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living ECs exposed to the physiological range of FSS
by confocal microscopy and the measurement of the
intracellular strain field together with the application
of image processing and the finite element method
(FEM).'® They stained cytoplasmic domain and nuclei
of living ECs with fluorescent dyes, respectively. The
cells were cultured in parallel-plate flow chamber and
the flow rate was controlled by a syringe pump. The
scanning line of laser microscope was set to be parallel
to the direction of flow crossing the vicinity of the
center of the nucleus and containing two to four ECs in
one frame. A personal computer with a customized
program was used to synchronize the pushing motion
of the syringe pump and the trigger signal for image
acquisition by the microscope for a temporally well-
coordinated measurement. To obtain the intracellular
displacement field, an image correlation analysis was
carried out between the undeformed and deformed
images. The obtained lateral images of endothelial cells
exposed to shear stress and the strain distribution in
the cell calculated from the displacement field by FEM
are shown in Fig. 1. The dynamic image during
deformation under shear stress exposure can be found
at the journal homepage: www.elsevier.com/locate/
ybbrc.

Another technique is FRET (fluorescence resonance
energy transfer) imaging to visualize the spatiotempo-
ral activations of signaling proteins in a cell such as
Rho family GTPase. Various kinds of FRET probes
have been developed. For example, Raichu (Ras and
interacting chimeric unit)-Racl and -RhoA are typical
to visualize Racl and RhoA in living cells.”*”
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Microbead Techniques -

Although it remains unclear which molecule or
cellular component is the primary mechanosensor, one
of the major candidates is focal adhesions (FAs) con-
sisting of integrins and associated molecules. Since
FAs provide the mechanical linkage between the
extracellular matrix and cytoskeletons, forces would be
directly exerted on FAs when cells are exposed to
external forces. Recent reports have shown that
p130CAS®® and talin'® in FAs serve as primary
mechanosensors, which trigger signal transduction
cascades leading to alteration in cellular functions such
as proliferation®® and gene expression.?® In addition,
FAs may adapt to their mechanical environment by
changing their structures and connections to cyto-
skeletons, and have an important role in mechanically-
induced morphological and cytoskeletal remodeling of
ECs. Previous studies using micro-manipulation tech-
niques reported the accumulation of FA-associated
molecules® and actin®*® when forces were applied to
FAs, and local stiffening of cells®® was induced by
continuous or cyclic forces.

One of the typical methods of applying localized
mechanical force is the use of microbeads. Glass and
magnetic microbeads coated with a protein or a poly-
peptide are used to adhere to FAs.***** Wang and
Suo® reported that stress fibers have a role in force
transmission. They applied mechanical stress at the
apical side using magnetic bead technique, and then
observed deformation at the basal side under low and
high prestress, the tension acting in the cell. They
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FIGURE 1. Lateral images of HUVECs exposed to FSSs of 2 (a, e, i, m), 4 (b, {, j, n), 6 (c, g, k, 0), and 10 Pa (d, h, |, p). (a-d)
Fluorescent images of nuclei (green) and cytoplasm (red) of HUVECs under given FSS. (e~h) Merged images of HUVECs under
static (red) and flow (green) conditions. Disagreement of green and red colors indicates the displacement due to the fiow. (i-1)
Contour mappings of displacement in the flow direction. (m—p) Contour mappings of shear strain analyzed using FEM. The dextral
and sinistral shear strains are indicated by warm and cold colors, respectively.



330 LonNG et al.

obtained basal deformation map at low prestress which
led to localized displacement. However, at high pre-
stress, mechanical stress was transmitted over a long
distance. Another example is shown by Hayakawa
et al>* by introducing a glass microbead to the cell
surface. Stress fibers were developed to connect the
apical FAs to the basal ones. When they moved the
bead with glass micropipette by 4 um, they observed
the movement of small fluorescent beads with diameter
of 50 nm embedded in the substrate gel. However, only
very small displacement of beads was observed in
cytochalasin-D treated cells. This observation has
further supported that mechanical force transmits
from the apical FAs to the basal ones.

Microtechnologies for Cell Mechanics

Recently, some developed micro-fabricated tech-
nologies have greatly enabled the study of cell
mechanics and mechanobiology and in elucidating
how they can regulate important biological processes
such as cell adhesion, migration, spreading, and dif-
ferentiation.

Microcontact Printing

Microcontact printing provides a simple way of pro-
ducing patterns on substrates for altering and regu-
lating cell shape, spreading and migration. One
example is the use of microcontact printing to produce
fibronectin patterns of varying sizes to demonstrate
that the shape and spreading area of human mesen-
chymal stem cells (hMSCs) can regulate the differen-
tiation of stem cells into specific lineages. Here, hMSCs
seeded on small patterns of fibronectin (about

1024 um?) tended to differentiate into adipocytes (fat
cells) while those seeded on large fibronectin patterns
(about 10,000 um?) tended to differentiate into osteo-
cytes (bone cells).** Other examples include the use of
various other microcontact printed geometrical pat-
terns (e.g., rectangle with different aspect ratios or
pentagons with varying curvature of the edges) to show
that the patterns that induce the increase of intracel-
lular actomyosin tension regulate the differentiation
behavior of MSCs.**

Microcontact printed pattern of fibronectin is also
another simple way of regulating cell shape and influ-
encing the cell division axis (Fig. 2). This axis along
which a cell divides determines the position and fate of
the daughter cells. In fact, the spatial distribution of
extracellular matrix (ECM) was found to determine
cortical actin dynamics which in turn regulate the
axis of cell division.”"** Hence, it is important to
understand how biomechanical cues imposed by the
ECM proteins regulate cell division.

Cell migration is known to be influenced not only by
chemical but also mechanical cues presented in their
microenvironment including topography, geometrical
constraints, and ECM protein distribution patterns.
Micro-fabrication techniques have enabled us to sys-
tematically alter these mechanical cues to study how
these factors can regulate cell migration. One example
is the use of micro-patterned substrates to demonstrate
that the migration of cells on very narrow patterns
(one-dimensional or 1D migration) is faster than that
on two-dimensional or 2D surfaces. A contributing
reason is that the migration on narrow channels is
much more dependent on myosin II than that of 2D
migration.??

FIGURE 2. Demonstration of how various ECM patterns regulate the cell division axis.*' [Reprinted by permission from Macmillan

Publishers Ltd: Nature, 447:493-4986, copyright 2007].
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FIGURE 3. A microstencil based method to produce a multiple models of wounds for collective cell migration study.?® [Copyright

2007 National Academy of Sciences, USA].

Collective cell migration is relevant to several
important biological processes such as wound healing
and cancer metastasis. Recently, a micro-fabricated
soft elastic “microstencil” was used to study wound
healing by first placing it on a cell culture surface.®
Once cells had grown to confluence within the stencil,
the stencil was then lifted off which resulted in multiple
injury-free wounds for cell migration observation
(Fig. 3). Here, cell migration behaviors were charac-
terized as both collective and individualistic. While
many cells moved in a collective and coordinated way,
there were some very active “leader cells” fingering the
borders and acting in a very fibroblast-like and non-
epithelial manner.

Micropillar Assays
The micropillars are typically made of PDMS and the
corresponding assays consist of arrays of pillars whose
stiffness is controlled by their diameter, height, and
curing conditions. Also, the tips of these micropillars
are coated with ECM proteins to allow for effective
attachment and migration of cells on top of these pillars.

Micropillared substrate is often used to characterize
cellular traction forces by observing the extent to
which the cells deflect the micropillars. They have been
used to measure traction forces exerted by epithelial
cells sheets® as well as single migrating cells. Other
examples include the use of micropillar substrate to
probe the chemo-mechanical effects of anti-cancer
drugs such as emodin on cancer cells.'®

Apart from measuring cellular traction forces,
micropillar substrates have also been used for
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FIGURE 4. Two cells on fibronectin stamped micropillar
substrate form an intercellular adhesion. The force of inter-
cellular adhesion is equal and opposite to the sum of the
forces exerted by each single cell on the micropillars.

characterizing the intercellular adhesion forces
between cells. Here, micropillars were first microcon-
tact printed with a “bowtie” pattern of fibronectin.>®
Cells were subsequently allowed to adhere and spread
on these patterns and the cell substrate traction forces
were determined from the deflection of the micropillars
(Fig. 4). Using this technique it was shown that
mechanical tugging force regulated the size of inter-
cellular adhesion.

