Lab on a Chip

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

. accepted for publication.
Lab ona Chip e

D —— Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g}mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/loc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 7

Lab on a Chip .

CHEMISTRY

Journal Name

Cite this: DOI: 10.1039/XXXXXXXXXX

Received Date
Accepted Date

DOI: 10.1039/XXXXXXXXXX

www.rsc.org/journalname

Bubble sorting in pinched microchannels for ultra-
sound contrast agent enrichment’

Maarten P. Kok, Tim Segers?, and Michel Versluis®

Ultrasound contrast agent (UCA) suspensions contain encapsulated microbubbles with a wide
size distribution, with radii between 1 and 10 um. Medical transducers generally operate at a
narrow frequency bandwidth, severely limiting the fraction of bubbles that resonates to the driving
ultrasound. Thus, the sensitivity of contrast enhanced ultrasound imaging, molecular imaging with
targeted bubbles, and drug delivery with microbubbles can be improved by narrowing down the
size distribution of the bubble suspension. Here, we use a low-cost lab-on-a-chip method for the
sorting of microbubbles by their size without external actuation, based on a microfluidic separation
technique known as pinched flow fractionation (PFF). We show by numerical investigation that the
inclusion of particle rotation in the pinched segment is essential for an accurate description of the
sorting behavior of particles with sizes close to the pinched segment width. Successful enrichment
of a polydisperse contrast agent into a bubble suspension with a narrow size distribution (radius
1.56 + 0.30 um) was achieved with a PFF-based microdevice. This sorting technique can be
readily parallelized, and may thus lead to an easy-to-use and robust device capable of enriching
ultrasound contrast agents, leading to an improvement in the sensitivity of contrast ultrasound

imaging.

Introduction

Ultrasound imaging is the most widely used medical imaging
modality. It is based on the scattering of sound waves from inho-
mogeneities in tissue. Contrary to tissue, blood and other liquids
in the body scatter ultrasound poorly. Ultrasound contrast agents
(UCA) can be added to the blood pool. They consist of stabilized
microbubbles, which are excellent ultrasound scatterers, due to
the large compressibility of their gas core. The echo produced by
a microbubble can be up to a billion times stronger than that of a
solid particle of equal size!. This strong response allows for the
visualization of the blood pool, and can be used to quantify blood

2, To facilitate targeted molecular imaging

perfusion in organs
with ultrasound, with a sensitivity up to a single bubble, the shell
of the microbubbles allows for the attachment of targeting lig-
ands®. The microbubbles can also be loaded with drugs, for use
in highly localized delivery of drugs with a low therapeutic index
such as chemotherapeutic drugs*>, or genes, such as siRNA or
mRNA®5,

Commercially available UCAs generally consist of encapsulated
microbubbles in suspension, with a relatively wide size distribu-
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tion, with sizes ranging from 1 to 10 um. Since clinical ultrasound
systems operate at a narrow frequency bandwidth, and since the
resonant frequency of microbubbles is strongly dependent on the
size of the bubbles!, a significant fraction of the microbubbles
will not resonate to the driving ultrasound, while still attenuat-
ing the ultrasound. Thus, the sensitivity of contrast-enhanced ul-
trasound imaging can be improved by narrowing down the size
distribution. Furthermore, a highly resonant bubble population
also increases the efficiency of drug-loaded agents in releasing
their payload. Finally, the use of targeted molecular imaging
with ultrasound will highly benefit from the ability to discrimi-
nate between bubbles that adhere to a wall and those that freely
float, which can be measured by a resonance shift of the adherent
monodisperse bubbles %10, Thus, for these reasons it is impor-
tant to develop a method of obtaining monodisperse ultrasound
contrast agents.

There are three main methods to obtain a monodisperse bub-
ble suspension: direct production of monodisperse microbubbles,
filtering of polydisperse UCA, or sorting thereof. Recent advances
into the production of monodisperse UCA are promising, such
as the use of flow-focusing devices to produce highly monodis-
perse bubble populations as reported by Hettiarachchi et al.!l.
These methods are capable of producing highly monodisperse
bubble populations at significant rates 12, however, challenges re-
main in maintaining the monodispersity for extended periods of
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Fig. 1 A) Top view of the microchannel geometry used in pinched flow fractionation. The microbubbles enter the pinched segment and are pinned
against the wall by a co-flow. The microbubbles then separate due to the expansion of the channel, to be sorted into exit channels positioned in the
broadened segment. The color indicates the inlet of origin for the fluid. B) The expected distance of bubbles from the wall in the broadened segment
as a function of bubble radius, based on Eqg. 1 combined with an undisturbed velocity profile obtained from 2D COMSOL simulations. Using this result
we can design a microdevice geometry to extract microbubbles within a specific size range.

time 13:14, Mechanical filtration is a widely used technique, where
the microbubble suspension is forced through a filter 1>, acting as
a low-pass filter. However, due to the deformability of the bub-
bles, bubbles larger than the pore size can also pass the filter. De-
pending on the amount of pressure used, bubbles are also likely
to be fragmented due to being forced through the filter. Further-
more, the filters can become clogged.

Sorting of microbubbles is performed by employing a range of
size-dependent forces acting on the microbubbles. Examples of
forces used to sort particles in general are the buoyancy force (de-
cantation® or centrifugation”), optical radiation force!® and
electrical potentials (for charged particles) 1. Of special inter-
est for the sorting of microbubbles is the acoustic radiation force,
which allows for sorting by resonance behavior2®. Most of these
techniques require an actuation force to act on the particles,
which can be a complicating factor in the design of practical sort-
ing devices, or requiring optical and acoustical transparency for
example.

