
applied  
sciences

Article

Fibrinogen and Fibrin Differentially Regulate the Local
Hydrodynamic Environment in Neutrophil–Tumor
Cell–Endothelial Cell Adhesion System

Yi Fu 1,* , Ang Li 2, Jie Wu 2 , Robert F. Kunz 3, Ren Sun 2, Zurong Ding 2, Jianhua Wu 4,* and Cheng Dong 3,*

����������
�������

Citation: Fu, Y.; Li, A.; Wu, J.; Kunz, R.F.;

Sun, R.; Ding, Z.; Wu, J.; Dong, C.

Fibrinogen and Fibrin Differentially

Regulate the Local Hydrodynamic

Environment in Neutrophil–Tumor

Cell–Endothelial Cell Adhesion System.

Appl. Sci. 2021, 11, 79. https://dx.doi.org/

10.3390/app11010079

Received: 18 November 2020

Accepted: 22 December 2020

Published: 24 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. This

article is an open access article distributed

under the terms and conditions of the

Creative Commons Attribution (CC BY)

license (https://creativecommons.org/

licenses/by/4.0/).

1 Shanghai Key Laboratory of Molecular Imaging, Collaborative Innovation Center for Biomedicines & School
of Medical Instruments, Shanghai University of Medicine & Health Sciences, Shanghai 201318, China

2 MOE Key Laboratory of Hydrodynamics, School of Naval Architecture, Ocean and Civil Engineering,
Shanghai Jiao Tong University, Shanghai 200240, China; greatang@sjtu.edu.cn (A.L.);
jiewu82@sjtu.edu.cn (J.W.); drrsun@sjtu.edu.cn (R.S.); zrding@sjtu.edu.cn (Z.D.)

3 Department of Biomedical Engineering, The Pennsylvania State University, University Park, PA 16802, USA;
rfk102@psu.edu

4 Institute of Biomechanics, School of Bioscience and Bioengineering, South China University of Technology,
Guangzhou 510006, China

* Correspondence: fuy_18@sumhs.edu.cn (Y.F.); wujianhua@scut.edu.cn (J.W.); cxd23@psu.edu (C.D.);
Tel.: +86-(021)-65883901 (Y.F.); +86-(020)-39380607 (J.W.); +1-(814)-865-8091 (C.D.)

Abstract: As cancer is one of the major fatal diseases for human beings worldwide, the metastasis of
tumor cells (TCs) from a blood vessel to an adjacent organ has become a focus of research. A tumor
metastasis theory named the “two-step theory” pointed out that polymorphnuclear neutrophils
(PMNs) could facilitate TC adhesion on an endothelial monolayer under flow, which was regulated
by shear flow and promoted by fibrinogen and fibrin. In order to further understand the role of
hydrodynamics played in the “two-step theory”, we improved our side-view micro-particle imaging
velocimetry (PIV) system and successfully measured the flow velocity profiles around adherent
PMNs and TCs on an endothelial monolayer in the presence of soluble fibrinogen or fibrin under
shear flow. Combined with a computational fluid dynamics simulation, we found that: (1) soluble
fibrinogen and fibrin influenced the variations of relative shear rates above an adhered PMN and an
adherent TC at different PMN-to-TC position states; (2) compared with soluble fibrinogen, soluble
fibrin made the curves of relative shear rates above an adherent cell flatter. Soluble fibrin might
increase the collision frequency and affect the contact time and contact area between PMNs, TCs,
and endothelium cells, resulting in the enhancement of TC adhesion and retention on an endothelial
monolayer.

Keywords: micro-particle imaging velocimetry; neutrophils; tumor cells; adhesion; local hydrodynamic
environment

1. Introduction

As cancer remains one of the main risk factors to human health, researchers are
continually seeking effective therapy methods to avoid death [1–3]. Tumor metastasis is
a multi-step process involving not only the tumor cells themselves, but also other blood
cells (e.g., white blood cells and platelets) and soluble proteins [4–7]. There are several
theories to explain tumor metastasis, one of which was developed by Dong et al. and
named the “two-step theory”. It proposed that polymorphonuclear neutrophils (PMNs)
acted as bridges between tumor cells (TCs) and endothelial cells (ECs), which facilitated
TC adhesion on the blood vessel wall [8]. A series of studies showed that the involvement
of PMNs significantly increased tumor cell adhesion and extravasation under flow, which
was regulated by shear force and shear rate, as well as tumor microenvironment [8–12].
These studies revealed the importance of targeting the adhesion of circulating tumor cells
in tumor metastasis [6,13].
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Studies showed that soluble fibrinogen (Fg) and fibrin (Fn) affected the initial adhesion
of circulating melanoma cells. The potential procoagulant effect of melanoma cells is closely
connected with a transmembrane protein tissue factor (TF) they secrete. It is reported that
TF expression level on the surface of high metastatic tumor cells was 1000 times higher
than that on the surface of nonmetastatic tumor cells [14], and TF could trigger coagulation
by promoting thrombin formation [15,16]. Thrombin is one kind of serine protease with
multiple functions, which could transfer Fg to Fn and activate several intracellular signal
pathways [17,18]. It could also cause a cellular immune response, such as a change of
intercellular adhesion molecule-1 (ICAM-1) expression level on an endothelial monolayer
and the activation of white blood cells [19–21].