Modeling and Simulations

Actin Dynamics in Migrating Cell: Molecular-Scale
Modeling Approaches

Cell migration is a crucial process for many physi-
ological and pathological events, such as embryogen-
esis and cancer metastasis. During cell migration, a
lamellipodium is formed, which is a flat and broad
membrane extension filled with a dense and highly
branched actin network.®””® Protrusion of the lamelli-
podial leading edge, referred to as membrane protrusion,
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is one of the essential cellular activities for continuous
cell migration because it brings the front margin of the
migrating cell forward.”' During membrane protru-
sion, branched actin filaments are polarized with their
barbed ends in the migrating direction and polymer-
ized beneath the membrane. The chemical energy gain
from the polymerization is consumed by mechanical
work of the membrane protrusion.®”

To explain the mechanochemical aspect of force
generation that drives membrane protrusion, a math-
ematical model has been constructed: the Brownian
ratchet (BR).®””” According to the BR, the membrane
in front of the actin filament is thermally fluctuated in
its position. The membrane fluctuations create a suf-
ficient gap for monomers to intercalate and to poly-
merize at the barbed end. Thus, the polymerized actin
filaments beneath the membrane rectify the Brownian
motion of the membrane so as to produce a unidirec-
tional force. Subsequent modeling extends the BR to
flexible actin filaments: the elastic BR. If the actin fil-
ament is long, its own thermal undulations can also
create a gap between its barbed end and the mem-
brane.’® By applying the BR models, the protrusion
velocity of not only lamellipodia®®’ but also filopo-
dia>®® has been analyzed successfully. The fundamen-
tal understanding of these molecular machineries has
attracted new interests regarding their relationships
with cellular behaviors over several spatial and tem-
poral scales.

Non-muscle myosin II and actin constitute the
major force-generating machinery of actomyosin net-
works, where actomyosin contractility is fundamental
to cellular reshaping and movement.®’ Therefore, these
mechanical behaviors of actomyosin networks are
recognized as being fundamental to biological func-
tions,”* but the mechanochemical basis of the emer-
gence of these functions is still unclear.

At the individual actin filament level, several math-
ematical models of actin networks, such as semi-flexible
polymers without cross-links®® and with cross-links®”*>
have been proposed. These models have successfully
simulated the dynamics of actin networks and clarified
its relationship with rheological properties, whereas
processive myosin movements which is the origin of the
contractility of actomyosin networks, has not been
considered. On the other hand, at the cellular-scale, the
cable network model (CNM) has been suggested for
studying contractile actin networks, which has dem-
onstrated that the mechanics of a contractile filamen-
tous network with a spatial distribution of adhesions is
important in determining cellular shape.”® Because the
CNM relies on a lattice discretization of the mean field
of the actin cytoskeleton, it illustrates the computa-
tional efficiency for cellular-scale simulations. How-
ever, the cables described in the CNM are not meant to

represent individual actin filaments. Therefore, ana-
lyzing the dynamic rearrangement of actomyosin net-
works is beyond the scope of the CNM. Gathering and
extending these mathematical models at the individual
filament level, it gives challenging opportunities for
better understanding of force generation and dynamic
rearrangement in actomyosin networks.

Actin-Based Cell Motility: Cellular-Scale
Modeling Approaches

Recently, several experiments have been performed
to relate actin dynamics in migrating cell with cellular-
scale activities such as the shapes of migrating
cells.***%1% To enhance the knowledge of these multi-
scale relationships, theoretical and computational
studies at the whole-cell level are needed.

Several studies to construct whole-cell models and
simulate cell migration involved with various cell
shapes have been reported. Rubinstein ez al. have
proposed the 2D model of the fish keratocyte.®! This
model incorporates lamellipodial protrusion, cell
adhesion, contraction and actin transport. The simu-
lations using the model reproduce observed cell shapes,
forces, and movements qualitatively, and give an
explanation about some experimental results of per-
turbations on the actin machinery. For example, it has
been observed experimentally that photoreleasing a
caged thymosin at one side of a keratocytes lamelli-
podium induces a pivotal motion of the keratocytes
around the perturbed side. The model has successfully
explained this cellular response to the perturbation
from the view point of G-actin concentration. Maree
et al. have suggested a 2D whole-cell model of the fish
keratocyte based on the cellular potts model that sto-
chastically determines the leading edge protrusion
where force—velocity relation in the protrusion is fitted
to the thermal ratchet force—velocity curve in the
model.®? In addition, their model takes into account
the effects of some chemical signal transductions such
as Cdc42, Rac, and Rho. The model gives an insight
into how the keratocyte can maintain its shape and
polarity and how it can alter direction in response to
changes in its environment in terms of interactions of
Cdc42, Rac and Rho.

However, these models are phenomenological and
not derived on the basis of the underlying molecular
mechanism that has been considered by the BR. Al-
though the cellular-scale simulations using the BR with
a membrane load has been analyzed,*"* it is unable to
be used for studies in which resultant shapes of the
cells are unknown. This is because the BR requires
a priori constant load that depends on the cell shape.

Recently, Inoue and Adachi have suggested a 2D
keratocyte model based on the coarse-grained BR that
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FIGURE 5. Protrusion velocity, v,, and effective elastic
constant of the leading edge, K¢, measured in 10° kBTIym"’ as
a function of the radius of the curvature of the leading edge, R
(um). The radius is obtained by a least square fitting of the
equation of a circle to a set of positional vectors of nodes
allocated to the leading edge. Open and solid squares indicate
the values of v, and K.y, respectively. All lines are only for the
sake of reference. Simulated shapes of the leading edge are
indicated by the solid line, wherein a critical stall velocity is
0.80 (a), 0.81 (b), and 0.82 (c).

is derived using non-equilibrium thermodynamics
theory on the basis of the underlying molecular
mechanism.”® Because they assume that the cell is
either stationary or steady migrating, the cell adhesion
and contraction can be simply expressed in terms of an
energy constraint at the cellular level. This model
estimates the protrusion velocity, v,, consistently with
an effective elastic constant, Kee, which represents the
state of the energy of the membrane, and reproduces
the experimentally-observed keratocyte shapes by the
simulation (Fig. 5). The trend of dependences of the
protrusion velocity on the curvature of the leading
edge, the temperature, and the substrate stiffness has
also agreed with the other experimental results.

While these mathematical modeling of cell migra-
tions have achieved significant success, they are still 2D
models. Thus, further efforts should now focus on
investigating 3D environments.

MOLECULAR BIOMECHANICS
AND MECHANOCHEMISTRY

Molecular biomechanics focuses on how a single
molecule behaves mechanically and/or how two
counterpart molecules interact with each other, while
mechanochemistry refers to how mechanical stimuli

(enforced contact, restrained fluctuation, shear flow,
etc) regulate the conformational changes of biomole-
cules and affect their biochemical reactions and bio-
logical functions.

Experimental Techniques
Micropipette Aspiration

Micropipette aspiration technique (MAT) was first
used in quantifying the mechanical and viscoelastic
properties of an isolated cell in the mid-1950s when a
suction pressure was applied on the cell via a pipette. In
the past two decades, MAT has been widely employed
to understand the binding kinetics and rupture force of
surface-bound receptor—ligand interactions using two
experimental protocols: the adhesion frequency assay
(left panel) and the biomembrane force probe (BFP)
assay (right panel) (Fig. 6a). Data analysis is conducted
on the measured data to predict the kinetic rate/bind-
ing affinity and rupture force/bond lifetime. In the
adhesion frequency assay, the adhesion frequency,
defined as the fraction of adhesive events over the total
number of tests conducted and measured over the
systematically-varied contact duration and site densi-
ties of receptors and ligands, are predicted using a
probabilistic model of small system kinetics'® to collect
the forward and reverse rates and binding affinity.>>'%!
In the biomembrane force probe assay, the rupture
force, defined as the product of membrane deflection
and membrane stiffness, is measured on the systemat-
ically varied loading rate. Dynamic force spectroscopy
(DFS) theorem that defines the correlation of rupture
force to loading rate® is then used to predict the
parameters of energy landscape upon Bell model.*
Bond lifetime, defined as the time interval during
which the bond remains bound, is measured on the
systematically-varied applied force. A first-order dis-
sociation kinetics model is then used to predict the
reverse rate or bond lifetime.

MAT and BFP assays have been widely applied to
test various adhesive molecular pairs, such as FcyR-
IgG," selectin-ligand,*>'%" integrin-ligand,'”” and
TCR-MHCII binding.*® While at least one type of
molecule of interest needs to be purified from the cell
membrane and re-captured onto a RBC or bead as a
force transducer in these conventional assays, a gas-
driven MAT newly-developed is able to determine di-
rectly the binding kinetics of interacting molecules
constitutively expressed on nucleated cells (left panel in
Fig. 6a).

Optical Tweezers Manipulation

Optical tweezers (OT) assay was first applied by
trapping the biological particles in the late 1980s.” An
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FIGURE 6. Schematics of MAT (a), OT (b), FC (c), and AFM (d) assays. (a) A gas driven MAT assay (left) and a BFP assay (right). (b)
An OT assay for monitoring bond rupture (left) and association kinetics (right). (c) A FC assay for neutrophils rolling (left) and
tethering (right). (d) An AFM assay for system functioning (left) and working protocols (right).

adhesive event is identified when the bead/cell is
bounced back to the trap center during withdrawal
(left panel in Fig. 6b). The advantage of OT assay lies
in its features of non-contact, low perturbation, and
high spatial and temporal resolutions, which enables
one to conduct the delicate, near-equilibrium tests for
unbinding and association kinetics of molecular pair of
interest. The protocol for unbinding kinetics is the
same as that done in MAT assay. The other for asso-
ciation kinetics has been recently developed based
upon the thermal fluctuation rationale (right panel in
Fig. 6b),%® in which the time course of bead displace-
ment is monitored for the occurrence of sequential
binding and unbinding events, as is also observed in
BFP'! assay. To date, OT assay has been widely
applied in many molecular systems to understand the
molecular biomechanics and biophysics at a highly-
sensitive resolution.

