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Characterization of an interstitial current model
around a cancer nodule using optical tweezers
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Currently, the process of diagnosis and treatment of a patient with metastatic cancer is highly inefficient due to the complexity of the disease
(metastasis is the spread of cancer cells from a primary tumor to secondary tumors at distant sites [1]). However, recent studies have shown
that shear stress, caused by natural microfluidic currents, causes cancer cells to break away, spreading them to secondary sites [2] and
aggravating the disease. The extent of shear stress on nodules due to microfluidic currents has not been experimentally proven. In the present
study, a methodology developed to induce local shear stresses on a cancer nodule model from velocity field measurements is presented. Such
methodology is based on the use of the optical tweezers velocimetry technique reported @t Blof3] and Almendarezet al. [4]. The
methodology consists on using the holographic optical tweezers velocimetry technique (i.e. multiple trapping in one domain), in order to
measure, in a discretized way, the flow field at different positions, and approximate through least squares the velocity profiles; with such
information, the shear stresses on the surface of the nodule model will be approximated. The methodology contributes to the understanding
of metastasis process and other applications, such as: the development of thrombosis, tumor formation, stopping bleeding, etc.
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1. Introduction (a) a=5nm
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Eradicating metastatic cancer is one of the greatest challenge 310 SRR A AL RS AR R
today; it is reported that for all types of cancer, only one out ’ ’ i
of five patients diagnosed with metastatic cancer will survive 2107 fod i
more than 5 years [1]. In recent years, it has been shown

that metastasis is directly related to shear stress caused b

natural microfluidic currents, which result in the shedding of =

cancer cells to distant sites [2]; however, the magnitude of Q.
L
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shear stress causing the shedding of cancer cells has not bee
reported. [

In the present study, a technique developed to approxi- .4 107 L
mate shear stresses on a cancer nodule model is presented, B
that in future studies, the technique can be used to analyze th
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behavior of cancer nodules due to the increase or decrease ¢~ 2 10 [
shear stresses produced by the flow. 1 i i i H ;
To approximate the shear stresses, the velocimetry tech: -8 1077 Dot cnndc il adone,
nigue with optical tweezers reported by Eoet,al. [3] and -3 -2 -1 0 1 2 3
Almendarezet al. [4] is used. This technique is based on the x/ WO

fact that the restoring force of optical tweezers can be mod-
eled as a spring, taking care that the optical tweezers are in
its linear region (in Fig. 1, it can be seen that the curve had!GURE 1. Behavior of the optical tweezers, Figure taken from
an approximately linear section). Haradagtal., [5].

Since the modeling of the optical tweezers is based on a
spring, the restitution force of the optical tweezersuyeezers
is

Where k, is the trap stiffness constant of the optical
tweezers and\z is the average displacement of the trapped
particle.

Frweezers= ky At. ) According to the equipartition theorerh, is determined
as follows:
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Subsequently, Riz\ét al. [2] investigated the role of mi-
kT crofluidic forces as modulators of metastatic cancer devel-
N oy (2) opment on a microfluidic platform using 3D ovarian cancer
(@) —z(t))?) nodules; evaluating cancer cultures under laminar and con-
Whereky; is Boltzman’s constantl(38 x 10-23 J/K), 7 tinuous flow. Finding that microfluidic currents make tumors
is the temperature of the fluid, anfdz(t) — z(¢))?) is the ~ Mobile and more aggressive. No results were obtained on the
variance of the particle position. shear stress experienced by the nodules.

In turn, the restitution force of the tweezers is equal tothe N 2016, Ip.etal.,[8] approximated the shear stresses on a

drag force fyag) suffered by the particle. The drag force is: Cancer nodule grown in a microchannel (4 mm wide, 25 mm
long, and 250um high), finding that a cancer nodule with

Fyrag= (6mnae)u. (3) a diameter ofl04.6 £ 167 um, experienced average shear
stresses of 0.00390268 dyn/Eifor a flow rate of 30.Jul/h)
Wheren is the dynamic viscosity of the fluid, a is the ra- and 0.0390525 dyn/ctn(301.2l/h), simulated in ANSYS,
dius of the particley is the velocity of the fluid, and isa  without having an experimental measurement to confirm the
correction factor that takes into account the external effectshear stress.

