus [40], comprising both an endothelial and an epithelial 
layer. This device is also mechanically active, which permits one to apply a mechanical 
stress on the tissues to reconstitute the constraints applied in vivo by the dilation of 
alveolus upon respiration. 

In this paper, we present a series of microfluidic tools for investigating key pathologic 
steps occurring in the microvasculature. We focus on potential applications linked to a 
pulmonary disease called ARDS. ARDS was defined in 1967 as a bilateral pulmonary 
inflammation following severe trauma that is not necessarily linked to the lungs. ARDS 
was identified based on the important statistics on trauma yielded by 20th century 
military casualties [41]. In nowadays civil life, ARDS concerns 7% of patients in 
intensive care units and the death rate is around 40% [42]. In the 1980s, the convergence  
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from traumatisms of multiple origins to a pulmonary disease was attributed to the 
massive arrest of white blood cells in the lung microvasculature, which was 
systematically detected on deceased patients [14]. Intensive research has since been 
undertaken to understand whether pathological arrests of white blood cells in the lungs, 
also observed in sepsis or pneumonia, were due to an increase in stiffness or adhesion. In 
sepsis, an increase in both cell stiffness [43,44] and adhesion [45,46] has been reported, 
whereas in pneumonia a notable increase in stiffness [12] has been identified with no 
significant role of adhesion [12,45]. Concerning ARDS, it seems quite clear that cell 
stiffness plays a role [22,43]. However, in previous studies, measurements on patients’ 
cells may include an experimental bias because the cells obtained from the population of 
circulating cells may not be representative of the whole cell population since the relevant 
cells to examine are trapped in the microvasculature. Finally, the causes of abnormal 
leucocyte stiffness in ARDS are still obscure, although several reports have demonstrated 
that inflammatory mediators could increase leucocyte stiffness. Moreover, there are no 
data on the role played by adhesion in cell arrest. In this paper, we will use our 
microfluidic tools to shed new light on the role of leucocyte stiffness and adhesion 
properties in ARDS. To avoid the bias of working with patient cells, we will use a  
well-established monocytic cell line and incubate these reference cells in sera of patients 
with ARDS. 

A first family of devices concerns microfluidic circuitry with non-adherent walls. 
These devices put to the test the rheological properties of circulating cells in the absence 
of adhesion effects. A straight constriction device allows us to measure parameters such 
as the entry time, the cell friction in the constriction, the unfolding of cell membrane 
during the capillary transit through a constriction and the shape recovery kinetics  
after passage in the constriction. Straight channels are not representative of real 
microvasculature pathways comprising a succession of capillary segments that impose 
repetitive deformations to the cell during transit. We use here devices with multiple 
constrictions in series to investigate the passage of stiff cells in intricate micro-circuitries 
and we test the role of the channels’ symmetry on transit time. A second family of 
devices concerns microfluidic channels with potentially adherent walls covered by 
endothelial cells. Such flow chamber devices are useful to quantify the adhesivity of cells 
on vessel endothelium in the absence of mechanical constraints and also to investigate the 
migration modes of leucocytes on an endothelium. Finally, we present a new family of 
micro-vessels with porous walls. These devices are aimed at measuring the permeability 
of an endothelium to both fluids and cells vs. different hydrodynamic conditions or 
during an infection by a pathogen. These micro-vessels are also adapted to directly 
observing the detailed mechanism of white blood cells extravasation out of the vessel 
lumen into surrounding tissues under a microscope. 

2 Materials and methods 

Micro-device fabrication. All microfluidic devices were built using conventional 
microfabrication techniques developed for microfluidics [47]. Microfluidic channel 
designs were drawn using Clewin software (WieWeb Software, Hengelo, The 
Netherlands) to generate a chromium mask (Toppan Photomask, Corbeil Essonnes, 
France). A positive mould was created with SU-8 2000 negative resins (Microchem, 
Newton, MA, USA) spin-coated on silicon wafers (Siltronix, Archamps, France) and 
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exposed through the chromium mask in ‘hard contact’ mode with a photolithography 
device (Suess Microtec, Munich, Germany). Replicas of the positive moulds are  
obtained made with polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer Kit,  
Dow Corning, Midland, USA). Ports to plug inlet and outlet reservoirs were punched 
with a gauge needle and the devices were finalised by sealing the PDMS piece on a 
170 mm thick glass coverslip via O2-plasma activation (Harricks plasma) of both 
surfaces. 