Parallel Flow Chamber

Parallel flow chamber (FC) technique, similar to
that mentioned earlier for studying cell mechanics, has
also been applied to quantify the molecular mechanics
of cell rolling.*! A laminar flow is usually applied to
drive a receptor-expressing cell/bead flowing over the
ligand-immobilized substrate or surface. Time course
of the binding of cell/bead is visualized when it
encounters the substrate and various adhesion patterns
are identified mainly as rolling (left panel) and (tran-
sient) tethering (right panel) (Fig. 6c) of the flowing

cell/bead. Collected cell accumulation, detachment,
tethering and rolling, and transient rolling, are then
used to determine the kinetics of interacting molecules
under systematically-varied shear stress and site den-
sity of interacting molecules. A first-order dissociation
kinetics model that defines the irreversible unbinding is
used to predict the bond lifetime at a given shear stress,
together with Bell’s model for the force dependence of
bond lifetime.

FC serves as an in vitro assay to mimic the physio-
logical flow in many biological processes such as
inflammatory cascade, tumor metastasis, and throm-
bus formation. It has been widely used to understand
the cell rolling over and tethering on the substrate
mediated by receptor-ligand interactions under blood
flow.

Atomic Force Microscopy

Atomic force microscopy (AFM) was first devel-
oped in the mid 1980s based upon the scanning tunnel
microscope.” An adhesive event is identified when the
cantilever is deflected during withdrawal (left panel in
Fig. 6d), and the measured data is employed to predict
the rupture force/bond lifetime. Two modes are
applied to quantify the mechanochemistry of receptor—
ligand bond under applied force: the rupture force
mode works at a given loading rate while the bond
lifetime mode operates at a given applied force (right
panel in Fig. 6d). Mechano-chemical coupling models
that define the dependence of reverse rate on applied
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force,*!° together with DFS theorem,? are then used
to predict the parameters of kinetic rates and energy
landscape.

AFM assay has now been widely applied to
understand the forced dissociation at the single mole-
cule level. By combining with micro-fabricated tech-
nologies, it is also possible to build up an AFM array
to probe the multiple events or species simultaneously.

Simulations and Modeling

Molecular Dynamic Simulation
of Molecular Biomechanics

By incorporating both conformational changes and
atomic details of biomolecules in a 3D environment with
different temperatures, pressures, and/or mechanical
constraints, molecular dynamics simulation (MDS)
provides functional implication and yields information
that is not possible through any other means.' Today,
MDS is routinely applied in investigating the respective
mechano-chemical coupling and mechanical properties
of biomolecules at the single molecular level.' Variable
simulation protocols and analysis methods such as
free,” steered,”® and flow molecular dynamics,”® have
been developed to manifest the interesting properties of
biomolecules.

Classical or free MDS has been widely used to
probe conformational stability, flexibility, and folding/
unfolding pathway of proteins. For example, the
instability of GPIba f-hairpin without vWF is dem-
onstrated by a free MDS as a spontaneous transition
to a structureless loop.”® But for vWF-A1/GPIba
complex, MDS exhibits its conformational flexibility
and the stabilizing electrostatic interactions between
these two proteins.”” The unfolding of the central
p-sheet of VWF-A2 is proposed to start from its edges
and then propagate into its center.'®> The allostery of
P-selectin lectin (Lec) domain followed by an epithelial
growth factor (EGF)-like domain is recently visualized
using free MDS.®' These simulations shed light on the
question that what aspects, such as topology, hydro-
gen-bonding patterns, and core interactions, determine
the mechanical properties of a protein.*®

Compared with free MDS, a steered molecular
dynamics (SMD) simulation is more popular in
investigating  mechano-chemical coupling and
mechanical properties of biomolecules due to the
inherent similarity to AFM, OT, and BFP assays as
well as DFS experiments. In SMD, external forces are
applied to molecules to probe their mechanical prop-
erties, as well as to accelerate processes that are
otherwise too slow to model.”® As an in silico com-
plement of single-molecule techniques, SMD simula-
tions have been extensively used in many studies.

Li and Long have applied SMD to stretch a single
P-selectin construct and suggested that the burst of
intramolecular hydrogen bonds is the main cause of
the structural collapses.®® From simulation of unfold-
ing of VWF A domains by tensile force, Chen ef al.
have observed two different unfolding pathways of
f-strands, the sliding and unzipping pathways being
encountered by higher and lower energy barriers,
respectively.!? Liu er al. have estimated the elastic
modulus of antimicrobial peptide HP(2-20) and its
four analogues through SMD and further proposed a
rigidity-enhanced antimicrobial activation of the pep-
tides.”> SMD simulations on unbinding of receptor
from its ligand, such as P-selectin glycoprotein ligand 1
(PSGL-1) from P-selectin and glycoprotein Iba (GPI-
ba) from vWF-Al, have provided insights into the
molecular mechanism underlying catch-bond.>*40:38:103

Flow MDS was inspired from FC assay and first
carried out by Lou and Zhu*® and further improved by
Chen et al'™ Upon flow MDS, the authors have
observed the significant conformational change on the
p-switch of GPIba extracellular domain, and suggested
a structural explanation of flow-enhanced affinity of
GPIba and vVWF.* Zou et al. have compared a coarse-
lattice model and a freely jointed chain model so as to
illustrate how the folding rate and conformational
transition of f-hairpin depend on the entropic and
enthalpic energies, the latter controlled by flow
show.'” Wang and Sandberg®® have observed the
unfolding of ubiquitin through flow MDS, in which
flow is generated by pulling two frozen water surfaces
along a given direction. These results have exhibited
potential ability of flow MDS in modeling biological
process under flow at the single molecular level.

The timescale of MD simulation generally yields
several nanoseconds, but the experimental time win-
dow (or dynamical range) is about 10 ms, 1 ms, or
10 us for optical tweezers, BFP, or AFM techniques,
respectively. This timescale gap of 3-6 magnitude or-
ders between MDS and single biomolecular experi-
ments has certainly limited the application of MD.
Recently, several studies with individual trajectories
longer than one microsecond have been reported.*®
The gap is becoming narrower with the improvements
in molecular dynamics algorithms, software, and
computer hardware.

Mathematical Modeling on Receptor—Ligand Binding
in Cell Adhesion

As a key step in many physiological processes, cell
adhesion under flow is a mechanochemical coupling
process, including initial tethering, rolling, and firm
adhesion, and is mediated by receptor—ligand interac-
tion.'® Attention has been paid to theoretical
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modeling on force-dependent receptor-ligand binding
in cell adhesion, in order to better understand the
events of cell adhesion and extract reaction kinetic
information of adhesive molecules from measured data.

Bell model, the best-known theoretical model
derived from thermodynamic analysis on specific
adhesive events between the cells, demonstrates slip-
bond mechanism of receptor-ligand interaction under
applied forces,”” but fails to describe catch-bond
behavior which governs flow-enhanced cell adhesion.
Two-pathway model and deformation model are
developed to depict the transition from catch-bond to
slip-bond in receptor—ligand interaction under forces.**
Force-dependent association models have provided a
way to estimate reverse rate of receptor unbinding from
its ligand in AFM, OT, and BFP assays as well as DFS
measurements. To date, the force dependence of reverse
rate of receptor-ligand interaction has been intensively
studied by different methods, including lifetime and
rupture force measurements of single bonds or tether
and rupture force measurements of single cell."’