Parallel plate flow chamber experiments by Ozdemir et al. elucidated that the adhesion
between melanoma cells and an endothelial monolayer was mediated by soluble Fn (sFn)
via ICAM-1 (on TC)-Fn-ICAM-1 (on EC) and αvβ3 (on TC)-Fn-ICAM-1 (on EC). Thus, sFn
acted as a bridge not only to promote the adhesion between melanoma cells and PMNs,
but also to help melanoma cells directly adhere to the endothelial monolayer [22]. Soluble
Fg (sFg) exists in the blood of healthy human beings, while the change of sFn expression
is usually related to diseases [23–25]. Studies showed that sFg and sFn, especially sFn,
could highly enhance the number of adhered melanoma cells, particularly the firmly
adhered ones, on an endothelial monolayer. Moreover, sFg promoted a short adhesion
time (1 s < t < 3 s) between melanoma cells and endothelial cells mediated by PMNs, while
sFn promoted both short adhesion and long firm adhesion (t > 5 s) between melanoma
cells and endothelial cells mediated by PMNs under high shear conditions [22,26].

Although the adhesion efficiency, adhesion time period, and adhesion kinetics were
well studied, the change of local hydrodynamic environment during the process of PMNs
facilitating TC adhesion on ECs in the presence of sFg and sFg was rarely understood. A
better understanding of local hydrodynamic environment changes in a neutrophil–tumor
cell–endothelial cell adhesion system with the presence of sFg or sFn would enrich the “two-
step theory”. Our previous studies indicated that both cell deformation and cell relative
positions would affect the local hydrodynamic environment to promote the firm adhesion
of TCs on the substrate [27]. Therefore, in the current study, we proceed to improve the
side-view micro-particle imaging velocimetry (micro-PIV) technique to investigate the local
hydrodynamic environment of adhesion between TCs and ECs mediated by PMNs with
sFg and sFn in blood flow. The purpose is to explore the hydrodynamic mechanism and to
reveal the effect of sFg and sFn by combining the adhesion efficiency, adhesion time, and
adhesion kinetics.

2. Methods
2.1. Preparation of Cells and Molecules

Transfected fibroblast L-cell (EI cells) with a stable human E-selectin and ICAM-1
expression (kindly provided by Dr. Scott Simon, University of California Davis, Davis,
CA, USA) was chosen as an alternative model for the endothelial monolayer substrate. In
previous studies, flow cytometry was used to periodically check the E-selectin and ICAM-1
levels on EI cells to verify the expression levels were comparable with IL-1β stimulated
human umbilical vein endothelial cells (HUVECs) [28]. The EI culture medium was
prepared by mixing 500 mL RPMI 1640 (GIBCO; Carlsbad, CA, USA) with 5 mg HT (Sigma;
St Louis, MO, USA), 5 mL xanthine (Sigma; St Louis, MO, USA), 5 mL mycophenolic
acid (Sigma; St Louis, MO, USA), and 5 mL glutamine (Invitrogen; Carlsbad, CA, USA),
which was then filtered and stored at 4 ◦C. EI cells were put in EI medium with 10% FBS
(BioSource; Carlsbad, CA, USA) supplement in a 37 ◦C tissue culture incubator with 5%
CO2 until confluent.

Metastatic Lu1205 melanoma cells (generously provided by Dr. Gavin Robertson,
Penn State Hershey Medical Center, Hershey, PA, USA) were cultured in DMEM/F12
medium (Dulbecco’s Modified Eagle Medium Nutrient Mixture F12, GIBCO; Carlsbad, CA,
USA) with 10% FBS supplement. Prior to flow experiment, Lu1205 cells were cultured in a
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37 ◦C tissue culture incubator with 5% CO2 until confluent. Next, 0.05% trypsin/EDTA
(Invitrogen; Carlsbad, CA, USA) was applied to the confluent monolayer for detaching the
cells, which were then washed twice with fresh culture medium. The cells were suspended
in fresh medium at 37 ◦C for 1 h and then remixed with DMEM/F12 containing 1% BSA
(Sigma; St. Louis, MO, USA). The concentration was adjusted to 1 × 106 cells ml−1 for the
experiment.