Fluid manipulation. Fluid reservoirs were connected to the microfluidic device with 
polyethylene tubings (Scientific Commodities Inc., Lake Havasu City, AZ, USA) and 
attached to linear translation stages mounted on vertical optical rails (Micro-controle 
Spectraphysics S.A., Evry, France). Pressure drops across the microchannels were 
controlled by varying the height of the fluid macro-reservoirs (Figure 1(A)). In the text, 
we do not report the pressure drop ∆P across the whole circuitry but the local pressure 
drop in the portion of the microcircuitry of interest. ∆P is the pressure drop between the 
inlet and outlet of the 4 × 15 × 2245 µm3 channel for the single constriction device,  
and of 50 crenels in series for the multiple constrictions device. The simple method  
for single-cell experimentation described elsewhere [48] was used to select and 
manipulate cells without stress, and to exclude all undesired super-micronic particles. 

Figure 1 Anti-adherent constriction channels for cell stiffness measurement. (A–B) Image 
sequences of a leucocyte THP-1 cell during entry into a 4 × 15 µm2-wide constriction  
at a local pressure ∆P = 100 Pa before (A) and after (B) incubation in a serum of ARDS 
patient for 1 h; (i) contact, (ii) development of a projection in the constriction, and (iii) 
completed entry. The scale bar represents 10 µm and t indicates the time after first 
contact with the entry. (C) Entrance time ETs vs. local pressure drop ∆P for THP-1 cells 
before (hollow dots) and after (filled dots) incubation in a serum of ARDS patient for 
1 hour. Error bars represent standard error SE (n = 20) 

 

Microscopy set-up. Observations were taken with an inverted microscope (Zeiss 
AxioObserver 200) equipped for fluorescence and phase contrast microscopy  
(Plan-Neofluar 100X/1.30 Oil Ph3), and reflection interference contrast microscopy 
(Antiflex EC Plan-Neofluar 63X/1.25 Oil Ph3). Video sequences are recorded with a 
camera COHU (model 4912–5000) at 24 frames per second. 
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Channel surface treatment. To obtain anti-adherent walls, the channels were incubated 
with a 5% Pluronic F108 solution (BASF, Mount Olive NJ, USA) for 2 h. The treatment 
for leucocyte integrin-specific adhesion in channels was incubation with Fc-ICAM-1  
(R&D Systems) at 10 µg/ml in PBS at 4ºC overnight, followed by incubation with a 
blocking solution (BSA 1.25% and Pluronic F108 1.5%) for 30 min, and finally rinsed 
with HBSS supplemented with 5 mM Hepes and 5 mM MgCl2

+ (Invitrogen). For the 
culture of endothelial cells on the walls of micro-channel, PDMS devices were first 
sterilised using plasma treatment (Harricks plasma). The channels were then incubated 
with a 10 µg/ml fibronectin solution for 30 min at room temperature, rinsed with PBS, 
and inseminated with a concentrated endothelial cell solution 107 cells/ml. 

Cells. Human monocytic THP-1 cells [49] were maintained in Roswell Park Memorial 
Institute-1640 medium (Invitrogen, Cergy Pontoise, France) supplemented with 20 mM 
HEPES buffer, 10% fetal. calf serum (FCS), 2 mM L-glutamine, 50 U/mL penicillin and 
50 mg/mL streptomycin. Stock cell cultures were passaged twice weekly and maintained 
at 37ºC in a humidified atmosphere containing 5% CO2. For primary T lymphocytes, total 
peripheral blood mononuclear cells (PBMCs) were first isolated by ficoll gradient from 
human blood (Etablissement Français du Sang). PBMCs were stimulated with PHA-L, 
1 µg/mL (Roche) for 48–72 hours and subsequently cultured in the RPM1, 10% FCS, 
10 mM Hepes, 2 mM Glutamax in the presence of 50 ng/mL IL-2 (Miltenyi Biotech). 
After 6 days of culture, flow cytometry revealed that the cell population was > 95% 
CD3+. Cells were used 7–14 days following initial stimulation. 

We used Human Umbilical Vein Endothelial Cells (HUVECs) from PromoCell  
(C-12203) cultivated in Endothelial cell Growth Medium (PromoCell C-22010 and  
C-39215) with 1% antibiotic solution (50 U/mL penicillin and 50 mg/mL streptomycin). 
Culture medium was replaced every 2 days and cells passaged at around 80% of 
confluence. 