Cell adhesion mediated by receptor-ligand interac-
tion refers to a 2D kinetic process at the cell contact
area. Currently, it is still a challenge to relate molecular
binding kinetics measured in 3D conditions to that in
2D or membrane-bound cases. Both probabilistic and
deterministic models have been developed in the past
decades. For example, Chesla et al. have developed a
probabilistic model of molecular kinetics for a small
system with a few bonds (most likely one) forming
during a contact with short duration and low densi-
ties of both receptors and ligands on the appos-
ing surfaces.'> By contrast, Wu et al.'® have used
a deterministic description of force-free, coupled
reaction—diffusion model to determine 2D kinetics of
receptor-ligand interaction in a contact-area FRAP
(fluorescence recovery after photobleaching) assay
where sufficient bonds in contact area are required in
stable cell adhesion. The association rate so measured
from any one of above two assays is a lumped
parameter with contact area, which is usually unknown
in MAT,'® but can be roughly estimated in FRAP
measurements. '

Modeling for cell adhesion mediated by receptor—
ligand interactions under flow has long been attractive
to investigators. In the adhesive dynamics model
introduced by Hammer and Apte,*® the balance of
forces and torques on a cell flowing near a surface due
to hydrodynamic shear and ligand—receptor bonds has
been considered for cell adhesion on vessel wall and the
cell movements from free flowing, tethering, rolling
motion to firm adhesion are well modeled.®%4743
Moreover, Long ef al.’” have developed a probabilistic
model, instead of Monte Carlo simulation, to simulate
the shear-induced formation and breakage of doublets

cross-linked by receptor-ligand bonds for cell aggre-
gation inside blood vessel. Cellular properties includ-
ing microvilli tethering and cytoskeletal deformation
are important in mediating cell rolling.'® To examine
the dynamic contact forces on leukocyte microvilli,
Zhao et al. have presented a theoretical model and
predicted that contact force increases nonlinearly with
shear and that only the longest microvilli contacts the
substrate at high shear stress >0.2 dyn/cm®.'%® Yu and
Shao have further developed a model to understand
the effect of cell membrane tether extraction on neu-
trophil rolling stabilization and indicated that simul-
taneous tether extraction from the neutrophil and
endothelial cell increases bond lifetime, which has
made more transient tethers to be stable and then
let rolling neutrophils to be more shear-resistant.'®’
Pawar et al. have modeled cell body and microvillus
deformation and predicted that both catch-slip-bond
behavior and lesser cell deformation are responsible
for threshold phenomenon observed on selectin-medi-
ated leukocyte rolling over ligand-immobilized sub-
strate under shear flow.”®

CONCLUDING REMARKS

In this mini-review, we briefly reported the recent
advances in the experimental and modeling aspects of
micro- and nano-biomechanics research. These devel-
opments are helpful in enabling us to further
understand the mechanisms involved in cell mechanics
and mechanobiology as well as molecule biomechanics
and mechanochemistry.

It is hoped that in the near future and with further
progress made in this area, we will be able to better
integrate the information obtained at the cell and
molecular levels and provide a clearer insight into the
mechanical transduction and signaling from cell to
biomolecule and vice versa. Such findings will certainly
be helpful in further elucidating the basic functions of
biological systems at the cellular and molecular levels.
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Vascular endothelial growth factor (VEGF)
plays a critical role in angiogenesis and
has been applied to medical therapy. How-
ever, because vascular imaging at the
molecular level is impossible, the de-
tailed in vivo dynamics of VEGF and its
receptor (VEGFR) remain unknown. In
this study, to understand the molecular
distribution of VEGF and the VEGFR, we
prepared ischemic mice with a new surgi-
cal method and induced angiogenesis in
the gastrocnemius muscle. Then, we
made a VEGF-conjugated fluorescence

nanoparticle and performed staining of
VEGFR-expressing cells with the fluores-
cent probe, demonstrating the high affin-
ity of the probe for VEGFR. To observe
the physiologic molecular distribution of
VEGFR, we performed in vivo single-
particle imaging of gastrocnemius in the
ischemic leg with the fluorescent probe.
The results suggested that only a 3-fold
difference of VEGFR distribution is in-
volved in the formation of branched vas-
culature in angiogenesis, although previ-
ous ex vivo data showed a 13-foid

difference in its distribution, indicating
that a method inducing a several-fold
local increase of VEGFR concentration
may be effective in generating site-spe-
cific angiogenesis in ischemic disease.
This new in vivo imaging of ischemic
mice could make useful contributions to
understanding the mechanisms of angio-
genesis and to developing a VEGFR-
related drug. (Blood. 2011;118(13):
€93-e100)

Introduction

Angiogenesis and arteriogenesis play a critical role in neovascular-
ization in adults.! Angiogenesis is defined as the sprouting of new
capillaries from postcapillary venules,? whereas arteriogenesis is
defined as the process of artery maturation or the de novo growth of
collateral conduits.? OQur laboratory studies the mechanisms of
angiogenesis, and clarification of these mechanisms is crucial for
the development of new treatments for arteriosclerotic disorders.
Recently, medical applications for recombinant vascular endothe-
lial growth factor (VEGF) proteins or genes have been developed.*
However, no placebo-controlled trial has yielded overwhelmingly
positive results.! An understanding of the detailed molecular
mechanisms of this angiogenesis factor in vivo is thought to be
very important for the effective design of a VEGF-related drug
delivery system. However, neither VEGF activity nor VEGFR
distribution has been quantitatively analyzed in vivo at a molecular
level with respect to therapeutic angiogenesis. In previous animal
studies, the efficacy of treatment for atherosclerotic disease was
primarily evaluated using angiography, laser Doppler imaging, and
the determination of histologic capillary density.>® Angiography
can be used to noninvasively visualize vessel size, vessel branch-
ing, and the vascular network throughout the body. However,
because it is difficult to visualize vascular structures several
hundred micrometers beneath the imaging surface, this method is
not adequate for the observation of early-stage angiogenesis at a

molecular level. Laser Doppler imaging provides a noninvasive
measurement of blood flow by determining the Doppler frequency
shift of reflected light because of the motion of red blood cells. This
technique enables quantitative analysis of improvements in blood
flow after injury to the vasculature. However, the Doppler shift
measurement is easily influenced by movement artifacts, room
temperature, and blood pressure.” In addition, it is difficult to
analyze microvascular structures using laser Doppler imaging
because the resolution of the obtained image is limited by diffusion
of the reflected light because of distance between the red blood
cells and the detector. Histologic measurements of capillary density
can reveal quantitative increases in blood vessel density, and many
previous studies have used this metric as a standard evaluation of
angiogenesis. However, continuous observation of the same tissue
is impossible with this measurement technique as protein structure
is influenced by fixation of the tissues. For this reason, histologic
techniques are not recommended for physiologic observations of
the angiogenesis process. In the aforementioned methods, as
resolution is limited to the micrometer level and imaging at the
molecular level is currently impossible, the detailed in vivo
dynamics of individual VEGF and VEGF receptor (VEGFR)
molecules remain unknown. We have developed an in vivo
single-particle imaging system using bright and photo-stable
fluorescent nanoparticles, or quantum dots (QDs), with a spatial

Submitted December 2, 2010; accepted July 25, 2011. Prepublished online as
Blood First Edition paper, August 5, 2011; DO! 10.1182/blood-2010-12-322842.

The online version of this article contains a data supplement.

~ BLOOD, 29 SEPTEMBER 2011 - VOLUME 118, NUMBER 13

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2011 by The American Society of Hematology

e93



e94 HAMADAetal

Superficial femoral
artery and vein

Deep femoral
artery and vein

Popliteal Epigastric )
artery and vein _artery and vein
e artery
Femoral nerve — Saphenous  |=— vein |
artery and vein |- nerve |

precision of 7-9 nm. This was performed to clarify the molecular
mechanisms of an anti-HER? antibody-based drug delivery system
and of cancer metastasis in tumor-bearing mice.®?

The use of an ischemic mouse model is highly effective for
understanding the in vivo molecular dynamics of angiogenic factors and
their effects on vascular remodeling. However, 2 surgical concerns
impose limitations on previous mouse models.!° First, angiogenesis and
arteriogenesis were not separately evaluated in previous models. As both
processes contribute to an increase in the rate of blood flow,! it is
necessary that the effects of arteriogenesis be eliminated if angiogenesis
is to be analyzed. Second, inflammation and edema at the surgical site
are known to affect angiogenesis.!! To overcome these problems, it is
critical to establish an improved ischemic mouse model that selectively
induces angiogenesis at a specific muscle. Here, we demonstrate the
development of an imaging method for determining the molecular
distribution of VEGFR labeled with QD-conjugated VEGF. This
technique was designed to observe angiogenesis in a novel ischemic
mouse model that induces angiogenesis in the gastrocnemius. Our
results suggest that only a several-fold difference in VEGFR distribution
is required for the promotion of angiogenesis. This novel imaging
method may aid in the development of drugs and treatments for
atherosclerotic diseases.

Methods

Animals

C57BL/6] male mice (Charles River Laboratories) weighing 20-27 g and
8-9 weeks of age were used for all experiments. All surgical processes were
performed under anesthesia with ketamine (100-120 mg/kg) and xylazine
(8-10 mg/kg). Anesthesia was maintained for the course of the imaging
session. Animals were used in accordance with guidelines approved by the
comimittee on animal experiments of Tohoku University.
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Figure 1. Procedure for preparing the hemi-hind limb
ischemic mouse model. On the right leg, we ligated the
proximal end of the supetficial femoral artery and vein,
the origins of the popliteal artery and vein, and the distal
portions of the saphenous artery and vein with surgical
silk. All vessels surrounding the 3 ligated poinis were
excised. The left leg was not treated, except for an
incision in the skin of the thigh.