ky =

produced by the walls of the channel. Among the most relevant studies for obtaining shear
The correction factoe is obtained from Faxen's law forces in microfluidic currents are Lt al. [9], who re-
shown in Eq. (4). port a study in which they analyzed how cells are adhered in
1 microchannels, comparing the experimental results with the
€= —p P TCETEr t — maximum shear forces suffered by the channel as calculated
-5 (3 +5(3) — a6 (7)) — 1% (7) analytically.
N 1 Another similar study is presented by Qartiez et
4

5 al. [10], in which the relationship of the shear stresses with
: ) the adhesion of platelets to blood vessel walls to stop bleed-
(4) ingis analyzed.
) _ _ Kohleset al. [11] determined the shear stress in a par-
Whereh is the distance to the nearest surface @isthe e suspended in the flow, based on the idea that if shear

height of the channel. _ ~and normal stresses are proportional to the flow velocity, the
From the above, it can be determined that the velocity ofyaximum stress in a unidirectional flow will be limited by the
the fluid will be holding power. This idea is only valid in the case of a sus-
ki, Az pended particle, because the only force that interacts with the
= 6mnac’ (5) particle (assuming that body forces are neglected), is the flow

around the patrticle, so for an object that obstructs a channel,
The methodology consists on using the velocimetry techthe balance of forces is different, and it is necessary to con-
nique described above with optical holographic tweezegs ( template that a certain part of the object is attached to the
multiple trapping in one domain), in order to discretely mea-channel. For the study by Kohles$ al. [11] the particle im-
sure the flow field at various depths, apprOXimate VE|OCityage microve|ocimetry techmquﬂ\(”D) was used. For such
profiles, from which, the shear stresses on the surface of thesearch, the velocity resolution was established by an inter-

nodule model will be calculated. rogation region size of6 x 16 pixels or1.74 x 1.74 um?,
which resulted in the calculation of the stresses introduced by
2. Background the flow in the vicinity of the suspended sphere and not on the

surface of the sphere. Therefore, from the relationship of the

Among the studies that gave the most relevant advances in tiitag force suffered by a particle trapped in an optical tweez-
development of metastasis by physiological factors, Shieldsrs and the measurement of the velocity ugiMiP, values
et al. [6] using a 3D in vitro culture with four human cell of normal and shear stresses were determined; this technique
lines immersed in a tumor cell culture flow, showed that theis known as:PIVOT and is the combination between particle
tumor cells follow the direction of the flow, proving that the image microvelocimetry and optical tweezers.
interstitial flow increases the migratory potential of the can-  Later, the collaboration of &ve, et al. [12], formed by
cer cells. researchers in common with the article by Kohé¢sl. [11],

Polachecket al. [7] using a model based on Shields used theuPIVOT technique to determine the biomechanical
et al. [6], showed that the direction of migration of tumor factors that produce the degradation of tissues, due to the
cells depends on the strength of the flow, because chemstresses to which it is subjected; this research was carried out
taxis (chemotaxis is the phenomenon that causes cells to divith the aim of making advances in the disease of osteoarthri-
rect their movements to the concentration of other cells) indis.
terposes or assists the direction of flow according to the con- In a similar way, Wuet al. [13], using theuPIVOT tech-
centration of cells. nigue, manage to map in a rectangular microchannel (without
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obstacle) the shear stresses. 4. A mixture of salt, particles of 2m diameter (zirco-
Currently, no methodology is reported to determine shear nium oxide) and Milli Q water was made, in which a
stresses on an obstacle attached to a microchannel wall using  coverslip was subsequently dipped.
optical tweezers.
5. The coverslip was left to dry.
3. Materials and methods _ _
6. The coverslip was glued (dry) to the other side of the
The channel with attached obstacles used in this work was slide’s adhesive tape.
constructed to be 0.06 mm high (bounded by 0.06 mm
double-sided tape), 0.5 cm wide, and 4.5 cm long (see Fig. 2). 7. It was sealed around each channel with adhesive to pre-
The procedure used to fabricate the microchannel is de-  vent leakage.
scribed below:

1. A slide was drilled with two holes spaced for the flow ~ S0me of the obstacles obtained are shown in Fig. 3.
in and out. The fluid used was mixture of water with sphericali?

in diameter polystyrene particles with concentration of10

2. Needles were cut from syringes and attached to thef polystyrene particles per 1 ml of water. The mixture was

holes made in the slide using epoxy adhesive. pumped using a kds100 model kdScientific infusion syringe

pump atarate 0f.8 x 1074 mm’/s.