Sera of patients. Patients sera were obtained at the intense care units of Marseilles 
Hospitals and stored at −27ºC. 

3 Results and discussion 

Anti-adherent constriction channels. We use here a simple device to test the stiffness  
of circulating cells and investigate their transit characteristics through narrow capillaries 
in the absence of adhesion. The device consists of a straight channel, whose width is 
narrower than the cells’ diameter and whose walls have been treated by an anti-adhesive 
coating. The sequence of pictures in Figure 1(A) presents the entry of a single cell of 
diameter 12 µm in a constriction of rectangular cross section 4 × 15 µm2 and length 
2250 µm. The cells are manipulated in the microfluidic device by imposing a constant 
pressure drop across the circuitry [48]. In a previous study, this device was used to 
investigate the role of actin organisation and myosin II activity in the different stages of 
white blood cell trafficking through narrow capillaries [23]. In the entry stage, the 
entrance time ET, defined as the time interval between the leading edge of the cell 
crossing the entry into the microchannel and its trailing edge clearing the entry, was 
found to be strongly dependent on the actin network organisation. In the transit stage, 
different cell velocities were observed for a given pressure, which proved that our device  
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was sensitive enough to measure the minute differences of friction between the cells and 
the constriction walls that were not detected by previous micropipette experiments 
[50,51]. We have been able to relate qualitatively the average cell velocity to the 
thickness of the lubrication film between the cells and the wall of the constriction.  
This has permitted us to link a slower cell velocity to higher cell stiffness. In the 
relaxation stage, after cell exit from the constriction, the cells were found to recover their 
initial spherical shape with a characteristic time of around 50 s independently of the actin 
network state or acto-myosin activity level. This surprising result seemed to suggest that 
the shape relaxation relies on machinery independent of actin. Another explanation might 
be that changes in the elastic and viscous properties of cell compensate each other 
yielding roughly similar characteristic of shape relaxation times. On the other hand, the 
main effect of acto-myosin was found to maintain a sufficient membrane tension and 
maintain a minimum deformation of cells upon transit. In the absence of acto-myosin 
activity, we observed in certain conditions a complete unfolding of the reservoir of 
membrane contained in microvilli. Although further investigations are required to better 
understand the phenomenon of shape relaxation, these first results have demonstrated 
how a simple microfluidic constriction permits one to detect detailed characteristics of 
the cell transit in a capillary at the single cell level. In this paper, we propose to 
demonstrate the potential of a similar microfluidic single-cell approach to shed new  
light on a particular pathology, ARDS. Although cell entry, velocity, deformation and 
relaxation could be studied, we focus here on the entry stage, which is directly linked to 
the cell stiffness. Indeed, cell stiffness is reported in the literature as a factor that may 
favour a massive sequestration of leucocytes in the lung microvasculature. We use here 
model line leucocytes THP-1 and we compare their behaviour before and after their 
incubation in patients suffering from ARDS. Figure 1(C) presents measurements of 
single-cell ET as a function of the local pressure drop ∆P applied to the arrested cells in 
the constriction of cells before and after 1-hour incubation. ARDS-serum treated cells 
exhibit significantly longer ET than reference cells, the difference reaching one order  
of magnitude at ∆P = 100 Pa. This result proves that leucocytes stiffness may increase 
significantly in a context of ARDS and that transit times can be greatly increased,  
which suggests that cell stiffness can play a role in white blood cells sequestration in 
vivo. Our measurements show an important dispersion of entrance time, but all cells 
incubated in ARDS patients have stiffness significantly higher than reference cells. 
Another advantage of our approach using patient sera is that we demonstrate directly that 
sera contain the biofactors triggering the increase in cell stiffness in ARDS and that the 
induced effect is relatively fast (less than 1 h) and long-lasting (several days for cells 
continuously cultured in patient sera). In future work, it will be interesting to perform a 
systematic analysis with a sera library of patients with ARDS to determine a link between 
sera composition and cell stiffening effect. This should allow us to identify the 
components responsible for the abnormal mechanical properties of ARDS patients 
leucocytes and to test new therapies. 