Final state

Hemi-hind limb ischemic mouse model

The hair of each mouse was removed from the abdomen and both hind
limbs with an electric shaver and depilatory cream. The skin from both
thighs was then incised to expose the arteries, veins, and nerves. To induce
selective ischemia in the gastrocnemius, which is located in the deep layer
of the thigh muscles, 3 vessels of the femoral area were ligated in the right
hind limb. First, the proximal end of the superficial femoral artery and vein
were ligated with surgical silk, size 6-0. Second, the origins of the popliteal
artery and vein were ligated. Third, the distal portions of the saphenous
artery and vein were ligated to avoid the backflow of blood. Femoral nerves
were carefully preserved. Each of the vessels that were surrounded by the
3 ligated points was excised. The left leg was not treated, except for an
incision in the skin of the thigh. Finally, the overlying skin was closed
(Figure 1).

Histologic capillary density

To confirm that the surgical operation-induced angiogenesis in the gastroc-
nemius, we performed immunohistologic staining of the muscle with
anti-CD31 antibody, a marker for vascular endothelial cells. Mice were
killed at predetermined times (7, 14, 21, and 28 days after operation). The
gastrocnemius was removed and fixed overnight in 10% formalin in PBS.
After fixation, the tissue was embedded in paraffin, and the tissue sections
were prepared and mounted on slides. The tissue samples were deparaf-
finized, and antigen retrieval was performed with proteinase K treatment.
After this treatment, the tissue samples were incubated with a rat anti-CD31
monoclonal primary antibody (Angio-Proteomie) at 5 pg/mL for 12 hours
at 4°C. After being washed with PBS, the samples were incubated with a
biotinylated antirat IgG secondary antibody (Vector Laboratories; 100-fold
dilution) for 30 minutes at 25°C. After incubation, the samples were
incubated with HRP-conjugated streptavidin (Nidchirei) for 30 minutes at
25°C. Samples were then treated with diaminobenzidine chromogen
reagent (Dojindo) and counterstained with hematoxylin. The samples were
observed using light microscopy (BX51; Olympus) with an objective lens
(X440, 0.75 NA; Olympus) and a camera (DP-25B; Olympus). The images
were acquired with image processing software (DP2-BSW Version 1.2).
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Laser Doppler perfusion imaging

Blood perfusion of the hind limb was measured using a Laser Doppler
Perfusion Imaging system (MoorLDI2-IR; Moor Instruments). This imag-
ing technique provides a noninvasive measurement of blood flow by
determining the Doppler frequency shift of light reflected off of moving red
blood cells. Mice under the same anesthetic dose described in “Animals”
were scanned from the lower abdomen to the end of the toes. After
scanning, colored images were obtained with original software (RE-
SEARCH Version 3.09; Moor Instruments). Each pixel in the acquired
images reflected an original blood flow value, referred to as a perfusion unit
(PU). The mean of the PUs of the lower thighs in a control limb and a
treated hind limb was determined. The PUs of ischemic legs were obtained
at different time points (before operation, soon after operation, and 7, 14,
21, and 28 days after operation). The relative ratios of the mean PUs
between the ischemic and control legs in the same mouse were calculated.

Cell lines

A pancreatic islet endothelial mouse cell line, MS1, was obtained from
ATCC. MS1-VEGEF cells, which express VEGFR on the cell membrane via
the transfection of the VEGF gene, were also acquired from ATCC. These
cells were cultured in DMEM (Invitrogen) supplemented with 5% FBS.

Immunostaining of cultured cells with an anti-VEGFR antibody

MS1 and MS1-VEGEF cells were cultured on slide glass chambers. After
3 days, the slides were placed in 2.5% formalin in DMEM for 10 minutes.
After fixation, the cells were incubated with an anti~mouse VEGFR
monoclonal antibody (Pierce Chemical) or a whole mouse IgG (Rockland)
primary antibody at 10 pg/mL for 12 hours at 25°C. After the samples were
washed with PBS, the cells were incubated with a HRP-conjugated
anti-mouse IgG secondary antibody (KPL Europe; 100-fold dilution) for
1 hour at 25°C. After incubation, the samples were treated with diaminoben-
zidine chromogen reagent and counterstained with hematoxylin. We
observed the samples with the same optical system in “Histologic capillary
density.”

Preparation of angiogenesis factor-conjugated QDs

Mouse VEGF 164 (R&D Systems) and platelet-derived growth factor BB
(PDGF; Biovision) were biotinylated using the EZ-Link Micro Sulfo-NHS-
LC-Biotinylation Kit (Pierce Chemical). In this reaction, a 1:50 molar ratio
of angiogenesis factors and Sulfo-NHS-LC-Biotin was used according to
the manufacturer’s instructions. The biotinylated VEGF and PDGF were
then mixed with avidin-conjugated Qdot705 nanoparticles (QD705; Invitro-
gen) at a molar ratio of 8:1 or 16:1 and incubated for 1 hour at 25°C. The
number of QD705 nanoparticles determined the emission wavelength.
QD705-conjugated VEGF and PDGF were termed VEGF-QD and PDGF-
QD, respectively.

Single-particle imaging system

The optical system used to observe the fluorescence of the angiogenesis
factor-conjugated QDs consisted primarily of an epifluorescent microscope
(IX-71; Olympus), a Nipkow disk-type confocal unit (CSU10; Yokogawa),
and an EMCCD camera (Ixon DV887; Andor). An objective lens (60X,
PlanApo, 1.40 NA; Olympus) was used for imaging. VEGF-QDs were
illuminated using a green laser (532 nm; Spectra-Physics). The laser-
excited fluorescence of the QDs was filtered with a 695- to 740-nm
band-pass filter. Images were obtained at a rate of 5 frames/second. For in
vivo imaging, to remove the oscillation because of heartbeats and respira-
tion, a gastrocnemius window was developed and attached to the aforemen-
tioned microscopy system.

Single-particle imaging of VEGF-QDs in cultured cells

To investigate the affinity of VEGF-QDs for VEGFR, MS1, and MS1-
VEGF, cells were incubated with 1, 10, or 50nM VEGF-QDs for 1 hour at
25°C. After 3 washes with DMEM, these cells were observed in a
glass-bottom dish using the single-particle imaging system. The fluores-
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cence intensities of QD signals from the cells were analyzed as gray values
using ImageJ 1.38 software (www.rsb.info.nih.gov/ij). The gray values of
100 frames (200 milliseconds/frame) from a single cell were averaged, and
the gray value of the background was subtracted from that of the cell. The
mean gray value per pixel in the background-subtracted image of the cell
was multiplied by the total number of pixels making up the image of the
cell. The total fluorescence intensity of the QDs per cell was thus
determined. In the 10nM VEGF-QD treatment, QD fluorescence signals
were clearly observed on MS1-VEGF cells. In contrast, when MS1-VEGF
cells were incubated with InM VEGF-QDs, the QD fluorescence signals
were low. When the cells were treated with 50nM VEGF-QDs, QD signals
were exceedingly high or even saturated (data not shown). In MS1 cells
incubated with various concentrations of VEGF-QDs, the VEGF-QD
fluorescence signals were very low. These results indicate that VEGF-QDs
specifically recognize VEGFR and that the 10nM concentration was
appropriate for imaging the binding of VEGF-QDs to VEGFR. Moreover,
to provide stronger evidence of the affinity of VEGF-QDs for VEGFR,
MS1, and MS1-VEGF, cells were incubated with 10oM unconjugated QDs,
PDGF-QDs, or VEGF-QDs for 1 hour at 25°C, and the resulting fluores-
cence intensities were examined.

In vivo fluorescence imaging with the IVIS Spectrum system

To confirm that VEGF-QDs accumulated in the ischemic leg, we performed
in vivo fluorescence imaging using the IVIS Spectrum imaging system
(Caliper Life Sciences) at 4, 9, and 14 days after preparation of ischemic
model mice. Unconjugated QDs or VEGF-QDs were injected intracardially
into the mice. The final concentration of the QD probes in the blood was
10nM, as determined by the single-particle imaging data from cultured
cells. The detection sensitivity of the fluorescent signal using the IVIS
Spectrum is poorer than the single-particle imaging system but allows for
noninvasive visualization of the whole body of the mouse. Therefore,
fluorescence images were taken 10 minutes after injection of fluorescent
probes, before the fluorescence signals decreased, because of their washing
out with the blood. Fluorescence intensities of the QDs were analyzed using
accessory software (Living Image Version 4.0; Caliper Life Sciences). For
data analyses, the relative ratio of fluorescence between the ischemic and
control leg of the same mouse was calculated.