The separation and the preparation of PMNs from fresh human blood by Ficoll-
Hypaque density gradient Histopaque-1077 and Histopaque-1119 (Sigma; St. Louis, MO,
USA) followed the protocols described in previous studies [22]. After separation, the
PMNs were remixed in Dulbecco’s phosphate-buffered saline (DPBS) containing 0.1% HSA
(Calbiochem; La Jolla, CA, USA) at a concentration of 1 × 106 cells ml−1, which was put in
a 4 ◦C freezer for up to 4 h to conduct the experiment. The study was specifically approved
by The Pennsylvania State University Institutional Review Board (IRB, NO. 19311), and
written informed consent was obtained from all subjects. The methods were carried out in
accordance with the approved guidelines.

Prior to the flow experiment, 1 mL soluble Fn was generated by mixing 120 µL
25 mg/mL soluble Fg (Sigma; St Louis, MO, USA) with 84 µL 24 mM Gly-Pro-Arg-Pro
amide (GPRP, Sigma; St Louis, MO, USA) and 200 µL 10 U/mL thrombin (Sigma; St Louis,
MO, USA) at 37 ◦C for 5 min. The role of GPRP was to prevent soluble Fn molecules from
becoming polymerized after thrombin cleavage [23].

2.2. Coupled Side-View µPIV System Modification and Experimental Procedure

We have a methodology for studying the local fluid dynamics around a PMN and a
melanoma cell with five PMN-to-TC position states under different flow conditions [22].
A side-view flow chamber with an inner dimension of 700 µm (width) × 550 µm (height)
was assembled by inserting a Vitrotubes #5005 microslide into a Vitrocells #8270 microslide
(Vitrocom; Mountain Lakes, NJ, USA), which were sterilized. Two needles were then used
to connect the tubing and the chamber. Finally, superglue was used to seal the chamber. As
the aspect ratio was 1.27, we followed the method described by Cao et al. to estimate wall
shear stress distributions by applying a correction factor to analytical 2D channel velocity
profiles [29]. The side-view µPIV system set-up was mainly as previously described [22],
and consisted of a fluorescent microscope, a stage with a side-view flow chamber, two 45◦

mirrors with highly reflective surface coatings (Red Optronics; Mountain View, CA, USA),
a high-speed camera, and a computer (Figure 1A). There were two important modifications:
(1) continuous high-intensity fluorescent light was used as the illumination source; (2) a
Basler A504kc high-speed camera was used to record the images.

Orange tracer particles (1 × 1010 particles mL−1) with a diameter of 1 µm (Invitrogen;
Carlsbad, CA, USA) were diluted to 0.02% by volume with DMEM/F12 containing 1%
BSA. The particle solution was then put in a 37 ◦C incubator for at least 24 h to prevent
potential nonspecific aggregations. A syringe pump (Harvard Apparatus; Holliston, MA,
USA) was used to drive the flow. We set two volumetric flow rates, 91.25 µL min−1 and
292 µL min−1, which equals wall shear rates of 62.5 s−1 and 200 s−1 respectively. The
calculation followed Equation (1),

τw =
6µQ
WH2 F (1)

where µ is fluid molecular viscosity; Q is volume flow rate; W is the width of the chamber;
H is the height of the chamber; and F is the correction factor for a rectangular channel
with a finite aspect ratio. F is equal to 1.45 when an aspect ratio is 1.27 here [29], and the
viscosity was measured to be approximately 1.5 cP at room temperature, by a RotoVisco 1
cone-plate viscometer (ThermoMC; Madison, WI, USA).
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Figure 1. Illustration of side-view micro-PIV experiment and CFD simulation. (A) Setup of side-view micro-PIV system 
(drawn by the authors); (B) Six relative PMN-to-TC position states (PMN: polymorphonuclear neutrophil; TC: tumor cell); 
(C) Velocity profiles around an adherent cell; (D) Plot of a column of velocity profile above an adherent cell calculated 
from micro-PIV and CFD. 

