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Abstract

Advancements in technologies for assessing biomechanics at the cellular level have led to discoveries
in mechanotransduction and the investigation of cell mechanics as a biomarker for disease. With the
recent development of an integrated optical tweezer with micron resolution particle image
velocimetry, the opportunity to apply controlled multiaxial stresses to suspended single cells is
available (Néve, N., Lingwood, J. K., Zimmerman, J., Kohles, S. S., and Tretheway, D. C., 2008,
“The pPIVOT: An Integrated Particle Image Velocimetry and Optical Tweezers Instrument for
Microenvironment Investigations,” Meas. Sci. Technol., 19(9), pp. 095403). A stress analysis was
applied to experimental and theoretical flow velocity gradients of suspended cell-sized polystyrene
microspheres demonstrating the relevant geometry of nonadhered spherical cells, as observed for
osteoblasts, chondrocytes, and fibroblasts. Three flow conditions were assessed: a uniform flow field
generated by moving the fluid sample with an automated translation stage, a gravity driven flow
through a straight microchannel, and a gravity driven flow through a microchannel cross junction.
The analysis showed that fluid-induced stresses on suspended cells (hydrodynamic shear, normal,
and principal stresses in the range of 0.02—0.04 Pa) are generally at least an order of magnitude lower
than adhered single cell studies for uniform and straight microchannel flows (0.5-1.0 Pa). In addition,
hydrostatic pressures dominate (1-100 Pa) over hydrodynamic stresses. However, in a cross junction
configuration, orders of magnitude larger hydrodynamic stresses are possible without the influence
of physical contact and with minimal laser trapping power.

1 Introduction

Current research on human diseases primarily focuses on the molecular, microbiological,

immunological, and pathological aspects. However, the mechanical basis of disease may make
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direct contributions to physiologic outcomes [1]. In functionally loaded tissues such as cartilage
and bone, cells (chondrocytes and osteocytes) experience multiaxial forces (hydrostatic,
compressive, tensile, and shear), which modulate a biologic function. For example, cartilage
is typically exposed to pressures in the physiologic range of 3-18 MPa [2,3]. The application
of these forces is essential for the maintenance of the phenotype, and production of new tissue
[4]. Conversely, abnormal mechanical forces, due to single cycle or fatigue loading, leads to
altered cell behavior, resulting in pathological matrix synthesis, increased catabolic activity
(degradation), and ultimately osteoarthritis or osteoporosis (apoptosis) [5,6]. Previous
investigations support the hypothesis that chondrocytes and other cell types respond to their
stress-strain environments in a temporal and spatial manner [7]. In addition, biomechanics at
the cellular level have been investigated as biomarkers for disease. Recently, cell stiffness of
metastatic cancer cells was reported to be more than 70% softer than the benign cells that line
the body cavity in patients with suspected lung, breast, and pancreas cancer [8].

Traditionally, cellular characteristics are described from an average response of a population
of cells [9] rather than from physiologic information measured at the individual cell level.
Dynamic single cell measurements require methods capable of suspending an individual cell
for repeated measurements. Current technologies include dielectrophoretic (DEP) traps, which
create a trapping force by acting on cell polarization induced by an oscillating electrical field
[10], acoustic tweezers (AT), which apply an ultrasonic standing wave to create a pressure
node attracting particles or cells [11], and hydrodynamic tweezers (HT), which can suspend
single cells using only gentle secondary hydrodynamic forces [12]. Advancements in laser
technology facilitated the most popular means of manipulating isolated single cells, like that
of optical tweezers or traps (OT) [13]. Distinct loads can be applied experimentally to single
cells in culture to quantify cellular, membrane, and cytoskeletal biomechanics. This type of
intracellular “holding” can apply forces in extracellular microenvironments on the order of 100
pN, with a resolution smaller than 1 pN (1 pN = 10712 N) [14,15]. All of these currently
available trapping methods apply conditions outside the physiologic range for cells, making
their effects on cell behavior and viability up for debate.