Adherent channels covered with endothelial cells. We describe here experiments in 
channels with dimensions larger than the cell diameter, and with walls covered by 
endothelial cells, i.e., the cells that coat the lumen of blood vessels. These laminar flow 
chamber devices are useful for measuring the adhesion properties of cells with an 
endothelium in the absence of cell deformation and in conditions of hydrodynamic shear  
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stress encountered in blood vessels. Such cell adhesion measurements under flow are 
more physiological than static assays as some adhesive events mediated by selectins and 
integrins (important class of adhesion molecules) and glycocalyx (polymer regulating the 
repulsion between cells) occur only in the presence of shear [52,53]. Such measurements 
under flow also permit a very sensitive detection of weak adhesion events. In practice, 
white blood cells settle by gravity and are pushed by the flow so that they travel 
horizontally in the vicinity of the endothelial layer (Figure 2(A)). The frequency and 
duration of cell arrests under constant hydrodynamic shear stress are monitored.  
We have compared the behaviour of THP-1 cells on HUVEC endothelial cells 
monolayer,  

• when both are cultured in their respective culture medium (negative reference) 

• when HUVEC cells are incubated with an ARDS serum 

• when both are incubated with ARDS serum  

• when both are incubated with known activators of adhesion, respectively, TNFα [54] 
and PMA [55] (positive reference). 

The adhesion frequency per length travelled by the cell in the vicinity of the endothelium 
is, respectively, of 2.2, 2.1, 0.9, and 8.7 per millimetre. Detachment curves reported on 
Figure 2(B) show a similar behaviour of the negative reference and the experiments with 
sera incubations. The majority of arrest last less than 1 s, whereas for the positive 
reference the majority of arrests are definitive. Taken together, these results suggest that 
incubations of THP-1 and endothelial cells with sera of ARDS patients do not induce a 
significant difference of adhesion when compared with the negative reference. Hence, 
adhesion may be hardly affected during the early stages of ARDS, contrary to cell 
stiffness. However, further investigations with sera of different patients, larger statistics 
and different cell types will be necessary to get a more precise and general response on 
the role adhesion in cell sequestration during ARDS. 

Figure 2 Adherent channels covered with endothelial cells for cell adhesion measurement.  
(A) Image of THP-1 cells (white contour) settling on a confluent endothelial cell layer 
under a shear stress of 0.015 dyn/cm2 taken in phase-contrast and in fluorescence. Scale 
bar corresponds to 50 µm and (B) detachment curves for THP-1 and HUVEC incubated 
in, respectively, culture medium (dots), medium and ARDS-serum (triangle),  
ARDS-serum and ARDS-serum (squares), and PMA and TNF-α (cross) 
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Complex constricted pathway. Experiments in a single and long constriction are not 
representative of the pathway encountered by a cell transiting in the real blood 
microvasculature. Indeed, during a single passage in the lung, a cell passes through 
numerous short constrictions. In the pulmonary microvasculature, the pathway from an 
arteriole to a venule consists roughly of 50–100 connected constriction segments [50].  
As a first approximation of such complex microvasculature pathway, we have designed a 
microfluidic circuitry made of a succession of 50 crenelled constrictions of width 4 µm 
and length 20 µm connected by segments of width 20 µm and length 20 µm. Such a 
device was used in a previous work to study the passage of single white blood cells 
through interconnected capillary segments. We had shown that the time needed to enter 
the first constriction was much larger than the entry times in subsequent constrictions 
[23]. This was explained by the characteristic time of cell shape relaxation (around 50 s), 
which is much longer than the travel time between the exit of a constriction and the 
arrival at the next constriction entry (<1 s) in physiological flow rate conditions. Hence, 
for all constrictions but the first one, the cell is already deformed before entry and this 
pre-deformed shape shortens its entry time in subsequent constrictions. These findings 
suggested that the transit time was not significantly different in a single constriction 
channel (Figure 1) and in a multiple constrictions channel of same global length  
(Figure 3(A)). In this view, the single constriction device was relevant to estimate the 
transit times in complex microvasculature and can be used to analyse cell transit in 
pathological conditions like in ARDS. However, further experiments have demonstrated 
that more complex transit behaviours are also possible in multiple constriction pathways 
[48]. When the cell orientation is perturbed between two constrictions, the benefit of 
shape pre-deformation gets lost. The cell entry in the next constriction requires a  
time-consuming shape deformation, and the entry time is then comparable with the cell 
entry time in the first capillary. In this context, it appears that a transit time in multiple 
constrictions can be much longer than the transit time in a single constriction. Roughly, 
the total transit time is multiplied by the number of occurrence of cell orientation 
perturbation between two constrictions. 