Figure 1. Illustration of side-view micro-PIV experiment and CFD simulation. (A) Setup of side-view micro-PIV system
(drawn by the authors); (B) Six relative PMN-to-TC position states (PMN: polymorphonuclear neutrophil; TC: tumor cell);
(C) Velocity profiles around an adherent cell; (D) Plot of a column of velocity profile above an adherent cell calculated from
micro-PIV and CFD.
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The inner microslide was coated with EI cells before being inserted into a bigger one.
Cell suspension was mixed with fMLP-stimulated PMNs and Lu1205 melanoma cells at a
1:1 ratio, and soluble Fg or soluble Fn was added at the desired concentration. The mixed
solution was then perfused into the side-view chamber at given experimental shear rates of
62.5 s−1 and 200 s−1. As described previously, six PMN-to-TC position states—(A) a single
cell; (B) a TC approaches a PMN; (C) a TC collides with a PMN; (D) a TC forms a transient
aggregate with a PMN; (E) a TC firmly adheres to a PMN; and (F) a TC detaches from a
PMN—were chosen to be analyzed in a very low Reynolds number Stokes flow (Figure 1B).
Besides bright images of adherent cells under both top view and side view, 2000 side-view
PIV images were taken by a Basler A504kc camera at a speed of 1000 fps (∆t is 1 ms, digital
gain is 2, offset is ~50–90, and ROI is 1280 × 512). Images were then analyzed offline.

2.3. Data Analysis

Image processing was conducted by ImageJ (NIH), NI-IMAQ (National Instruments;
Austin, TX, USA), and JPIV (http://www.jpiv.vennemann-online.de). The 2000 raw images
were divided into two groups (group A and group B) with a time interval of 1 ms. Average
background images were generated by the ImageJ plug-in “average image filter” for group
A and group B respectively, and then subtracted from raw images accordingly. In order to
increase the particle density in one single image, each group was further divided into 20
smaller groups with 50 images. After applying the median filter and the math min filter, the
overlap function of ImageJ was introduced to generate one single image from 50 images,
and 20 images were output in both group A and group B separately. While signal-to-
noise ratios were significantly increased by these operations, the dynamic boundary was
missing, which could be compensated for by NI-IMAQ. After setting up the parameters in
JPIV (multi pass, interrogation window size, region of interest, between passes), average
ensemble correlation was selected to calculate the velocity profile. A typical image of
velocity profile around an adherent cell calculated from micro-PIV images is shown in
Figure 1C.

Local shear rates and upstream shear rates defined previously were calculated at each
PMN-to-TC position state separately. Equations (2) and (3) were used to calculate bulk-flow
Reynolds numbers and cell Reynolds numbers,

Rechamber =
2ρυWH

µ(W + H)
(2)

Recell =
ρ

.
γR2

µ
(3)

where ρ is the density of flow; µ is the viscosity of flow; υ is the average velocity in the
chamber; W is the width of the chamber; H is the height of the chamber;

.
γ is the local shear

rate of the cell; and R is the cell radius.

2.4. CFD Simulations

For a homogeneous incompressible Newtonian fluid with a low Reynolds number,
viscosity is considered unchanged at a stable temperature, and continuum flow is governed
by the Navier–Stokes equation,

∇ · ν = 0 (4)

∂v
∂t

+ (ν · ∇)v = f − 1
ρ
∇p + υ∇2ν (5)

where ∂ν
∂t is unsteady acceleration, (ν · ∇)v is convective acceleration, and f, 1

ρ∇p, and υ∇2ν

represent the effect of body force, pressure gradient, and viscosity. When the Reynolds num-

http://www.jpiv.vennemann-online.de
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ber is very small, inertial effects are negligible compared to viscous effects, so Equation (5)
could be rewritten as the following,

∇p = f + µ∇2ν (6)

which is called the Stokes equation. Cell movement studies in biomechanics could be
considered as Stokes flow because of their small dimension and slow velocity.

Corresponding to the experimental observations, a blood vessel was simplified as a
3D channel with a dimension of 1000 µm (length) × 700 µm (width) × 550 µm (height).
Flow was fully developed to Poiseuille flow under a low Reynolds number condition. The
melanoma cell was modeled as an ellipsoid, while the PMN was modeled as a teardrop by
the following equation,

y2

b2 +
z2

a2 =
(

1− x2

a2

)(
1 +

βx
a

)2
(7)

where constant a is one half of cell length, and unknown constants (b, c, β) are deter-
mined as Cao et al. previously described [30]. The pre-deformed shape of the cells is
determined by the measurements in Tables 1 and 2. In order to save time, a region of
300 µm (length) × 150 µm (width) × 150 µm (height) in the central bottom flow was ac-
tually calculated. A PMN was fixed in the center of the bottom wall, and the upper
stream profile was simplified to linear distribution. The boundary conditions were set
to be velocity inlet and pressure outlet. The side walls and the top wall were treated
as velocity boundaries, while the bottom wall was considered a fixed wall. Commercial
software ANSYS-FLUENT was used to solve the problem with the single-precision solver
and SIMPLE algorithm.

Table 1. Cell dimensions measured in sFg solution.