With advancements in microscale fabrication, microfluidic devices create opportunities to
study the dynamic mechanical behavior of individual cells under controlled conditions.
Through fluid mechanics, flow-based mechanical test sequences (including shear and
extensional loading) may provide control of unigue microenvironments when coupled with
single cell suspension techniques. The uPIVOT (micron resolution particle image velocimetry
combined with optical tweezers) was recently developed to apply controlled multiaxial stresses
to single cells suspended with optical tweezers within custom channel designs [16,17].

This work examines the microfluidic environments designed for biological cell investigations,
and determines the experimental and theoretical stresses applied to suspended cell-sized
polystyrene microspheres. This application represents the relevant geometry of nonadhered
spherical cells, as observed for osteoblasts, chondrocytes, and fibroblasts [17]. A stress analysis
is developed and applied to three previously reported flow conditions [16,18,19]: (1) a uniform
flow field generated by moving the fluid sample with an automated translation stage, (2) a
gravity driven flow through a straight microchannel, and (3) a gravity driven flow through a
microchannel cross junction. The analysis characterizes fluid-induced stresses at the
microscale for comparison with adhered single cell studies during uniform and straight
microchannel flows, as well as a cross junction configuration, which has the potential for larger
stress magnitudes.
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2.1.1 yPIVOT Enhanced With Microfluidics—When single cell suspension is coupled
with microfluidics, innovative fluid mechanical stimulation of cells is possible. This study
examines the microfluidic environments generated to enhance uPIVOT studies. The uPIVOT
[16] is a novel instrument integrating two laser-based techniques for manipulating and
characterizing the mechanical environment adjacent to cellular or microscale structures.

Briefly, an OT applies an infrared laser (A = 1064 nm) to suspend micron-sized objects with
nanometer position control, and constraining forces on the order of pN (see Ref. [20] for details
on optical tweezers). Here, a dual optical trap was produced by passing a split laser beam
through a high numerical aperture objective lens, and focusing it to its diffraction-limited spot.
For translucent objects larger in dimension than the wavelength of the trapping laser (such as
individual biological cells), a ray optics approach indicates that the rays of light are refracted
as they pass in and out of the trapped cell. This change in direction and the associated
momentum imparts an equal and opposite force on the “trapped” object.

Micron-resolution particle image velocimetry (UPIV) is a high-resolution, two-dimensional
full-field velocity measurement technique [21]. Flow velocity measurements are obtained by
seeding the flow domain with 275 nm diameter fluorescent nanoparticles, volume illuminating
the region of interest with pulses from two frequency-doubled Nd:YAG lasers (A=532 nm)
near the nano-particle excitation wavelength (A=535 nm), and imaging the emitted light (A\=575
nm). The lasers are synchronized with a charge coupled device camera such that the emitted
particle light from each laser pulse is captured on consecutive image frames. The resulting
image pairs are cross correlated with correlation ensemble averaging (increasing the
nanoparticle signal to noise ratio) to obtain the resulting velocity field [22].

2.1.2 Experimental Protocol

2.1.2.1 Stationary sphere in uniform flow: A 21.8 um diameter polystyrene microsphere
(Polystyrene crosslinked DVB copolymer, Duke Scientific, Fremont, CA) was optically
trapped in a 50 pl solution of fluorescent nanoparticles (2.5% solid concentration in 2 ml
distilled water; Molecular Probes, Carlsbad, CA) contained between two coverslips (Fig. 1
(a)). The solution is an incompressible Newtonian fluid with a density (p=998 kg/m3) and
viscosity (1=0.992 x 103 N s/m?) at room temperature (20.5°C). The sphere was trapped at a
depth of 1.5 times the sphere diameter from the bottom coverslip. The upper coverslip was
~150 um from the suspended sphere, inducing a local hydrostatic pressure of p=p,,=—pgh=
—1.469 Pa. The uniform flow field was generated by moving the coverslips on an automated
stage (H117 ProScan™ |1 stage, Prior Scientific, Rockland, MA) at constant velocity. The
stage was controlled to execute displacement rates of 50 um/ s to 500 um/ s in the —x direction
(to create relative flow in the —iy or —x direction) with a linear resolution of 20 nm.