Single-particle imaging of VEGF-QDs in the gastrocnemius of
ischemic model mice

To examine the distribution of VEGF-QDs in the gastrocnemius of the
ischemic leg, we performed in vivo single-particle imaging of the vascula-
ture 4, 9, and 14 days after operation. The skin of the ischemic leg was
opened to expose the thigh muscles. The skin of the hind limbs was then
fixed to a plastic plate using suture thread and Superglue. Use of Superglue
made both connections of the skin to the plate more stable without
damaging the vasculature, eliminating the background oscillations from the
heartbeat and respiration during observation. To expose the gastrocnemius,
the skin and hemimembranous muscle, which is located on the superficial
layer of the gastrocnemius, were then removed. The mouse, which was
mounted as described on the plastic plate, was then fixed to a hand-made
aluminum stage designed to stabilize the plate with screws. Unconjugated
QDs or VEGF-QDs were injected intracardially into the mice. The
sensitivity of the single-particle imaging system to the fluorescence signal is
extremely high; and immediately after injection, a part of probes are free in
the blood and have not bound to VEGFR. This initially prevents observa-
tion of the interaction between the VEGF-QDs and VEGFR on the vascular
wall. Therefore, in vivo single-particle imaging of the fluorescent probes
was carried out 1 hour after injection. By this time, the concentration of the
free probe in the blood was decreased. To quantitatively measure the
affinity of the VEGF-QDs for the vasculature, an analysis was performed as
follows. A total of 100 frames, each 512 pixels square and representing an
exposure of 200 milliseconds, were overlaid using image processing
software (G-count 1.01; G-angstrom). A portion of the overlaid (192 pixels
square) image was examined to determine the number of QD particles in
proper-sized vasculature. For each image analyzed, the fluorescence
intensity (as gray values) of QD signals from the tissues was determined
using Image] software. The mean gray value, derived from the tissues’
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ic model mice. (A-C) Typical images of the gastrocnemius immunostained with an anti-CD31 antibody. The muscles

from ischemic legs were isolated at 7, 14, and 28 days after the induction of ischemia and immunostained. Brown circles and dots represent CD31* capillaries. Scale bar
represents 50 pm. (D) Measurement of CD31+ capillary density. In the gastrocnemius of the ischemic or control leg, capillaries stained with the anti-CD31 antibody were
counted. Solid and dotted fines represent the sample derived from ischemic and control legs, respectively. n = 4. Error bars represent SEM. (E-J) Changes in blood perfusion
were assessed using laser Doppler perfusion imaging in ischemic legs of model mice. (E-F) Images before and soon after operation. After operation, the perfusion signal in the
ischemic leg is significantly decreased. (G-J) Images from 7, 14, 21, and 28 days after operation. Blood perfusion in an ischemic leg gradually increases. (K) Change in
perfusion units as determined by this imaging technique. Relative ratios of mean perfusion units between ischemic and control legs in the same mouse are shown (ischemic leg

value/control leg value). n = 6. Error bars represent SEM.

autofluorescence per pixel, was subtracted from the fluorescence value of the
vascular wall area. The resulting gray value was then multiplied by the total
nurnber of pixels of the vascular wall. This value reflected the total fluorescence
intensity of all QDs bound to the vascular wall (total QD value).

To precisely determine the number of QD particles on the vascular wall,
it was necessary to define the fluorescence intensity of a single QD. Because
QDs that fluoresce at the same wavelength are uniform in size, QD705
fluorescence intensity is proportional to the particle number. Moreover, the
QD fluorescence is composed of fluorescent and nonfluorescent states
referred to as on- and off-states. This property results in blinking of a QD.
‘When the fluorescence and other properties of QD particles were analyzed
immediately after their purchase, we determined that the mean duration of
the off-state over 20 seconds was approximately 4 seconds and that the
calculated SEM was very low.!2 In cases where QDs aggregate, the mean
duration of the off-state per unit time is shortened because the on- and
off-states of each particle in the aggregate occur randomly. Therefore, based
on an off-state duration of 4 seconds, we selected a single particle QD from
each image and measured the fluorescence intensity of the single QD
particle (single QD value) in the same manner as the total QD value. The
total QD value was divided by a single QD value, and the number of QD
particles per 10 pm of vascular wall was calculated.

Statistical analysis

Data are mean = SEM. An F test was performed and equal variance was
defined as P values = .05. Comparisons between groups were performed
using the parametric Student # test (= .05 at F test) or Welch ¢ test (P < .05 at
F test). P < .05 was considered significant for both £ tests.

Resulits
Induction of angiogenesis in ischemic model mice

To induce angiogenesis at a selected site and to eliminate the effects
of inflammation and edema,!! we targeted the gastrocnemius. This

muscle is primarily supplied by the popliteal and saphenous
arteries, and no remarkable collateral arteries exist near the muscle.
We therefore ligated the popliteal and saphenous arteries to induce
angiogenesis in the gastrocnemius (Figure 1). Other muscles in the
thigh are primarily supplied by the deep femoral artery, which was
maintained as a collateral artery after the surgery. Therefore, we
think that our surgery is appropriate for analyses of angiogenesis
mechanisms. The gastrocnemius is located deep among the thigh
muscles, and the skin and semimembranosus muscle located on the
upper layer of the gastrocnemius were removed just before in vivo
imaging. Therefore, we avoided the effects of inflammation and
edema-induced factors on normal angiogenesis. To determine
whether the number of capillaries in the gastrocnemius of ischemic
legs increased, we histologically determined the capillary densities
over time (Figure 2A-C). Capillary densities in the control legs did
not significantly change during observation (Figure 2D). In con-
trast, the capillary densities in ischemic legs increased gradually
over 14 days, peaked at day 14, and were steady between day
14 and day 28. This finding demonstrates that angiogenesis was
induced in the ischemic leg (Figure 2D). To investigate improve-
ment of blood flow in the model mice using another method, we
evaluated the change in blood flow using laser Doppler perfusion
imaging (Figure 2E-J). The relative ratio of the mean PU between
ischemic and control legs in the same mouse (ischemic leg
value/control leg value) decreased to ~ 8% soon after operation
(Figure 2E-FK). This ratio then increased to ~ 34% 21 days after
the surgery (Figure 2I,K). Both observations indicate that angiogen-
esis was effectively induced in the gastrocnemius between 7 days
and 14 days after the procedure. The slight difference in the rate
of increase of perfusion between the 2 imaging methods may be
because the laser Doppler perfusion imaging analyzed the thigh
as a whole, and arteriogenesis induced by inflammation and
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Figure 3. VEGFR distribution in MS1 and MS1-VEGF
cells and the affinity of angiogenesis factor-conju-
gated QDs to these cell lines. (A-D) Immunostaining of
MS1 and MS1-VEGF cells with an anti-VEGFR antibody.
Scale bar represents 50 um. (E-H) Typical images of
cells treated with fluorescent particles. MS1 and MS1-
VEGF cells were treated with unconjugated QDs, PDGF-
QDs, or VEGF-QDs. Representative images are shown
of cells treated with PDGF-QDs and VEGF-QDs. Data
from cells treated with unconjugated QDs are not shown.
White dots represent fluorescent QDs; and white dotted
lines, the outline of the cell. Scale bar represents 10 pm.
() QD fluorescence intensity per cell. The fluorescence
intensity of QD signals from the cells was analyzed as
gray values. In each condition, n = 30. **P < .01. Error
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edema of the semimembranous muscle may have occurred in
this larger volume.

Preparation and characterization of VEGF-QDs

To visualize the molecular distribution of VEGF using single-
particle imaging, VEGF was conjugated with QDs (VEGF-QD).
PDGF-conjugated QDs (PDGF-QD) were also prepared as control
probes (supplemental Figure 1, available on the Blood Web site;
see the Supplemental Materials link at the top of the online
article). To examine the binding of VEGF-QD and VEGFR,
staining was performed on MS1 and MS1-VEGF cells treated
with unconjugated QDs, PDGF-QDs, and VEGF-QDs. High
levels of VEGFR expression in MS1-VEGF cells were con-
firmed by immunostaining with an anti-VEGFR antibody (Fig-
ure 3C-D), whereas low-level expression was observed in MS1
cells (Figure 3A-B). The analyses of QD-probe fluorescence
indicated that the total fluorescence intensity of VEGF-QDs in
MS1-VEGEF cells was 21.0 = 2.4 X 10* (Figure 3H-I). This value
was remarkably higher than the observed fluorescence values of
stained MS1-VEGF cells treated with unconjugated QDs or
PDGF-QDs (unconjugated QDs, 3.8 = 0.3 X 10% PDGF-QDs,
4.4 + 0.3 X 10% Figure 3G,I) and those of MS1 cells treated with
unconjugated QDs, PDGF-QDs, or VEGF-QDs (unconjugated
QDs, 5.7 = 0.4 X 10% PDGF-QDs, 6.0 = 0.4 X 10* VEGF-QDs,
7.7 = 0.6 X 10% Figure 3E-EI). These results demonstrate that
VEGF-QDs bind specifically to VEGFR.