Conditions

PMN TC

Low Shear High Shear Low Shear High Shear

L (µm) H (µm) L (µm) H (µm) L (µm) H (µm) L (µm) H (µm)

isolated 8.8 5.2 11.6 4.9 15.3 14.48 15.15 11.4
approach 9.3 5.55 10.3 4.9 12.3 9.3 12.2 9.9
collision 8.25 4.8 6.6 6.6 14.25 13.65 14.7 12.15
transient
aggregate 8.7 8.1 7.8 6.7 13.35 13.05 14.6 13.5

adhesion 7.65 6.3 7.05 5.85 15.3 12.0 12.3 10.05
detach 9.3 4.65 10.95 5.7 14.25 11.85 15.45 11.7

Table 2. Cell dimensions measured in sFn solution.

Conditions

PMN TC

Low Shear High Shear Low Shear High Shear

L (µm) H (µm) L (µm) H (µm) L (µm) H (µm) L (µm) H (µm)

isolated 10.8 8.03 11.0 8.3 14.7 11.7 13.7 10.4
approach 11.7 8.55 17.7 5.85 14.55 12.6 15.0 14.1
collision 6.75 4.2 8.7 5.0 14.03 12.83 13.7 12.2
transient
aggregate 11.7 9.9 7.875 5.55 12.0 10.5 13.05 10.7

adhesion 11.25 7.05 9.2 6.5 15.3 11.85 13.4 13.0
detach 9.9 5.4 10.1 5.8 13.7 12.0 14.7 10.0

Since quasi-steady state is an important characteristic of Stokes flow, the instant flow
field is determined only by the boundary conditions at these time periods and is not
affected by the movement history of particles and other boundaries. During the process of
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PMN-facilitated TC adhesion on ECs, the relative PMN-to-TC position states in this study
could be treated as six quasi-steady states (shown in Figure 1B) in low Reynolds number
Stokes flow. Thus, the velocity profiles were assumed not changed when images were
taken at each state. The validation of the CFD model is displayed in Figure 1D.

3. Results
3.1. sFg and sFn Regulated the Local Shear Rates above an Adherent PMN and an Adherent TC on
an Endothelial Monolayer

In order to simulate the process of PMN-mediated TC adhesion on an endothelial
monolayer under physiological conditions, 1.5 mg ml−1 sFg was added to the solution.
Local shear rates above an adherent PMN and an adherent TC at six different PMN-to-TC
position states were calculated. Comparing the local shear rates above an adherent PMN
with those above an adherent TC at the same PMN-to-TC position state, the data show that
the local shear rates above an adherent PMN are all lower than those above an adherent TC
under both low (91.25 µL min−1) and high (292 µL min−1) shear conditions, respectively
(Figure 2). The results were consistent with previous studies [22]. It was also found that
the differences between the local shear rates above an adherent TC and those above an
adherent PMN are very small at two PMN-to-TC position states in the presence of sFg:
(1) a TC detaches from an adherent PMN under low shear flow condition; (2) a TC forms
transient aggregates with an adherent PMN under high shear condition. The corresponding
heights of a PMN are 4.65 µm and 6.7 µm, while those of a TC are 11.85 µm and 13.5 µm
(as shown in Table 1). Although the height of a PMN is much smaller than that of a TC, the
local shear rates above adherent cells are very close, which might due to the “peak” and
“valley” of endothelial monolayer. If a PMN adheres to the “peak” and a TC adheres to the
“valley”, the effect of endothelial monolayer morphology on flow field might compensate
for the effect of cell height on flow field. Therefore, besides the height of an adherent cell,
the position on the endothelial monolayer where it stays also becomes an import factor
that can affect the local hydrodynamic environment.
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Since the increase of sFn in blood flow may reflect the occurrence of disease, we
intended to investigate the local hydrodynamic environment around adherent PMNs and
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TCs on an endothelial monolayer with sFn in the solution. Thrombin (2 U mL−1) was
mixed with sFg (1.5 mg mL−1) solution to convert sFg to sFn, while Gly-Pro-Arg-Pro amide
(GPRP) was also added to prevent self-aggregation of sFn. As shown in Figure 2, local
shear rates above an adherent TC are much higher than those above an adherent PMN
under both low and high shear conditions, which also agreed with previous results [22].
Regarding the cell dimensions in Table 2, when a TC collides with an adherent PMN, the
PMN shows the largest deformation (the heights decrease to 4.2 µm and 5.001 µm under
low shear and high shear conditions, respectively). Besides the deformation of PMNs, the
relative positions of TCs with respect to PMNs (TCs stand upstream of PMNs) contributed
to the lowest local shear rates above an adherent PMN as well. However, the highest local
shear rates above an adherent PMN and the extreme local shear rates (both the lowest and
the highest) above an adherent TC appear at different PMN-to-TC position states, which
might be explained by the effect of both an endothelial monolayer and sFn.