2.1.2.2 Stationary sphere in a gravity driven straight microchannel flow: A 28.0 um
diameter microsphere was optically trapped in a straight 50x500 um? microchannel (Fig. 1
(b)). This straight channel was fabricated using a standard soft lithography approach with
polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI). The chip was then
chemically bonded to a coverslip. A gravity driven microchannel flow of the solution described
above was generated by attaching input and output open syringes (filled barrel with no plunger)
placed at a height differential of h=15 mm, producing a flow driven by p,=—pgh=—146.9 Pa.
The syringes were connected to the microfluidic chip via Tygon tubing (Fisher Scientific,
Pittsburg, PA) attached to metal pins (0.025 in OD x 0.017 in ID, Type 304, New England
Small Tubes Corp., Litchfield, NH) that were directly inserted at the entry/exit ports of the
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microchannel. The microsphere was trapped at a location equally distant from the pressure
head losses of the entry/exit ports, such that the local hydrostatic pressure was p=—1/2 pgh=
—73.45 Pa. This setup allowed a controlled and steady centerline midplane flow velocity
U,,=460 |/ s.

2.1.2.3 Stationary sphere in gravity driven extensional flow: A 20.6 pm diameter
microsphere was optically trapped in a 50 x 500 um?2 water-filled microchannel cross junction
(Figs. 1(c) and 2) fabricated in a similar manner just described. The radius of curvature at each
of the channel wall intersections was maintained at 200 pm for laminar cornering flow. With
a pressure head of 24.5 mm and p,,=—239.5 Pa, a gravity driven flow was generated with a far-
field channel, centerline midplane velocity of 750 um/ s, and a local hydrostatic pressure of
p=—1/2p,,= —119.75 Pa. This produced a midplane shear rate of y = 12.4 strain/ s at the cross
junction (determined without microsphere perturbation), and thus, a characteristic flow
velocity (U = ya) of 128 um/ s, where “a” is the radius of the sphere.

2.2 Theoretical Development and Applied Mechanics

2.2.1 Fluid Imposed Stress States—In the following mathematical development, bold,
uppercase letters indicate tensors, while bold, lowercase letters indicate vectors. The
constitutive equation for an incompressible Newtonian fluid states that

T= - pI+2uE ()

where T is the stress tensor, | is the identity matrix associated with the local isotropic
(hydrostatic) pressure p, and p is the fluid viscosity. E is the rate of the strain tensor defined
by the flow velocity gradient tensor and its transpose

1 -
E==[Vu+Vu’
5l Vutvu] @

When applied to the layerwise, two-dimensional nature of the PIV experimental technique and
the presence of a uniform streaming flow past a solid spherical cell (radius=a), the velocity
gradient tensor can be reduced to two-dimensional cylindrical polar (r,6, z) or spherical polar
(r,0,¢) coordinates (Fig. 1(d))

Ouy Jug
— or ar
Vus| o w1k w
r 00 r rdo " or (3)

where ur and ug are the radial and transverse velocity components, respectively (Fig. 1).

Equation (1) then identifies the normal (T, or o) and shear (T,q Or ) Stress components as

Ou,
Trr: - 17+2,U (ﬂ)

ar 4)

dug u9+l(9u,.]: [ 9 (u9)+l%
r 06 (5)
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At the cell surface (r=a), radial and transverse flow velocities are zero, in addition to

Ou,y  Oupy

However, in the flow field adjacent to the cell surface (r>a)

duy Oy

ug
| a # 0, ELM #0, and 7| #0

r>a (7)

Hence, the stresses imposed on the cell, due to local fluid flow, may not be further reduced.
Thus, the imposed normal and shear stress states can be determined directly from
experimentally measured or theoretically derived planar velocity fields by calculating
differential flow velocities per radial location and per transverse location (radial and transverse
velocity gradients). In the approach that follows, gradients were determined at 10 deg
increments around the central perimeter of the analyzed cell (6=0 to £180 deg at z=0 and ¢=0
deg), incorporating flow field data from the nearest radial location (~1.1r) out to three radii
(3r) away from the cell surface. Due to limitations in finite resolution (velocity spacing of 8x8
pixels with 109 nm/pixel), velocity gradients were not determined at the exact cell surface.
Each velocity gradient was assessed with linear regression, and consistently indicated a strong
linear fit (JR|>0.90). Regression analysis was also applied to compare experimental and
theoretical stress results at coincident locations throughout the examined spherical perimeter
region. The theoretical stresses were calculated from the following analytical flow solutions.