In vivo distribution of VEGFR labeled with VEGF-QDs

To determine the distribution of VEGFR labeled with VEGF-QDs
during angiogenesis, we performed 2 in vivo fluorescence imaging
techniques. In these imaging protocols, we examined ischemic
model mice at 4, 9, and 14 days after operation to analyze in detail
the changes in VEGFR distribution over time. Imaging performed
with the IVIS Spectrum system has the advantage of imaging the
fluorescence of the entire body of the mouse, although the spatial
precision of this technique is low. To simultaneously observe the
fluorescence of both ischemic and control legs after injection of
unconjugated QDs or VEGF-QDs into the model mice, the IVIS
Spectrum system was used (Figure 4A-D). Individual mice exhibit
different degrees of autofluorescence. The relative ratio of fluores-

cence between the ischemic and control leg in each mouse was
therefore calculated (ischemic leg fluorescence/control leg fluores-
cence). In model mice at 4 days after operation, the relative
fluorescence ratio resulting from injection of unconjugated QDs
was 0.71 = 0.01, and the ratio after injection of VEGF-QDs was
0.72 = 0.03 (Figure 4E). These results indicate that VEGF-QDs
did not selectively accumulate in the ischemic legs at the time of

before injection (X10;)

after injection
Lt A

Qb

[Radient Efficiency([p/seciem2/sr)/ u Wiem2)) |

Q
s}
L
[O}
w
gL
[ T—— [ PRS———— R
Ischemic Control  Ischemic Control
leg leg leg leg

o Q

g 51.0]- - 25 810

3o 8@ g8

0 — B Q=

e 0 o9 838

S g GE =]

28 28 25

s O ol g

g2 23 o8 o

ge S BE

g2 22 © @

=0 =0 Z5

© @ L] =9

= .2 - C @

@ = Q= T =

* VEGF vEGF % VEGF

QD QD
-QD -QD Qb -QD
day4d EVES day14

Figure 4. In vivo fluorescence imaging of the ischemic model mice using the
VIS Spectrum system. (A-D) Images using IVIS Spectrum. Unconjugated QDs and
VEGF-QDs were injected intracardially into the model mice. Mice were illuminated
with light with a wavelength of 625-655 nm. Excited fluorescence was filtered with a
690- to 710-nm wavelength band-pass filter. (E-G) The relative ratios of fluorescence
between ischemic and control legs in mice at 4 days (E), 9 days (F), and 14 days (G)
after operation. The fluorescence intensity of the ischemic leg divided by that of the
control leg was calculated (ischemic leg fluorescence/control leg fluorescence).
n = 5. Error bars represent SEM. **P < .05.



e98 HAMADAetal

Objective lens Confocal Unit

Polyvinyl Chloride Plate

« Plate Screw  Polyvinyl Chioride Plate

Computer

BLOOD, 29 SEPTEMBER 2011 + VOLUME 118, NUMBER 13

Figure 5. Schematic of the in vivo single-particle imaging
system. An ischemic leg of a model mouse was stabilized on a
polyvinyl plate using suture thread and instant Superglue. The
skin and hemimembranous muscle were then removed. The
gastrocnemius was selectively imaged using a single-particle
imaging system.

Screw

measurement. In contrast, at 9 and 14 days after operation, the
relative ratios resulting from injection of unconjugated QDs were
0.65 = 0.02 and 0.76 £ 0.05, respectively, whereas the observed
ratios after injection of VEGF-QDs were 0.94 £ 0.06 and
1.00 = 0.04, respectively (Figure 4F-G), suggesting that VEGF-
QDs accumulated in the ischemic leg to a greater degree than in the
control leg at the time of measurement.

In addition to using the IVIS system, we also conducted in vivo
single-particle imaging. For this protocol, we developed surgical
fixation methods of mice beyond that in our previous imaging
method. In particular, we designed a polyvinyl chloride plate with a
window fit to the shape of the gastrocnemius. The skin around the
gastrocnemius was bound to the plate with suture thread and
Superglue (Figure 5). These improvements eliminated background
oscillations because of the heartbeat and respiration, enabling us to
observe the physiologic angiogenesis that sustains blood flow after
ischemia (supplemental Movies 1, 2). We observed the distribution
of unconjugated QDs or VEGF-QDs after injection of the respec-
tive probe. The results indicate that a large number of VEGF-QDs
were specifically localized on the vessel walls in ischemic legs
(Figure 6A-H), whereas fluorescence after injection of unconju-
gated QDs was very weak (supplemental Figure 2A-D). We
measured the total fluorescence intensity resulting from all QDs on
the vascular wall (total QD value) and the fluorescence intensity of
single QD (single QD value) as gray values. The total QD value
was then divided by the single QD value, and the number of QD
particles per 10 pm of the vascular wall was calculated (Figure 6I;
supplemental Figure 2E). These analyses revealed that QD fluores-
cence on the vascular wall was weak in both ischemic and control
legs in mice injected with unconjugated QDs (supplemental Figure
2E). When VEGF-QDs probe were injected at 4 days after
operation, the number of VEGF-QDs on the vascular walls of
ischemic legs was similar to the number observed in control legs.
Moreover, there was no difference in number of particles on the
walls of branched or linear vasculature in ischemic legs (Figure
6C-D,I). In contrast, the number of VEGF-QDs in the branched
vasculature in ischemic legs was 3.4-fold greater than the number
of VEGF-QDs in the linear vasculature 9 days after operation
(Figure 6E-E]I) and 4.5-fold greater than the number of VEGF-QDs
in the branched vasculature in control legs (Figure 6B,EI).
Fourteen days after operation, the number of VEGF-QDs on the
walls of the branched vasculature in ischemic legs was 3.3-fold
greater than the number of particles on the walls of the linear
vasculature (Figure 6G-I) and 4.3-fold greater than the number of

VEGF-QDs in the branched vasculature in control legs (Figure
6I). These results demonstrate that our single-particle imaging
method is able to quantitatively describe the in vivo distribution
of VEGFR labeled with VEGF-QDs during angiogenesis in
ischemic legs.

Discussion

In vivo molecular imaging using high spatial precision in ischemic
model mice is highly effective for the quantitative description of
the molecular dynamics of VEGF and VEGFR during angiogen-
esis. This information can be applied to the development of
treatments for ischemic disease. Previously described mouse
models suffered from surgical limitations. These difficulties in-
volved: (1) the induction of angiogenesis without arteriogenesis, an
effect of arteries that remains after surgery; and (2) the induction of
inflammation and edema during surgery.’® We focused on the
gastrocnemius, which is located deep in the thigh, and developed a
new ischemic mouse model consisting of the ligation of 3 pairs of
vessels: the superficial femoral, popliteal, and saphenous arteries
and veins (Figure 1). We confirmed that angiogenesis was effec-
tively induced in the model mice using conventional evaluation
methods, histological capillary density measurements, and laser
Doppler imaging (Figure 2D,K).

We have previously described the development of in vivo
single-particle imaging using QDs with a spatial precision of
7-9 nm to clarify the molecular mechanisms of a anti-HER2 antibody-
based drug delivery system and cancer metastasis in tumor-bearing
mice.®? In previous studies, in vivo imaging with high spatial precision
was not applied to the visualization of angiogenesis. For this application
in the current studies, we further modified our surgical fixation method
(Figure 5). For the imaging technique used here, we designed a
polyvinyl chloride plate with a window fit to the shape for the
gastrocnemius. This window enabled us to observe the physiologic
angiogenesis during active blood flow. We observed the in vivo
molecular distribution of VEGF-QDs using this improved imaging in
ischemic mice at 4, 9, and 14 days after a surgery in which angiogenesis
in the gastrocnemius was effectively induced. The results demonstrate
that a large number of VEGF-QDs specifically localized to the vessel
wall in ischemic legs (Figure 6A-H), whereas fluorescence resulting
from unconjugated QDs at the wall was very weak (supplemental
Figure 2A-D). To quantitatively analyze the molecular distribution of
VEGF-QD-labeled VEGFRs, we measured the total number of QDs
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Figure 6. In vivo imaging of unconjugated and VEGF-QDs during angiogenesis in ischemic legs. (A-H) Typical images of vasculature in control and ischemic legs. These
images were generated by overlaying 100 frames (200 ms/frame), each consisting of a 192-pixel square image, using Adobe after effect CS4 9.0.3 software. In model mice
injected with VEGF-QDs, we observed “linear vasculature” (A,G,E,G) and “branched vasculature” (B,D,F,H) in control and ischemic mouse legs at 4, 9, and 14 days after
operation. The data from unconjugated QDs are not shown (supplemental Figure 2). White dots represent QD fluorescence. Scale bar represents 10 um. (I) The number of
VEGF-QDs in different types of vasculature. The number of fluorescent particles per 10 wm of the vascular wall is quantified. n = 4. **P < .05. Error bars represent SEM.