To make the holograms, CorelDraw was used to produce
images of 5 pixels in diameter (representing the trapping

points) with a black background, in an image with screen di-

a mensions ofl920 x 1080 pixels, which corresponds to the
resolution of the spatial light modulator (SLM), which was
later converted into a hologram through a Matlab program
available in the Light-Matter Interaction laboratory, at the
UASLP.

b Figure 4 shows a schematic of the optical tweezers setup
used. Microparticle trapping was archived producing an op-
tical tweezer using 532 mm wavelength, continuous wave
laser (Opus532 of Quantum Laser). The laser beam was
widened to overfill the Liquid Crystal on Silicon (LCOS)
display of the SLM (LETO model by Holoeye) with reso-
lution of 1920 x 1080 pixels. Then, the beam is reflected
on a dichroic mirror with a cut-off length of 605 nm (Thor-
labs DMLP605) and finally focused through a 100x oil im-
mersion, NA=1.25, 0.23 mm working distance, microscope
objective (Nikon). Such microscope objective, along with

3. Double-sided 0.06 mm thick tape was glued to the slid
to form the microchannel.

Sem, 4 0.06 mm

4

FIGURE 2. Exploded channel view a) needle stuck with epoxy ad-
hesive to a slide, b) slide, c) double-sided tape 0.06 mm thick, d)

i FIGURE 3. Screenshots of obstacles obtained in a microchannel.
cover with obstacles stuck.
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Laser
Lamp
o TaBLE Il. Stiffness constants of the optical tweezers in various lo-
= Iris diaphragm cations
A late <O Lens
2 p & Iris diaphragm depth particle ks ky Error Error
&2 Iris diaphragm ? Condenser (um) (NIum) (pN/pm) (N/pm) (pN/um)
<> Lens 5 0 0564 0017  0.397  0.004
< Lens :
E Microchannel 5 1 1.734 0.094 1.154 0.166
Mirror\ \Mirror Objective —— 5 2 1.836 0.213 1.422 0.263
PC| [ 5 52
\ 0 ] 100x A B 5 3 3313 0295  1.662  0.227
sim ¥ ) Dichroic 5 4 2190 0197 1293  0.206
STIS Jy SENS 5 5 1.145 0.065 0.810 0.145
Mirror
P 7 0 0.529 0.032 0.378 0.026
FIGURE 4. Diagram of the optical tweezers arrangement used by ! 1 1.751 0.064 1.247 0.093
the light interaction with materials laboratory in the UASLP. 7 2 1.923 0.101 1.500 0.161
7 3 2.754 0.324 1.769 0.132
7 4 1.977 0.061 1.334 0.142
‘ 7 5 1.039 0.068 0.782 0.026
e 9 0 0574 0004 0334 0021
Particle2 9 1 1.686 0.082 1.366 0.097
Particle 3 9 2 1924 0125 1653 0148
Particle4. « 9 3 2.714 0.280 1.854 0.106
Pefticle s 4 9 4 1.958 0.088 1.387 0.067
9 5 1.102 0.126 0.909 0.117

For velocimetry, it is necessary to obtain the stiffness con-
stants and the average position of the particles with and with-
out flow, using Eq. (2). Raw data for this calculation were
the illumination system consisting on the white light tungstencollected from 3 videos with and without flow recorded with
lamp (Thorlabs’ QTH10) and a condenser, were used to forn300 frames each, positioning the trapped particle 5, 7, and
the image of the trapping zone on the camera. 9 pm deep. Such videos were prc_)cessed through the algo-

For trapping depth positioning, TPZ001 modules (Thor-”thm deve_loped by Crocker and erer [14]. Finally the speed
labs) were used to control the direction, feed back with & the particles was calculated using Eg. (5).
TSGO001 position sensor connected to the base (from Thor-

FIGURE 5. Image of the diagonal distribution of trapping points.

. —a—0
labs) to improve accuracy. . e 1
The experiments were performed at a temperature of 3.6 : A2
—v—3
20°C. 341 L i
For the measurement of the flow field, a 6-particle trap- .21 | _ > 5|
ping hologram was used with a hole in the central part where 2.8 ] ' Il i
the obstacle will be located, the locations of the particle trap- 2.6 |
ping along with its numbering are shown in Table | and Fig. 5. 2 Z:: )i . '
S 20y 1 E— b
o 18] f;;*__’—gé - _75
TABLE |. Position of trapped particles. 181 -
1.4
Particle Coordinates (pixels) 1.24) > = g
1.0 q
0 884.7, 141.2 0.8
1 809.0, 263.6 gi ] - s "
2 733.4, 388.6 ' 5 6 7 s o
3 584.5, 634.9 Depth (um)
4 507.5, 763.4 FIGURE 6. Stiffness constants in the-direction of the particles at
5 432.8, 887.4 various depths
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To obtain the shear stresses, a no slip boundary condition
was added to the surface of all trapped particles. Later, withrasLe 1V. Velocimetry in the discrete points.
the velocities and the boundary condition, velocity distribu-
tion were approximated using least squares fit to a quadratic