2.2.2 Fluid Velocity Analytical Solutions

2.2.2.1 Uniform flow: For a spherical cell suspended in a creeping uniform flow (Reynolds
number, Re < 10~2) with freestream velocity U,., the continuity or momentum equation for an
axisymmetric, incompressible flow can be reduced to the single fourth order partial differential
equation for the stream function y

VAy=v(V?4)=0 ®)

where the biharmonic operator can be defined for plane flow in polar coordinates as

, 0 10 1

=2 ror Roe ©

The velocity components u, and ug are related to the stream function by the relations

| 7/ and 1 g
Uy=———— up= - —— —
r2 sin 6 60 0 rsin @ Or (10)

With the boundary conditions u,=ug=0 at r=a and u—U,, at r — oo, the Stokes solution for
creeping motion past a sphere is [23-25]

(11)
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By substituting Eq. (11) into Eq. (10), the velocity components are then

3 1 3
u=Ux [1 - —(g)+—(g) }cos()
2 r 2 r (12)

3
Up= — Umll - E(E)— l(g) ]sin@
4 r 4 r (13)

Equations (12) and (13) can then be used to calculate the theoretical normal and shear stresses
defined by Eqgs. (4) and (5) [26]

(14)

(15)

Both of these stress states contribute a net drag force component applied to the cell in the
direction of flow (here in the —iy or —x direction). The total drag is determined by integrating
the stress tensor, as defined by the normal (form drag) and shear (friction drag) stress
components, acting on the cell surface n or i,

Fo=— f e (n-THdA= — f ’(; Ty, cos OdA+ f g 7‘,,9|,_:a sin BdA (16)

where finite increments of the surface area dA are defined as

dA=["a® sin 6d6dp=2ra’ sin 68 an

By integrating Eq. (16), the total drag for uniform flow is

F,=2nuUa+4npUa=6nulUsa (18)

where 2zuU,a is the form drag, and 4npU..a is the friction drag. Equation (18) is the classic
sphere-drag formula of Stokes and is often used to calibrate optical trapping power by equating
the trap force to the imposed fluid drag. Under unidirectional flow conditions and the absence
of other external forces, the trapping force (FgT) is statically balanced with the fluid drag force
on the cell, that is

Fo=F,=6muUsa (19)

The maximum trap force is determined from the maximum applied fluid velocity, where a cell
remains trapped. As shear and normal stresses are proportional to the flow velocity, the
maximum stress in a unidirectional flow scenario is limited by the maximum trapping power.
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In the applied microfluidic environments, wall effects are prevalent. Equation (18) is then
modified to create the Faxen drag formula [27], accounting for the influence of two equally
spaced walls (L distance from the cell center)

B 6mulsa
1 — 1.004(a/L)+0.418(a/L)*+0.210(a/L)* — 0.169(a/L)’ (20)

D-e

as well as for two unequally spaced walls (L and 3L wall locations from the cell)

6rulsa

F =
P 1-0.6526(a/L)+0.1475(a/L)? — 0.1310(a/L)* - 0.0644(a/L)’ ©1)

2.2.2.2 Planar extensional flow: In a pure two-dimensional extensional flow around a sphere,
there is flow inward towards the sphere along the +y direction, and flow outward directed away
from the sphere in the +x direction, with no out-of-plane (z direction) velocity (Fig. 1(c)). This
linear, two-dimensional extensional flow microenvironment is recreated in the microchannel
cross junction described above for an x-y plane at a given z location.

For a nonrotating sphere suspended in a general linear flow, the fluid velocity field vector
(u) is [25]

5 3 5
u:E-x[l—(C—l) ]—X(X‘E~x)[§a—5—§a—7]
r 2r 2r (22)

For the specific linear case of planar extensional flow, the strain rate tensor (E) is reduced to
the shear rate magnitude (y) as components along the matrix diagonal

5 0 0
E=|10 -y O
0 0 0 (23)

