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a b s t r a c t 

The cell elasticity has attracted extensive research interests since it not only provides new insights into cell 

biology but also is an emerging mechanical marker for the diagnosis of some diseases. This paper reports the 

method for the precise measurement of mechanical properties of single cells deformed to a large extent using 

a novel microfluidic system integrated with a pressure feedback system and small particle separation unit. The 

particle separation system was employed to avoid the blockage of the cell deformation channel to enhance the 

measurement throughput. This system is of remarkable application potential in the precise evaluation of cell 

mechanical properties. In brief, this paper reports: 

• The manufacturing of the chip using standard soft lithography; 
• The methods to deform single cells in a microchannel and measure the relevant pressure drop using a pressure 

sensor connecting to the microfluidic chip; 
• Calculation of the mechanical properties including stiffness and fluidity of each cell based on a power-law 

rheology model describing the viscoelastic behaviors of cells; 
• Automatic and real-time measurement of the mechanical properties using video processing software. 
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Method details 

Background 

The mechanical properties of cells are closely related to not only their biological functions, such

as proliferation, differentiation, and apoptosis but also their morphology, for instance, migration and 

adhesion [1] . Thus, a deep understanding of cell mechanical properties may significantly boost the

fundamental studies of cell biology. To this end, many techniques including micropipette aspiration, 

atomic force microscope, magnetic twisting, and optical tweezers [2 , 3] have been developed. These

techniques can perform the precise measurement of cell elasticity and promote the development of 

the field, but they are of limitations, such as low-throughput [2] , or requiring expensive equipment

[4] . Therefore, microfluidic technologies have been exploited for this purpose due to the advantages

in single-cell manipulation with high-throughput, live-cell imaging, and precise control of microflow 

[5] . For example, the shear flows [6 , 7] , extensional flows [8 , 9] , or constriction channels [10–12] were

produced in microfluidics to investigate cell deformability. The Young’s modulus or the apparent 

viscosity of a cell squeezing through the constriction channel was able to calculate with the aid

of mathematical models [13] . The pressure inducing cell deformation is a critical parameter to

calculate cell stiffness using these models. To accurately measure the real-time changing pressure 

in the microchannel to precisely calculate the cell elasticity, a microfluidic chip integrated with a

separation unit and pressure feedback system was developed by Chen et al. [14] . The K562 and

human umbilical vein endothelial cells (HUVECs) were employed to demonstrate the cell elasticity 

measurement capability of the chip. The measured elasticity and fluidity of K562 and HUVEC cells

were well consistent with previous studies. 

This paper introduces the details of the fabrication of the microfluidic chip and the measurement

process of cell elasticity. It aims to provide readers essential and detailed protocols to study the cell

mechanical property using the microfluidic chip inducing large cell deformation. 

Design of the microfluidic chip 

The design of the chip is shown in Fig. 1 a. The chip consists of 5 parts, a multi-level filtration unit

( Fig. 1 b), a separation unit ( Fig. 1 d), a constriction channel ( Fig. 1 c), two sensor-connection channels,

and a winding channel. The inlet port is followed by the multi-level filtration unit consisted of

24 μm deep microchannels with the width ranging from 25 μm to 200 μm. Following the multi-level

filtration, a separation unit including one straight main channel (24 μm deep) and 12 side channels

(8 μm deep) evenly staggered on both sides was used to isolate rod- or flake-shaped particles from

the cell suspension. As shown in Fig. 1 d and e, the main channel is either 155 × 8 μm or 35 × 8 μm

wide. The side channels staggered on both sides of the main channel eventually converge at the

particle outlet at the right end of the chip. The main channel width gradually reduces from 155 μm

to 6 μm with a depth of 16 μm to from the constriction channel ( Fig. 1 c). The constriction channel

is 78 μm long and designed to deform living cells. The downstream winding channel measuring
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Fig. 1. The microfluidic chip design for cell elasticity measurement. Top view of (a) the whole device with the differential 

pressure sensor (DPS), (b) the multi-level filtration unit, and (c) the constriction channel. (d) An inset of the side channel 

entrance in the separation unit. (e) The cross-section of the main channel along line A-A in (d). 