Particle/

function. With the curves obtained and Eq. (6) (evaluated at Depth  Oum Spm 7pm 9pm
y = surface), the shear stresses on the wall where the obsta- 0 Opm/s 2.579um/s 2.712um/s  3.219um/s
cle was attached were approximated. 1 0 umis _ 0.817um/s  2.552um/s
2 Opm/s 2.202um/s 2.536um/s  4.545.um/s
= M;Lu(y = surfacg. (6) 3 Oum/s 2.432uml/s 5.470umls -
Y 4 Opum/s 2.38lum/s 3.139um/s 4.236um/s
5 Opum/s 2.696um/s 2.987um/s 4.388um/s

Wherer is the shear stress, is the velocity of the fluid

andy. is the dynamic viscosity. attached, however, the trapped particles were far from the ob-

stacle, therefore the shear stresses obtained are on the chan-
nel surface within the vicinity of the obstacle and not on the
obstacle surface.

The stiffness constants of the optical tweezers for vari-
ous particles at the different depths are shown in Table Il and
The methodology used allowed to approximate the shedrigs. 6 and 7.
stresses on the wall of the channel where the obstacle was The average particle displacements due to flow and dis-

4. Results and discussion

crete point velocities are shown in Tables Il and IV (the gaps
are due to unacceptable experimental data because a bac-
terium was detected interacting with the trapped particle).

207 =0 Figure 8 shows the particle velocities at different depths
1.8 U T 7:7; and the approximate curves to the discrete points. The velo-
¥ = A v 3
16 P | |4
I —a » 5
1.4 ol ¥ ®  p0 u=0.4185y-0.00337y"
P % 1 i 60| ® p1u=028878y-0.00826y"
E 12 il 1| 4 p2u=0.4712y-0.000281y'
= * h ¥ p3u=0.68273y-0.00014808y" w
2 10 5.0 4 < p4u=047528y-0.00139y"
> 45 » p5u=0.03267+0.49779y-0.0031y" a
0.8+ > > 404
06 3 35 //'
6 (4 [ ]
8 o] #
g 30 . !
0.4 — & " § 254 ®
T T T T T 8 20
5 6 e 8 9 —_
@ 15
> ,/
Depth (pm) 104
L J
05 <
FIGURE 7. Stiffness constants in direction and of the particles at 004
various depths. 05 a ’ . . . .
(1] 2 4 L] 8 10

Depth um (y)

TABLE III. Average disp|acements of partides_ FIGURE 8. Velocities of particles at different depths.

Particle/

Depth 5um 7 um 9pm TABLE V. Results of shear stresses.
0 1.574um 1.738um 2.338:m Shear stresses
1 - 0.159um 0.453;m Tpo = 3.738 x 107* N/m?
2 0.375um 0.410um 0.666um Tp1 = 2.579 x 10~* N/m?
3 0.355um 0.749um - Tp2 = 4.208 x 10~* N/m?
4 0.446pm 0.570um 0.741um Tp3 = 6.097 x 107* N/m?
5 0.807um 0.926um 1.170pm Tpa = 4.244 x 10~* N/m?

Tps = 4.445 x 10~ N/m?
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city as a function of depth obeys a parabola because the walls e The velocities of each trapped particle showed similar
of the channel are fixed as expected. Figure 8 shows that behavior, due to the remoteness of the obstacle.

the velocities correspond only to a small section of parabola
because the measurements were made at a maximum depth ®
of 9 um and the total depth of the channel is approximately

60 um.

The approximation of the shear stresses was physically
acceptable because these are maximums in the vicin-
ity of the obstacle, however, these are still preliminary

5. Conclusions

Using the equations found in Fig. 8 and Eqg. (6), it is

obtained that the shear forces will be

As can be seen in Table V, the shear stresses in the central

zone are higher due to the proximity to the obstacle, the next
two on each side are similar and lower as expected.

Although the results are preliminary, they show a physi-

cally correct tendency.

results.

e The hologram used trapped particles too far away from

the obstacle, so holograms will be implemented in the
form of rings, to adapt to different circumferences, in
order to approximate the shear forces in the vicinity of
the obstacle.
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