Substituting the strain rate tensor and the spherical polar coordinate representation of the
general position vector (x) into Eq. (22), the velocity components are

r 5(a\? 3(a\?
=U|--=(=] +=(= s 2
. U[a 2( ) 2(&’)]C0S o

r (24)
4
w=—U l+(9) ]sin 26
a r (25)
. 5 . r (a4
ug= — U sin ¢ cos ¢(cos” 8 — sin” 6) ——+(—)
a r (26)
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where, as stated earlier, the characteristic velocity (U=vya) is the product of the local shear rate
environment of the undisturbed flow, multiplied by the perturbing cell boundary location
(radius). Note that u, and the variations in the ¢ direction, as defined in Eq. (26), are identically
zero in the experimental measurement plane (¢=0 deg). With Egs. (24) and (25), and the
constitutive Egs. (4) and (5), the specific normal and shear stresses at the midplane of the sphere
in the planar extensional flow are

U 3 S
o= p+'u— 2+10(£) — 7(E) ]cos 26
a r r (27)
3 S
g — B [2 - 5(‘1) +8(9) ]Sin 20
a r r (28)

When integrating the stress tensor, as defined by the normal (form drag) and shear (friction
drag) stress components in Eq. (16), the total drag here is equal to zero. This reflects the stable
or saddle-point nature of the cross junction’s geometric center.

2.2.3 Numerical Analysis—To assist in the validation of the defined stresses, and extend
the analysis beyond the capabilities of theoretical assumption, a computational model
established a quantitative comparison for the cross junction flow [19]. With the measured local
flow velocities as input, the flow scenario was modeled with computational fluid dynamics
(cro) software (mesh creation in STAR-Design and solution computation in STAR-CCM+, CD-
adapco, Seattle, WA). A 25 um minimum length limitation was discovered in STAR-Design.
This limitation required the model to be scaled by 1000 times while keeping the Reynolds
number constant, similar to the described experiments. Thus, the modeled characteristic length
increased while the characteristic velocity decreased. Symmetry of the cross junction geometry
reduced the computational domain to an octant section. Individual mesh properties were
adjusted by setting a maximum triangle size and surface thickness while constructing a
composite mesh. The mesh resolution on and around the sphere was constructed to exceed the
resolution of the experimental PIV data, particularly on the x-y symmetry plane at the channel
center, coincident with the flow stagnation point (x, y, z=0). The resulting flow field velocities
were generated by iteratively “solving” components within the Navier—Stokes and continuity
equations, identifying the final solution based on a minimum residual, now standard practice
in CFD calculations [28]. These three-dimensional solutions provided midplane numerical
results to calculate cell perimeter velocity gradients, and finally, the local normal and shear
stresses, as previously described.

2.2.4 Principal Stresses and Localized Elements—Principal stresses were determined
for the applied perimeter stress states, as extended to intracellular elements representing
specific cellular zones (Fig. 3). The principal stresses describe internal or whole-cell elements
with a rotated perspective, which minimizes or eliminates local shear stresses. Maximum and
minimum principal stresses act on mutually perpendicular planes, and are the algebraically
largest and smallest normal stresses at a point in the described stress fields [29]. Although the
cellular biomechanical microenvironment is a three-dimensional stress state, the layerwise
analysis here again examines the perimeter stresses at a central plane (z=0). Thus, the two-
dimensional maximum (61=6max) and minimum (c,=cmin)normal stresses were obtained from

Otoy ((J'_\~ -0y )2 2

712775 2 X (29)
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when expressed in Cartesian coordinates or expressed in polar coordinates, as applied here

o= and T,=T,

O""e:o deg,+180 deg,(’»“z‘r"|a=i9o deg (30)

The principal stress analysis was also expressed graphically through a Mohr’s circle
construction (Fig. 3), where the graphed circular components are identified from Eq. (29) as
the center(o.), projected segment (s), and radius (R), defined as

ooy, Oy — 0y
o= "2 Y 5= X2 ) andR=\/.s2+T%), a1

The rotation of an internal or whole-cell principal element representing an orientation
minimizing (¢) or maximizing (¢+45 deg) shear stress is then calculated as

2p=arctan Lo
= S (32)

Flow velocities were mapped within a central plane bisecting the tested microspheres, to match
the experimental fluid-based loading environments for cell biomechanics (Fig. 1). Applied
shear and normal stresses were calculated for both the experimental and the theoretical flow
velocity data in the region surrounding the surface perimeter of the analog cell structures (Fig.
2). Hydrodynamic stresses produced sinusoidal patterns indicating localized dependencies.
Superimposed hydrostatic pressures (p) were much larger for the uniform flow field generated
by moving the fluid sample (—1.469 Pa, Fig. 4), gravity driven flow through a straight
microchannel (—73.45 Pa, Fig. 5), and gravity driven flow through a microchannel cross
junction (—119.75 Pa, Fig. 6). Correlations were consistently strong when relating experimental
to theoretical stresses at coincident points within the region of examination (R2>0.92).