1  

d  

c  

t

00 μm wide and 24 μm deep was employed to generated hydraulic resistance to adjust the pressure

rop along with the whole device. The sensor-connection channels on either side of the constriction

hannel are 100 wide and 24 μm deep. They are connected to a differential pressure sensor (DPS)

hrough tubing ( Fig. 1 a and c). 
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Fig. 2. The multiple-lithography process of the SU-8 mold for the microfluidic chip. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Device manufacture 

The microfluidic chip was fabricated by standard soft lithography ( Fig. 2 ) as described elsewhere

[15–18] . After 30-minute dehydration at 200 °C, the wafer was spin-coated with SU-8 2007

(MicroChem, Newton, MA, USA) at 1800 rpm to obtain an 8 μm thick film ( Fig. 2 a). It was

subsequently baked at 95 °C for 4 min on a hot plate within a fume hood. To form the 8 μm deep

side channel of the separation unit, the wafer with an 8 μm thick film was exposed to UV light

(URE-20 0 0, Chinese Academy of Sciences, Beijing, China) for the first time with a dose of 120 mJ/cm 

2 

under a photomask with the side channel. The film was further baked at 65 °C for 3 min until the

side channel of the separation unit appeared. Afterward, another 8-μm thick film was manufactured 

on the first layer by repeating the above spin-coating and heating steps ( Fig. 2 b). The wafer with

double layers (16-μm thick) was exposed under a photomask with the constriction channel to form

the 16 μm deep constriction channel, after precise alignment. It was then baked at 65 °C for 3 min

again. After that, the manufacturing steps were repeated and the third exposure was taken to form

the remaining 24-μm deep channels ( Fig. 2 c). Finally, the photoresist film was developed in SU-8

developer (MicroChem) and obtained the channel network with three different thicknesses ( Fig. 2 ).

After washing by isopropanol and dried by compressed nitrogen, it was exposed to the vapor of

1H,1H,2H,2H-perfluorooctyl (Aladdin 

R ©, Shanghai, China) trichlorosilane under vacuum for 15 min for 

silanization. 

The polydimethylsiloxane (PDMS) mixture of Sylgard 

R © 184 elastomer base and curing agent (Dow 

Corning R ©, USA) with the weight ratio of 10:1 was cast to the mold. After it was thoroughly degassed

under a vacuum and baked in an oven at 60 °C for 2 h, the cured PDMS replica was peeled off from

the mold. The replicas were punched with inlet, outlet, and sensor connection ports, before oxygen

plasma treatment for 30 s with glass slides. Finally, the PDMS replicas were irreversibly boned to the

glass slide. 
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Fig. 3. The photo of the microfluidic device and the pressure feedback system on a microscope stage. 
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A DPS (HSCDRRN010ND6A3, Honeywell, New Jersey, USA) with a measurement range of

2488.4 Pa and a resolution of 6.2 Pa was connected to the silicone tubing (I.D = 0.8 mm,

.D = 1.6 mm, ST004, SHENTONG, China). The DPS with tubing was then filled up with insulation

il (Yinglida, Shenzhen, China), before connecting to the sensor-connection ports. 

latform construction and experiment control 

As shown in Fig. 3 , the inlet, and outlet ports were connected to silicone tubing (I.D = 0.6 mm,

.D = 1.0 mm, ST039, SHENTONG, China) through 21-gage, flat-ended needles. The length of the

utlet tubing on different devices is identical to ensure the same hydraulic resistance. The DPS

as connected to the sensor-connection ports on the chip through 18-gage, flat-ended needles. The

ocations of the ports were shown in Fig. 1 a. Then the DPS was mounted on a sensor evaluation kit

Honeywell, New Jersey, USA) with a microcontroller board (Arduino Uno Rev3), and then controlled

y a computer program (Honeywell, New Jersey, USA) for pressure feedback with a sampling

requency of 5 Hz. A pressure pump (Elveflow, OB1 MK3 + , Paris, France) was used to precisely control

he pressure to drive either the inflow of cell suspension from the inlet or the outflow of the single

ells to wastes. A 15-mL falcon tube with an airtight cap was connected to both the pressure pump

nd the inlet of the microchannel to provide cell suspension with 10 0 0 cells per mL. The cell outlet

as connected with another 15 mL falcon tube with an airtight lid for waste cell collection using

egative pressure from the pump (ranges from −900 to 10 0 0 mbar). The same connection is used at

he particle outlet to maintain constant pressure. A constant pressure of −7500 Pa was provided at

he cell outlet to draw cells to deform and pass through the constriction channel. The pressure at the

article outlet was kept at −1600 Pa to enhance the filtration efficiency of the separation unit. Finally,

he microfluidic system was mounted on the stage of an inverted microscope (IX83 Olympus, Japan)

quipped with a CCD camera (C11440–36 U, Hamamatsu, Japan) to image the deformation of cells in

he constriction channel every 0.2 s. 

easurement and calculation process 

A power-law rheology model was employed to interpret the cell deformation [14 , 19] . The cell

rotrusion L p (t) is a function of the pressure drop ( �P̄ ) across the constriction channel, deformation
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Fig. 4. The deformation process of a K562 cell. (a) The micro photos during the deformation. The protrusion is the length 

between the measurement origin (red circle) and the leading edge of the cell (red line). (b) The temporal variation of L p during 

the deformation. Hollow triangles are the rapid deformation stage, and only hollow circles are employed to fit the power-law 

rheology model. The fitting curve of the model is red. (c) The temporal variation of pressure drop during the deformation. The 

scale bar on figure (a ) is 20 μm. 