The probability of cell orientation perturbations in symmetric crenels (Figure 3(A) is 
intrinsically low and perfect symmetry is obviously not relevant to describe real 
microvasculature. Therefore, to challenge further the idea that cell orientation 
perturbations may induce long retention times, we have designed crenelled channels  
with broken symmetry to force a random cell orientation in between two constrictions 
(Figure 3(B)–(D)). In this new device, the outlets of the constrictions have one side 
making an angle of 90º and the other side an angle of 45º. In these asymmetric crenels, 
we have found that the transit of a cell differs strongly depending on its stiffness, the 
stiffness of each individual cell being assessed by its entry time in the first constriction 
(as illustrated in Figure 3(B)–(D)). Experiments with cells of different stiffness can be 
made with cells without specific treatment because the distribution of stiffness in a cell 
population is wide [56] enough to allow an exploration of stiffness effects. For the most 
compliant cells, we observed like in symmetric crenels that the ET is much longer in the 
first constriction than in the subsequent ones. However, at each constriction exit, the cell 
trajectory is deviated upwards from the median pathway and the cell orientation is also 
shifted, the cell head pointing upward. The cells are deformed and tilted after exiting each 
constriction and they hit the upper part of the next constriction entry before entering it.  
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This shows that the broken symmetry of crenels fulfils the objective to perturb the 
favourable and straight passage of pre-deformed cells. However, compliant cells do not 
block at constriction entrances but still enter very fast. Indeed, just before constriction 
entry, the orientation of a cell changes rapidly to present the smallest section to the 
constriction entry, which corresponds to a favourable orientation for fast entry. This 
effect implies a rapid cell rotation either opposite to the cell rotation at the constriction 
exit and the cell enters then head-first in the constriction (Figure 3(B)), or a complete 
180° rotation and the cell enters then tail-first in the constriction (Figure 3(C)). In both 
cases, the cell transit is perturbed by the asymmetry of channels but the global transit 
times are hardly affected when compared with transit in symmetric crenels. The situation 
is completely different with rigid cells. In this case, the trajectory and orientation is also 
strongly perturbed at the exit of each constriction and the entry in the next constriction 
can be problematic. When cells present their largest section at the approach of a 
constriction entry, they are temporarily stopped. A strong and time-consuming 
deformation of the cell is necessary before the cell can travel through the constriction. 
Hence, for rigid cells, the asymmetry of multiple constrictions channels leads to a great 
increase in the global transit time. 

Figure 3 Multiple constriction channel to mimic complex microvasculature. Effect of symmetry. 
Image sequences of white blood cells THP-1 during transit through two successive 
crenelled constrictions with symmetric outelts (A) and asymmetric outlets (B–D). 
Sequences (B, C) correspond to compliant cells and (D) to stiff cells. The red dot 
materialises a physical point on a cell membrane to help visualisation of cell 
orientation. Cells enter fast (<20 ms) in the following constriction either head-first (B), 
or tail-first after a 180º rotation (C), whereas they stop for a long time (> 1000 ms) after 
a 90º rotation in (D). Local pressures are ∆P = 100 Pa in (A–C) and 150 Pa in (D). 
Scale bar corresponds to 10 µm (see online version for colours) 
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We have then compared the behaviour of cells incubated in sera of ARDS patient in 
symmetric and asymmetric crenels. With similar driving pressures, cells travel fast along 
a median pathway in symmetric channels whereas arrests are observed in asymmetric 
crenels, which corresponds to the behaviour observed with rigid cells. This result 
suggests that asymmetry in multiple constrictions in series can favour longer cell transit 
times and sequestration with ARDS patients as observed in vivo. However, further 
investigations are necessary to determine whether asymmetry plays a significant role  
in vivo. Indeed, the entries of blood capillaries do not have right angle shapes like our 
crenelled channels. It is known that the smooth capillary entrance, i.e., larger radii  
of curvatures facilitates the entrance of cells in constriction [50]. Moreover, a smooth 
entrance is also expected to guide the movement of pre-deformed cells towards a 
favourable orientation in the approach of a constriction. Smooth entry effects favouring 
fast entry can counter-balance potential asymmetry effects favouring longer transit times. 
To probe the result of these competing effects in vivo, one should design new devices 
with channels mimicking more precisely the physiologic asymmetry and curvature of 
microvasculature. 