The experimental applied algebraic maximum and minimum stresses were used to determine
principal stresses within intracellular and whole-cell stress elements as a precursor to future
localized strain analysis. The static influence of fluid pressure tended to dominate the principal
stress state in all three loading scenarios (Fig. 3). However, the rotation of the hypothetical
elements needed to minimize or maximize shear stress remained the same in all unidirectional
flow combinations (tmin at ¢=26.3 deg, Tmax at ¢=71.3 deg). In extensional flow, the shear
stress-only element would require a rotation of =45 deg to minimize shear (representing its
current maximized state). The normal stress-only element is by definition, without shear stress,
and would require an opposite rotation (p=—45 deg) in order to isolate shear stress.
Superposition allowed the combination of these two element arrangements into an overall
principal stress state. All applied forces and stresses are summarized, clarifying the
micromechanical manipulation environments designed for cell biomechanics (Table 1).
Microfluidics provided a refined and subtle manipulation of single cells, in contrast with more
dramatic loading found in population assessments.

4 Discussion

Inthe struggle to further understand and control living systems, research is increasingly focused
on single cell investigation. This work calculated the local normal and shear stresses applied
to suspended microspheres in order to determine the magnitude of hydrodynamic stresses
experienced by single cells suspended in fluidic environments, and more specifically, to clarify
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the performance of the uPIVOT for single cell analysis. This approach characterizes biological
cell geometries currently being examined in pPIVOT environments.

Although revealing, specific limitations were evident in the presented experimental approach.
In the uPIV experimental technique, velocities were calculated in interrogation regions by
cross correlating two image pairs within the same pixel subdomain. The resolution of velocity
measurements is set by the size of the interrogation region. For the experimental results reported
above, the interrogation region was set at 16 x 16 pixels or 1.74 x 1.74 umZ2. As a result in the
analysis, fluid stresses were calculated in the vicinity of the suspended sphere and not at the
sphere surface. The theoretical shear stress, as a function of angle for different radial positions
away from the sphere (Fig. 7), has a maximum amplitude at the sphere surface, decreases to a
minimum amplitude at r / a= 1.67, then rebounds to the freestream stress value for r / a>3. As
a result, the shear stress value at r / a=1.25 is nearly indistinguishable (within experimental
error) from the freestream value. Therefore, to accurately measure the shear stress near a
suspended cell, and capture the actual disturbance flow generated by the cell, measurements
must be made within 0.25 radii from the cell surface. For a 10 pm radius cell, velocity
measurements within 2.5 um of the cell membrane would be required to capture this influence.
The 16x16 pixels interrogation used in this study provides velocity measurements within this
range. However, to truly measure stress at the cell surface, dramatically smaller interrogation
regions are required. As shown here, stress measurements at r / a=1.01 are nearly equal (again
within experimental error) to the actual stress at the surface. For a 10 um radius cell,
measurements within 100 nm would be required to accurately measure surface stresses. With
the current uPIV system, a single pixel corresponds to an imaged area of 109x109 nm2. Thus,
single pixel interrogation PIV, a technique currently being developed [30,31], is required to
truly resolve stresses at the cell surface. However, this may not be necessary. As shown here,
the disturbance flow shear stress is resolvable for r / a<1.1. An interrogation region of 8x8
pixels is within this range for disturbance flow around a 10 um sphere, and can be resolved
with the current uPIV technique [18]. Additionally, the local disturbance flow can be modeled
computationally with the imaged cell morphology combined with the undisturbed flow state
to extrapolate the stresses on the cell surface when it is introduced to the flow environment.