(Figure 6I; supplemental Figure 2E). Because QDs with the same
fluorescence wavelength are uniform in size, the fluorescence intensity
of the QDs is proportional to the number of particles.!? This property
enabled us to determine relative VEGFR expression levels with a very
high degree of accuracy. In mice 4 days after operation, there were no
significant differences between the branched vasculature and the linear
vasculature (Figure 6C-D,]). Furthermore, the IVIS Spectrum data from
this time point did not show a significant difference in the accumulation
of unconjugated QDs or VEGF-QDs in ischemic legs (Figure 4E).
These data indicate that any VEGFR redistribution induced by hypoxic
stimulation in ischemic legs occurs only at low levels at this time point.
In mice at 9 days after operation, the data demonstrate a 3.4-fold greater
number of VEGF-QD:s on the walls of branched vasculature in ischemic
legs than on the walls of linear vasculature in these legs and a 4.5-fold
greater number than on the branched vasculature of control legs in
model mice (Figure 6I). In mice at 14 days after operation, the data
revealed that the number of VEGF-QDs on the walls of branched
vasculature in ischemic legs was 3.3-fold greater than that on the linear
vasculature in ischemic legs and 4.3-fold greater number than the
number of VEGF-QDs on the branched vasculature in control legs in
model mice (Figure 6I). These results demonstrate that the data acquired
from mice at 9 and 14 days after operation using the single-particle

imaging technique were similar to data acquired using the IVIS
Spectrum system (Figure 4F-G). From the data, it appears that the
'VEGEFR protein expression on the branched vasculature in ischemic legs
increases gradually between day 4 and day 9 via hypoxic stimulation,
peaks at approximately day 9, and remains steady from day 9 to day
14. Histologic capillary density data reveal that capillary
densities in ischemic legs increase gradually over 14 days
(Figure 2D). It is very interesting, therefore, that the peak of
VEGFR expression occurred ~ 9 days after the procedure.
Furthermore, these data suggest that only a several-fold increase
in the expression level of VEGFR on endothelial cells is critical
for angiogenesis in ischemic tissues.

During angiogenesis, tip cells, stalk cells, and phalanx cells
control vessel sprouting. Tip cells are located at the forefront of the
sprouting vessel, stalk cells are located behind the tip cell at the
branch, and phalanx cells are found in the unbranched endothelial
layer.!3 Previous ex vivo studies reported that VEGFR expression
in the tip cell is high to sense the VEGF concentration gradient in
the extravascular area. In stalk cells, which control elongation of a
new branch, VEGFR levels are lower than in the tip cells.' In
phalanx cells, which normalize the endothelial cell layer, VEGFR
levels are lower than in the stalk cells.!> However, these are
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qualitative data, and a quantitative analysis of the VEGFR
distribution required to regulate the behavior of these cells has
not been carried out in vivo. In addition, previous ex vivo data
revealed that the amount of VEGFR protein involved in
angiogenesis in ischemic tissue is 13-fold greater than in normal
tissues.'> In this report, however, because the total amount of
VEGFR in both the vessel wall and the extravascular area was
measured, the detailed quantitative distribution of VEGFR was
not known. Our results suggest that only an approximately
3-fold difference in VEGFR distribution on the vascular wall is
involved in the formation of branched vasculature from linear
vasculature during angiogenesis (Figure 6I). The increase in
VEGFR levels we observe after ischemia may quantitatively
reveal a gradient of VEGFR expression levels between the stalk
cells and pharynx cells.

Our results indicate that VEGFR distribution in in vivo
ischemic tissues increased gradually over a specific period and
remained steady at an approximately 3-fold increase. To increase
the number of sprouting vessels for the operation of ischemic
hypoxia, the steady several-fold increase of VEGFR expression
levels at the ischemic site may be effective for controlled angiogen-
esis. Previously, treatment against ischemic hypoxia using VEGF
gene therapy induced only a slight increase in VEGF blood
concentrations.'® In addition, overexpression of VEGF produces
abnormal vessels in tumor angiogenesis.!” These results suggest
that in the context of ischemia, it is difficult to site-specifically
modulate the concentration of a VEGF-related therapeutic to an
appropriate value. Therefore, next-generation therapies targeting
VEGEFR, in addition to VEGF, may effectively induce site-specific
angiogenesis for the treatment of ischemic disease. The novel in
vivo imaging technique described here for the analysis of ischemic
model mice may increase the understanding of the mechanisms of
angiogenesis and aid in the development of VEGFR-related
therapies.
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High-intensity focused ultrasound (HIFU) therapy is attracting attention as a minimally invasive therapeutic modality. However, it has a problem of
a long treatment time. To improve the efficiency of the treatment, we developed a method of coagulating a large region at one time utilizing
multiple clouds of cavitation. It is known that acoustic cavitation generated in_the focal region of HIFU enhances tissue heating: In this study,
cavitation clouds were generated at three positions in the direction perpendicular to ultrasound propagation using high-intensity ultrasound pulses.

The tissue in the vicinity of the cavitation clouds was coagulated simultaneously wnth nonspherlcally focused uItrasound waves at a relatlvely low
intensity. A high-speed camera was used to observe such behavior of cavitation clouds in a t|ssue-m|m|ckmg gel and to optlmlze the sequence

and the coagulation performance of the sequence was confirmed wnth an experiment using excised tissue. The result suggests that the HIFU
treatment time is significantly shortened by employing the proposed method. © 2011 The Japan Society of Applied Physics: :

1. Introduction

In high-intensity focused ultrasound (HIFU) therapy, ultra-
sound is focused onto a target tissue for coagulation. This
method is attracting attention as a noninvasive therapeutic
modality. However, it has a problem of long treatment time
because cooling time is needed between two consecutive
shots of focused ultrasound irradiation to avoid near-field
heating due to heat accumulation.” Therefore, typical
HIFU treatment takes 1-3h.>> To improve its treatment
throughput, research studies have been performed to locally
enhance ultrasonic absorption using acoustic cavitation,
stabilized microbubbles, and their precursors.*® This kind
of enhancement is typically effective when assisted by
phased arrays because it tends to be transient and therefore
needs a fast sequence of irradiation cycles.

Ultrasonically induced cavitation is the primary cause of
sonoluminescence and sonochemical reactions and is also
known to enhance tissue heating when generated in the focal
region of HIFU.>'9 To improve the efficiency of the
treatment, we have been developing a method of coagulating
a large region at once by utilizing multiple clouds of
acoustic cavitation and named it “triggered HIFU”,!*'? in
which an extremely intense focused ultrasound pulse for
initiating cavitation'? (trigger pulse) immediately followed
by a moderately intense long-burst focused ultrasound for
heating (heating waves) is used.

In our last study, we showed that this triggered HIFU
approach can further improve the coagulation throughput by
enlarging coagulation volume in the direction parallel to
ultrasound propagation.'? In this study, we show that it can
do so in the perpendicular direction even better. Because the
energy deposition volume of conventional ultrasonic focus-
ing is much longer in the direction parallel to ultrasound
propagation than in the perpendicular direction by one order
of magnitude, a much higher heat efficiency is expected for
the latter than for the former owing to the smaller surface
area of the energy deposition volume. For example, when
the energy deposition volume is enlarged by three times, the
surface area of the volume for the latter is estimated to be
approximately two thirds of that for the former.
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To enlarge the power deposition pattern of ultrasonic
focusing, a few methods of nonspherical, noncylindrical
focusing have been proposed for therapy*'® and ima-
ging.!”"1? In this study, time reversal is employed to obtain
nonspherically focused heating waves forming an enlarged
focus to cover all the cavitation clouds generated by multiple
trigger pulses. The cavitation cloud distribution as well as
the heating-wave focus may therefore be enlarged in the
direction either parallel or perpendicular to the direction of
ultrasound propagation.

For reproducible efficiency of this kind of sequence,
it is important to ensure whether cavitation clouds can be
generated at the intended positions and whether they can
survive in an effective form until the heating waves reach
there. In this study, a high-speed camera is employed to
observe such behavior of cavitation clouds in a tissue-
mimicking gel and optimize the sequence. Its coagulation
performance is then confirmed in an experiment with
excised tissue.

2. Materials and Methods

2.1 Experimental system

Six multifunction generators (NF WF1974) were used to
generate and modulate sinusoidal waves at 1MHz.
Synchronization waves at a frequency of 10MHz were
generated with one of the generators and input into the other
five generators, whose output waves were input into five RF
amplifiers (E&I 100A2), each of which had two pairs of
input and output channels, to drive every two of the ten
groups of elements of an array transducer. The phase and
amplitude can be changed every 100ns. The 1-3 piezo-
composite transducer (Imasonic) had 128 equal area
elements, a central frequency of 1.0 MHz, outer and inner
diameters of 100 and 36 mm, respectively, and a curvature
radius of 100mm. The 1-3 piezocomposite transducer’”
consists of many small piezoceramic pillars, with a width
much smaller than its wavelength, embedded in a polymer
filler; each piezoceramic pillar behaves as a point source for
forming an acoustic field.?" Ten transducer elements were
electrically combined and connected to either one of the ten
amplifiers. The pattern of the connected element groups of
the array transducer is shown in Fig. 1. The elements with
the same gray level were connected together and numbered
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