3.2. Analysis of Relative Shear Rates above an Adherent PMN and an Adherent TC

For the purpose of comparing the impact of adherent cells on the local hydrodynamic
environment between low and high shear conditions in the presence of sFg and sFn, relative
shear rates were calculated as described [22], which is defined as local shear rate above an
adherent cell divided by upstream wall shear rate. It was indicated that in the presence of
sFg, most of the relative shear rates (with the state of “transient aggregate” an exception)
above an adherent PMN under high shear condition are lower than those under low shear
condition (Figure 3A). Meanwhile, it was also found that the highest Relative Shear Rate
above an adherent PMN appears when a TC detaches from an adherent PMN, while
the lowest Relative Shear Rate above an adherent PMN appears when a TC forms firm
adhesion with an adherent PMN under both low and high flow conditions. The curve of
relative shear rates above an adherent TC under high shear condition overlaps with that
under low shear flow condition, and the lowest Relative Shear Rate also appears at the
state of “firm adhesion” (Figure 3B). An interesting phenomenon is that the Relative Shear
Rate above an adherent TC unexpectedly increases when a TC approaches an adherent
PMN and forms transient aggregates with it.
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What would happen when sFg was converted to sFn in pathological blood flow? The
curves of relative shear rates above an adherent PMN and an adherent TC do not show
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the same trend (the curves are overlapping) under both low and high shear conditions. As
seen in Figure 3, the numeric range of relative shear rates above an adherent cell in the
presence of sFn becomes smaller when compared with the numeric range that exists in the
presence of sFg. The relative shear rates above an adherent PMN in the presence of sFn
vary from 1.4 to 1.8 (from 1.2 to 2.0 compared with those in the presence of sFg) and the
relative shear rates above an adherent TC vary from 1.9 to 2.5 (from 1.7 to 2.5 compared
with those in the presence of sFg). More interestingly, the curves of relative shear rates
above an adherent PMN and those above an adherent TC display similar trends when the
shear condition is the same. Under a low shear flow condition, the Relative Shear Rate
above an adherent cell reaches “peak value” at the states of “approach” and “transient
aggregates”, and “valley value” at the states of “collision” and “firm adhesion”. Under
high shear condition, the relative shear rates above an adherent cell at the latter three states
are higher than those at the former three states.

3.3. Calculation of Cell Reynolds Numbers

The bulk Reynolds number of the side-view flow chamber is 1.11 and 3.56 for low
shear condition (91.25 µL min−1) and high shear condition (292 µL min−1), respectively.
Cell Reynolds numbers were calculated by Equation (3) and cell Reynolds numbers of TCs
were about 4–5 times those of PMNs.

Figure 4 shows the change of cell Reynolds numbers of adherent PMNs and TCs in
the presence of sFg. Large variations appear for both cell Reynolds numbers of PMNs
and those of TCs under high shear condition with a range of 0.01–0.017 and 0.06–0.075,
respectively. The curves of cell Reynolds numbers of PMNs and those of TCs under low
shear condition become much flatter, with a range of 0.003–0.006 and 0.02–0.03, respectively.
The lowest cell Reynolds numbers of PMNs and TCs appear at the state of “firm adhesion”
under both low and high shear conditions.
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When sFg was converted to sFn, the curves of cell Reynolds numbers of PMNs and
those of TCs show a flatter pattern under both low and high shear conditions. Cell Reynolds
numbers of adherent PMNs vary from 0.004 to 0.005 and from 0.013 to 0.015 under low and
high shear conditions, respectively. Cell Reynolds numbers of adherent TCs vary from 0.02
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to 0.03 and from 0.07 to 0.08 under low and high shear conditions, respectively. The curves
of cell Reynolds numbers of different cells under the same shear flow condition shear the
similar pattern, with the lowest cell Reynolds numbers appearing when a TC collides with
an adherent PMN.