Porous channels. It is accepted that the massive blockage of leucocyte in the lung 
microvasculature plays a role in triggering the deterioration of pulmonary function. 
However, the severe damage to the alveolar lumen tissue is the result of a late 
inflammatory activity by sequestered white blood cells. The complex inflammatory 
processes involving leucocytes interactions with the endothelium, deterioration of 
endothelium and transmigration of leucocytes from the blood system into tissues and 
alveoli lumen have not been observed in vivo in the context of ARDS. An in vitro 
approach with microfluidics opens new opportunities to investigate such events. The 
challenge consists here in fabricating micro-vessels covered by endothelial cells and 
displaying porous walls to allow leucocyte–endothelium interactions and also 
transmigration of white blood cells through the vessel walls. We present a prototype of 
such a microfluidic model (Figure 4(A) and (B)). Wall porosity is mimicked with narrow  
side channels (width 2 µm) perpendicular to the central channel mimicking the blood 
micro-vessel. In a typical experiment, fluid and cells are injected in the central channel 
only. The collector channels collect only the fraction of fluid and cells that have crossed 
the wall porosity. We present on Figure 4(B) a first application of this prototype.  
The walls of the device are covered with ICAM adhesion molecules to obtain a model 
surface for adhesion and migration of leucocytes via integrin-dependent motility.  
With this device, one can study in a single experiment the adhesion kinetics  
of leucocytes, their migration properties on a 2D surface under physiological flow 
conditions, and the transmigration of cells through the walls, which involves 3D motility 
mechanisms (Figure 4(C)). Such experiments will permit us to investigate the role  
of hydrodynamic shear stress on 2D motility and the cellular processes involved in the 
transition between 2D and 3D motility modes. In another experiment, the walls of the 
central channel have been inseminated with HUVEC endothelial cells. After several days 
of culture, the channels are covered with a confluent layer of endothelial cells  
(Figure 4(B)). This device will be useful in future work to investigate further the 
physiopathology of the lung microvasculature in the context of different inflammatory 
diseases such as ARDS, sepsis or pneumonia. It will also be useful to investigate 
infections of the microvasculature by pathogens. For instance, we are interested in the  
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infection of human brain microvasculature by bacteria Neisseiria meningitidis during 
severe meningitis. Current in vitro models include infecting cells in a Petri dish  
for in vitro assays and injecting massive doses of infectious agents in mice for in vivo 
models. Although these strategies have yielded important information, they fail to 
reproduce important conditions found during the infection process and therefore only 
give a partial view. The in vitro microfluidic model will allow observation of all  
the stages of the infection, from the bacteria arrest, colony growth, permeabilisation  
of the endothelial barrier and transmigration of bacteria through the channel walls in the 
collector channels. 

Figure 4 Porous microvessel. (A) Schematic of the device showing the central channel 
mimicking a blood vessel, the multiple side channels mimicking wall porosity  
(cross section of 3×3 µm2), and the two collector channels on the side. (B) Micrograph 
of a porous microvessel device with endothelial cells. (C) Porous microvessel with 
walls covered by ICAM molecules, allowing observation of the migration of leucocytes 
(T-cells) on a planar surface in 2D (upper cell) as well as the transmigration in the 
confined 3D environment of the porosity channels (lower cell). Scale bars correspond  
to 20 µm (see online version for colours) 

 

4 Conclusion and perspectives 

We have presented an innovative approach to studying pathologies in the blood 
microcirculation based on a series of microfluidic tools. These tools permit to observe  
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circulating cells (immune cells, circulating tumour cells and pathogenic bacteria) in 
biomimetic vessels and characterise their rheological behaviour, their properties of 
passage in a constriction under flow, their interactions with the endothelium and their  
transmigration across the endothelial barrier. Such analysis is useful for a wide range of 
pathologies like sepsis, leukaemia, pneumonia, metastasis, respiratory distress syndrome 
or meningitis. Beyond academic investigations, the microfluidic in vitro approach is also 
advantageous for medical applications for the possibility to screen drugs without 
constraints. Finally, the coupling of microfluidic devices to microscopy modes such as 
Wet-SEEC [57,58], RICM [59–62], TIRF [5] or ultraresolution PALM microscopy [6] 
permits to envision the study of biological mechanisms in biomimetic microvasculatures 
at both the nanometric and molecular scale. 
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