 

 

 

time (t), and shear creep J(t). It is given by: 

J ( t ) = 

2 π

∅ p R p 
L p ( t ) 

�P̄ 
(1) 

where R P is the pipette radius (equivalent to the effective radius R e f f = 

√ 

h · w/π [20] ) and ∅ P is a

function of the ratio of the wall thickness to the radius of the pipette (usually 2.1 [21] ). 

The shear compliance constant (A J ) (Pa −1 ) reflecting the deformability of the cell can be described

by: 

A J = 

J ( t ) 

( t/ t 0 ) 
α (2) 

where α is the power-law exponent. It can vary from 0 to 1, reflecting elastic to viscous behavior. 

Thus, cell protrusion ( L p (t) ) is therefore given by: 

L p ( t ) = A J �P̄ 
∅ p R p 
2 π

( t/ t 0 ) 
α (3) 

Furthermore, the shear stiffness constant A G (Pa) can be described by: 

A G = 

1 

A J �( 1 + α) 
(4) 

where � is the gamma function. The A G is equal to the Young’s Modulus for t = t 0 = 1 s [19 , 22] . 

During the experiment, both the micrographs of the deformed cells and related pressure drop

were simultaneously recorded using MicroManager [23] and the sensor evaluation kit, respectively. 
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Fig. 5. Video processing software for real-time measurement of cell elasticity (a) The screen capture of the GUI of the offline 

prototype running. Real-time texts of various metrics (Green). Region of Interest (Blue). Cell detection bounding box (Orange). 

(b) The resultant protrusion length against time curve (Blue curve). The cutoff point of data filtering (Blue vertical). Logarithmic 

curve fitting (Orange). Metrics of interest (Black). (c) The architecture of the automated cell elasticity measurement software. 
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fterward, images showing cell deformation were processed using ImageJ [24] . The protrusion length

Lp) at different times (t) during the deformation of the cell was acquired. As shown in Fig. 4 a and 4 b,

he protrusion refers to the length between the measurement origin (the red circle) and the leading

dge of a cell. It dramatically increased with time and a rapid deformation stage existence when the

ell was almost fully squeezed into the channel. The protrusion data during the rapid deformation

tage (t = 11.4 s - 14.4 s, triangles in Fig. 4 b) was not considered in the power-law rheology model,

ince this stage was not described by Eq. (3) . The instantaneous pressure drop ( �P (t) ) inducing the

ell deformation ( Fig. 4 c) was used to calculate the pressure ( �P̄ ) in Eq. (3) by Lange et al. [20] 

�P̄ = 1 / t total 

∫ 
�P ( t ) dt (5)

Finally, the data of L p , t and �P̄ were fitted to Eq. (3) to acquire shear compliance constant (A J )

nd exponent ( α) of the cell. 

ideo processing software for cell elasticity measurement 

A video processing software has been developed to automate the real-time detection of protrusion

ength of the cell in a constriction channel. Our python code utilizes the open source computer vision

ibrary OpenCV and other packages for reading logs and data stream of the pressure sensor. This

rogram takes video of the cell movement across the constriction channel and simultaneous pressure

ata logs as inputs. Through the graphical user interface (GUI) of our software, the user is prompted to

anually select the region of interest for cell recognition and length inference (the whole contraction

hannel in this case). After selection, the software runs, recognizes the cell as it moves across the
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screen of the video and infers the protrusion length. The user can view the recognition results on

a simple GUI window ( Fig. 5 a). The window displays the video frame, metrics of interest and cell

recognition bounding box. When the cell exits, the prototype is triggered to calculate cell elasticity.

The prototype is capable of extracting suitable data and performing curve-fitting on protrusion length- 

time curve. It reports to user with a saved plot of the curve with other metrics of interest, e.g. A G and

α ( Fig. 5 b). 

The software architecture ( Fig. 5 c) consists of three layers, namely hardware, background threads

and GUI. When a cell passes through the constriction channel, the equipment in the hardware layer

would measure and stream the pressure data as well as the microscopic video frame of the channel

to the background threads of the software. The threads would receive the data packets, calculate cell

elasticity in real-time. The raw data and processed data packets would then be sent to the GUI for

display. The GUI would handle user inputs and configuration, such as configuring hardware serial

ports and selecting the region of interest. 
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