3.4. Drag Forces Acted on Adherent PMNs and TCs

Drag forces were calculated on deformed PMNs and TCs with respect to all PMN-to-
TC position states. In the presence of sFg, drag forces acting on a TC drop down when
a TC is moving towards an adherent PMN. The curves of drag forces acting on a PMN
show complicated trends at different PMN-to-TC position states, with lowest drag forces
appearing at the state of “firm adhesion” (Figure 5). When sFg was converted to sFn, the
curves of drag forces acted on an adherent cell shear similarly to trends under low shear
condition compared with those of the same type of cell in the presence of sFg. However,
the curves of drag forces acting on an adherent cell under high shear flow condition display
different modes. Drag force acting on an adherent PMN drops when a TC collides with an
adherent PMN, while drag force acting on an adherent TC shows no apparent change at
different PMN-to-TC position states. Moreover, drag forces acting on an adherent TC are
much bigger than those acting on an adherent PMN.
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4. Discussion

In this paper, we measured the velocity profiles around adherent cells in the presence
of sFg and sFn at different PMN-to-TC position states to calculate local shear rates and
relative shear rates above adherent cells and the corresponding cell Reynolds number. The
results showed that both sFg and sFn affected the curves of relative shear rates above
an adherent cell under different shear conditions: (1) the curves of relative shear rates
above the same type of adherent cell under different shear conditions were overlapping;
(2) the curves of relative shear rates above an adherent cell became flatter in the presence
of sFn. Furthermore, the curves of the cell Reynolds numbers of an adherent cell showed
fluctuation under high shear condition, and the value ranges of cell Reynolds numbers
became smaller in the presence of sFn. Soluble fibrin(ogen), endothelial monolayer, PMN-
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to-TC position states, and different shear conditions all contributed to PMN-facilitated TC
adhesion on ECs. Besides the effect of an endothelial monolayer on the local hydrodynamic
environment, soluble fibrin(ogen) acted as a bridge to form extra molecule bonds between
three pairs of cells: PMNs and ECs, TCs and ECs, and PMNs and TCs. The increase of
collision frequency among these three types of cells affected the contact area and contact
time, and further enhanced tumor cells’ firm adhesion on an endothelial monolayer. Both
in vivo and in vitro studies showed that there was a strong connection between hemostasis
and tumor metastasis. For example, cancer patients usually have a coagulation abnormality
with a higher concentration of Fg and fibrinopeptide [31,32]. Tissue factors secreted by
melanoma cells could promote the formation of Fn, which could increase the adhesion time
of melanoma cells to endothelial cells [14]. Fg could facilitate the adhesion between PMNs
and endothelial cells by forming molecular bonds to ICAM-1 [33,34]. Animal experiments
indicated that a lack of Fg reduced the firm adhesion of tumor cells, while adding Fn
increased the number of adhered tumor cells in pulmonary microcirculation [31,35,36].
In the presence of Fg and Fn, the adhesion between PMNs and melanoma cells would
happen in a similar way, which is ICAM-1 (on TC)-fibrin(ogen)-β2 integrin (on PMN).
αvβ3 Integrin expressed on the surface of melanoma cells could also bind to Fg and Fn in
blood flow [37,38]. Zhang et al. studied the adhesion between melanoma cells and PMNs,
and the results indicated that sFg and sFn enhanced the adhesion between tumor cells and
PMNs with different kinetic mechanisms. It was also found that ICAM-1 was responsible
for initial adhesion and αvβ3 integrin played a role in firm adhesion [39].

PMNs enhanced melanoma cells’ adhesion to endothelial cells in the blood flow, and
the concentration of sFn in cancer patients increased due to thrombin [32,35]. In the process
of PMN-facilitated tumor cell adhesion to endothelial cells, there were several factors that
affected the final adhesion efficiency of tumor cells, such as collision efficiency, contact area,
and contact time. In the “two-step theory”, collisions first occurred between PMNs and
an endothelial monolayer, then between melanoma cells and adherent PMNs, and finally
between tethering melanoma cells and the endothelial monolayer. The collisions between
melanoma cells and the endothelial monolayer could not form firm adhesion without the
help of PMNs under shear flow [8]. In the presence of sFg and sFn, there would be three
different ways for melanoma cells to firmly adhere to an endothelial monolayer: (1) PMNs
first adhere to endothelial cells and melanoma cells are then captured by adherent PMNs;
(2) melanoma cells directly collide with the endothelial monolayer to form firm adhesion;
(3) melanoma cells first form transient adhesion to endothelial cells and then collide with
PMNs to be firmly arrested on the endothelial monolayer [22]. Therefore, the indirect and
direct collision frequency between melanoma cells and an endothelial monolayer greatly
increased. Parallel plate flow chamber experiments conducted by Ozdemir et al. indicated
that sFg and sFn enhanced PMN adhesion to an endothelial monolayer, which increased
the collision frequency between melanoma cells and PMNs per unit area and per unit time
as well [22]. Meanwhile, the effect of an endothelial monolayer on the local hydrodynamic
environment due to its morphology also promoted the collision frequency among PMNs,
TCs, and the endothelial monolayer. For example, if a TC moved from “valley” to “peak”
on an endothelial monolayer, it might be trapped more easily due to the decreasing shear
rate. Ghost red blood cells were also approved to facilitate the collision frequency among
PMNs, TCs, and the endothelial monolayer, which led to the increase of firmly adhered
TCs (data not shown).