Recent single cell biomechanics studies applied a range of stresses typically in unidirectional
flow states over attached cells. Adhered single leukocytes experienced much larger shear (1.10
Pa) and normal (0.35 Pa) stresses within a parallel-plate flow chamber with higher applied flow
velocities (14 mm/s), as modeled with finite element analysis [32]. Similarly, a single adhered
leukocyte was analyzed with both particle image velocimetery and computational fluid
dynamics during a large flow (15.8 mm/s) in a microfluidic channel, creating a maximum shear
stress of 0.386 Pa [33]. These flow velocities were enabled by adhesion forces, which are
sufficiently large to overcome the applied fluid drag. For optically trapped cells, the maximum
trapping force is substantially smaller than the adhesion forces in monolayer studies (Table 1).
While higher trapping forces can theoretically be generated by increasing the trapping laser
power, adverse heating of the cell becomes significant as power increases [18,34]. As a result,
the maximum trapping power is limited to tens of pN. Therefore, the maximum hydrodynamic
stress that may be applied to a cell suspended in a straight microchannel or uniform flow is
limited to hundredths of a Pa. When compared with hydrostatic pressure (1-100 Pa), this
relatively small hydrodynamic stress may be insufficient to induce cell deformation, let alone
biological responses.

While hydrodynamic stresses are limited in uniform and straight channel flow scenarios, no
such limitation exists for the two-dimensional extensional flow generated in a cross junction.
Following the drag force calculation method previously described, integration of the normal
and shear stresses around the surface of a suspended sphere produces a zero net drag in all
directions if the sphere is positioned at the stagnation point (center) of the two-dimensional
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extensional flow. Theoretically, if a cell is positioned perfectly at the stagnation point, no
trapping force is required to maintain its position, regardless of the applied shear rate,
effectively creating a hydrodynamic trap. In reality, the stagnation point represents a saddle
point and is unstable to perturbations along the x axis. However, only a small force, much less
than the maximum trapping force, is required to maintain the sphere at the stagnation point
(Table 1). For the extensional environment described here, a relatively low shear rate was
examined. However, the potential exists for dramatically higher hydrodynamic stresses (at least
100 times greater than reported). In addition, the dominant nature of the hydrostatic stress state
may be mitigated by proper cross junction design. Therefore, while the biological effects of
hydrodynamic stresses in uniform and straight channel flows around suspended cells appear
limited, significant cell deformation and biological responses are at least possible for single
cells suspended in cross junction flows.

The advantage in the presented line of research is the opportunity to assess isolated cell
biomechanics with eventual correlations to mechanotransduction and diseases, with or without
cellular adhesion responses. With an improved resolution, applied stresses to cell membrane
structures, and the elastic membrane itself, can be assessed in a detailed stress versus strain
response.
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Fig. 1.

Schematics of applied microenvironments including (a) a uniform flow field generated by
moving the fluid sample with an automated translation stage, (b) a gravity driven flow through
a straight microchannel, and (c) a gravity driven flow through a microchannel cross junction.
The Cartesian coordinate system was established at the center of the fixed cell position and
converted to (d) spherical polar coordinates during stress analysis (here ¢=0 deg).
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(a) Representative time-lapse image sequence of a living rat osteoblast suspended by an optical
trap within the geometric center of the cross-junctional channel design during flow (Fig. 1
(c)). The dashed arrows follow the streamline path of a particle within the culture media, as
indicated by the white arrow. (b) Velocity flow field surrounding an analogous cell (20.6 um
diameter polystyrene microsphere), as measured with micron resolution particle image
velocimetry.
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Localized theoretical elastic elements representing applied stresses due to (a) unidirectional
and (b) bidirectional flow fields (only hydrodynamic state shown with mild deformation into
ellipsoid shape). Mohr’s Circle characterizations of two-dimensional normal (o, with or
without 6p) and shear (tyg) stresses with conversion into planar principal stresses (o1 and 65)
and maximum shear stress (tmax) for (c) straight and (d) cross-junctional channel flow
conditions (axes not drawn to scale). The rotation of the element required to minimize or

maximize shear stress is also shown (o).
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Fig. 4.