Besides collision frequency, contact area and contact time are two key parameters that
affect the firm adhesion of cells. When the substrate was coated with protein molecules,
since the width of the cell remained the same under different shear conditions, the contact
length of the cell acted as an important factor for evaluating the contact area between an
adherent cell and the endothelial monolayer [30]. Although it was difficult to directly
observe the contact length of adherent cells from the side view due to the endothelial
monolayer, the change in cell height reflected the degree of cell deformation to some extent.
As the volume of a cell did not change, the decrease of cell height might have led to
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the increase in cell length, which resulted in the increase of contact area to enhance firm
adhesion. As shown in Figure 3, in the presence of sFg, local shear rates above an adherent
PMN and an adherent TC reach the lowest value when a TC forms firm adhesion with
an adherent PMN. The decrease of local shear rates raised cell-cell contact time to allow
more molecule bonds formed on adherent cells. Although a similar phenomenon was
not observed for local shear rates above an adherent cell in the presence of sFn, the effect
of different PMN-to-TC position states on local shear rates above an adherent cell was
not as much as that in the presence of sFn. Under both low and high shear conditions
(91.25 µL min−1 and 252 µL min−1, respectively), the curves of local shear rates above an
adherent PMN and those above an adherent TC became much flatter. The strong effect of
sFn on direct adhesion between TCs and an endothelial monolayer might be an explanation.

Relative shear rates above an adherent PMN vary at different PMN-to-TC position
states in the presence of sFg and sFn under both low and high shear conditions (Figure 3A).
The curve of relative shear rates above an adherent PMN in the presence of sFn under high
shear condition displays a similar trend when compared with those curves in previous
study [22]. However, in Figure 3B, except in the case of TC adhesion in the presence of
sFn under high shear condition, the curves of relative shear rates above an adherent TC
in the presence of sFg and sFn under both low and high shear conditions did not change
too much compared with those curves in previous study (where the states of “a single TC”
and “transient aggregates” were neglected) [22]. It was indicated that both an endothelial
monolayer and soluble fibrin(ogen) affected the local hydrodynamic environment around
adherent PMNs more than that around adherent TCs. Since a PMN has a smaller diameter
(about 8 µm) than a melanoma cell (16–20 µm), it might be more easily influenced by the
external factors.

Although we examined an endothelial monolayer and soluble fibrin(ogen) to simulate
physiological tumor microenvironment in blood flow in vitro as much as possible, limita-
tions still exist. For example, only one concentration of soluble fibrin(ogen) was considered.
The diffusion of soluble fibrin(ogen) might be influenced by different shear conditions,
thus the gradient of soluble fibrin(ogen) might affect cell adhesion. Moreover, dynamic
wall shear stress distribution might be influenced by viscoelasticity of the extracellular
matrix. Another limitation is the use of EI cells to mimic endothelial cells. Although the
stable E-selectin and ICAM-1 expression of EI cells were comparable with those of activated
ECs [28], other changes were neglected in this study. Shear flow would activate endothelial
cells to promote the release of von Willebrand factor (vWF) from flow-stimulated EC [40],
and it is reported that vWF could directly bind and immobilize extracellular DNA released
from leukocytes [41]. Fibrin also induces release of vWF from endothelial cells [42]. There-
fore, vWF released from activated endothelial cells might also act as a bridge for neutrophil
adhesion to endothelial cells in the neutrophil–tumor cell–endothelial cell adhesion system
with the presence of sFg or sFn. Moreover, highly metastatic melanoma cells could activate
endothelial cells and tissue-factor-mediated thrombin formation, promoting the aggrega-
tion of platelets on tumor-activated endothelium, and leading to enhanced metastasis of
tumor cells [43–46]. Side-view micro-PIV was a 2D observation and also had its limita-
tions. In order to further reveal the mechanisms behind the “two-step theory” of tumor
metastasis, there are several improvements that could be made in future studies: (1) 3D
micro-PIV technique could be applied to capture the dynamic process of PMN-facilitated
tumor cell adhesion on an endothelial monolayer; (2) fluid-structure interaction could be
imported to simulate the process of calculating contact area and contact time during the
collisions of cells; (3) the impact of protein concentration gradient and chemokine could be
involved; (4) endothelial cells could be used rather than EI cells to investigate the impact of
vWF released from activated endothelial cells on the neutrophil–tumor cell–endothelial
cell adhesion system.
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