(a) Shear and (b) normal hydrodynamic stresses applied around the central perimeter (6=0 to
+180 deg at z=0) of a stationary microsphere (a=10.9 um radius) in uniform flow
(nonchannelized, stage motion). Coincident experimental and theoretical data were compared
in the region near the microsphere surface. These experimental and theoretical values were
strongly correlated for both shear (R2=0.938) and normal (R2=0.964) stresses. Continuous
theoretical data were produced to explore surface stresses (Egs. (14) and (15)). The total normal
stress (static plus dynamic) would have an additional pressure, p=—1.469 Pa, superimposed
over the entire surface (Eq. (4)).
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Experimental and theoretical (a) shear and (b) normal stresses applied around the central
perimeter (6=0 to £180 deg at z=0) of a stationary microsphere (a=14.0 um radius) in gravity
driven unidirectional flow (straight channel). Coincident data were compared in the region near
the microsphere surface. These experimental and theoretical values were strongly correlated
for both shear (R2=0.916) and normal (R2=0.974) stresses. Continuous theoretical data were
produced to explore surface stresses (Egs. (14) and (15)). The total normal stress (static plus
dynamic) would have an additional pressure, p=—73.45 Pa, superimposed over the entire

surface (Eq. (4)).
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Experimental, theoretical, and numerical (a) shear and (b) normal stresses, as applied around
the central perimeter (6=0 to £180 deg at z=0) of a stationary microsphere (a=10.3 um radius)
in gravity driven bidirectional flow (cross junction channel). Coincident experimental and
theoretical values were strongly correlated for both shear (R2=0.964) and normal (R2=0.927)
stresses. Continuous theoretical data were produced to explore surface stresses (Egs. (24) and
(25)). The total normal stress (static plus dynamic) would have an additional pressure, p=

—119.75 Pa, superimposed over the entire surface (Eq. (4)).
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Summary of applied forces and stress states in flow environments designed for microscale biomechanical

manipulation of cells

Uniform flow: U_=500
um/s

Straight channel flow:
U,,=460 um/s gravity

Cross junction flow:
U=128 um/s gravity

automated stage driven driven driven
Representative microsphere Polystyrene, diameter 21.8 um 28.0 um 20.6 um
Optical trap manipulation Single (Fot) >Fp >Fp ~0pN
Dual (For) NA NA NA
Trap stiffness (k) @ 4-70 pN/pm 4-70 pN/pm NA
Hydrostatic pressure Po=—pgh —1.469 Pa —146.9 Pa —239.5 Pa
(h=150 pm) (h=15 mm) (h=24.5 mm)
L ~1.469 Pa(p=p.,) ~73.45 Pa ~119.75 Pa
% orp= — Epgh
Hydrodynamic drag forces Ap 0 ~0Pa ~0Pa
Stokes drag (Fp) 101.9 pN 120.4 pN 0
Faxen drag (Fp—y or Fp—¢) 129.6 pN 230.5 pN 0
(wall effects) (unequally spaced) (equally spaced)
Peak normal stress Measured o, +0.026 Pa +0.021 Pa +0.039 Pa
Calculated-theory o, +0.024 Pa +0.020 Pa +0.030 Pa
Calculated-numerical o, +0.035 Pa
Calculated-surface o, +0.068 Pa +0.049 Pa +0.069 Pa
Peak shear stress Measured 1,9 +0.022 Pa +0.017 Pa +0.038 Pa
Calculated-theory 1,4 +0.017 Pa +0.019 Pa +0.031 Pa
Calculated-numerical .4 +0.039 Pa
Calculated-surface T,y +0.068 Pa +0.049 Pa +0.069 Pa

Principal stresses Dynamic-only
Tension 63, 62, Tmax
Compression 61, 62, Tmax
Static+Dynamic
Tension 63, 62, Tmax

Compression 61, 6, Tmax

0.039, —0.013, 0.037
0.013, —0.039, 0.037

—1.430, -1.482, 0.037
—1.456, —1.508, 0.037

0.030, —0.009, 0.028
0.009, —0.030, 0.028

—73.42,-73.46,0.028
—73.44,-73.48.0.028

0.077,-0.077,0.077

—-119.67,-119.83, 0.077

aReported in Ref. [16].

Note: For principal stress analysis, tensile and compression zone elements were identified in cells exposed to unidirectional flow. In bidirectional
flow, the entire cell treated as the superposition of two elements. Units are in Pa.
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