A novel lab-on-a-chip size-sorting technique for particles, known
as pinched flow fractionation (PFF), uses only the properties of
laminar flow in microfluidic devices?!. The method has been
successfully applied to the separation by size of solid spheres?!,
emulsion droplets®? and red blood cells?3. Here we apply the
method to the sorting of microbubbles.

The operating principle of PFF is illustrated in Fig. 1A. The mi-
crobubbles are introduced into a narrow channel, called the
pinched segment, where the bubbles are pinned to the wall by
a co-flow from a buffer inlet channel. The co-flow to sample flow
rate ratio is typically in the order of 50:1. As the pinched segment
expands into a broader segment, the distance from the center of
the microbubbles to the wall is extended through microfluidic am-
plification. Because the centers of the large bubbles are located

2| Journal Name, [year], [vol.],1—7

further from the wall, they end up closer to the center of the
broadened segment. Creating exit channels at different positions
thus allows for the sorting of the bubbles into several narrow size
distributions.

For infinitesimally small, neutrally buoyant particles (that do not
disturb the flow and follow the streamlines), the position in the
broadened segment can be found as a function of the position
in the pinched segment by tracking the streamlines using mass
conservation, which leads to the following equation?*:

/ wp/2 wp /2 4 )
dZ/ dy uyp(y,2) / / Y U p (3,2
b/2 Vb b /1/2_ P
wp/2 wp/2
/ dz/ dy uyp(y,2) / dz/ dy U p(,2)

WI’

with H the height of the microchannel, w;, and w, the width of
the broadened and pinched segments, u,;/,(y,z) the flow profile
inside said segments, R the size of the particle and y, the distance
from the wall within the broadened segment.

Vig and Kristensen?® found good agreement between this model
and experimental data for particles up to (R/w, =0.25), using a
velocity profile obtained from 2D simulations, neglecting the pres-
ence of the particles. Figure 1B shows the calculated separation
by size. Based on these results, devices can be designed to obtain
microbubbles of a specific size range.

@

Experimental methods

Microfluidic device design

The chip design is displayed in Fig. 2. The design comprises two
inlet channels, and three outlet channels, positioned such that
only a fraction of bubbles exits through each of the outlets. The
two inlet channels merge into the pinched segment, with a width

This journal is © The Royal Society of Chemistry [year]

Page 2 of 7



Page 3 of 7

wp =12 um and length L = 40 um. The width is based on the
size of the largest bubbles present in the suspension. The pinched
segment broadens into the broadened segment with a broadening
angle 6 = 60°. The broadened segment has a width w;, =300 um.
The broadened segment splits into three outlet channels 600 pm
downstream of the pinched segment, with the center outlet lo-
cated with its center at 20 um from the side wall, with a width
of 10 um. These positions are designed for the selection for par-
ticles with a radius of 1.8 um. The three outlet channels main-
tained their width ratios until the outlet ports, to ensure equal
outlet hydrodynamic resistance. All the microchannels are 14 pm
in height.

Materials and methods

The microfluidic device is fabricated using polydimethylsiloxane
(PDMS). PDMS provides a simple and fast prototyping method
and is ideal for optical imaging due to its transparency. The
molds for the PDMS chips were fabricated using standard soft-
lithography techniques2®: a layer of SU-8 was spin-coated on
top of a silicon wafer, UV-exposed through a mask containing the
channel features, and developed to be ready for replica mold-
ing. The PDMS was mixed in the standard 1 : 10 ratio, degassed,
poured over the mold and cured at 65°C for 90 minutes, then cut
to size. Prior to bonding, the fluidic ports were punched through
the PDMS. The PDMS slab containing the channel features was
plasma-bonded to a flat backing slab of PDMS. The backing con-
tains the center outlet port, in order to maintain a constantly ris-
ing path for the bubbles, which prevents them from piling up in-
side the tubing due to buoyancy. The outlets were connected to
large diameter tubing to ensure atmospheric pressure at the out-
let. The channels were filled with water within ten minutes after
bonding to maintain hydrophilicity, while ensuring a strong bond.
Teflon tubing was connected to the inlet channels through which
the UCA sample and buffer liquid were supplied.

A research-grade contrast agent (Bracco BR-14, Bracco Research
Geneva) was used for the characterization of the device. BR-14
microbubbles consist of a perfluorobutane gas core with a sta-
bilizing shell coating of phospholipids, which are reconstituted
from powder using purified water (MilliQ, Millipore Corporation,
Billerica, MA, USA). The syringe pump controlling the UCA flow
was positioned vertically with the needle tip pointing upward at a
level several tens of centimeters lower than the sorting chip. With
the bubbles being buoyant, the aid of gravity helped to inject the
bubble suspension into the sorting chip. The contrast bubbles
were infused at a rate of 0.2 pL/min and the liquid co-flow (puri-
fied water) had a flow rate of 10 uL/min. These flow rates result
in an average flow speed in the pinched segment of approximately
1 m/s. The ratio (1:50) was chosen such that bubbles down to
a size of 1 um are successfully separated. To confirm that the
microbubbles act similarly to solid particles (and as such neglect
buoyancy and deformability effects), solid particles of different
sizes (1.0 and 3.5 um mean radius, ThermoScientific, Fluoro-Max
35-2 and R0200, Waltham, MA, USA) were also sorted. Further-
more, the sorting device is placed such, that any movement due
to buoyancy is perpendicular to the geometry as shown in Fig. 1.

This journal is © The Royal Society of Chemistry [year]

Lab on a Chip

100pm

Fig. 2 The pinched flow fractionation microdevice design. Two separate
inlets, for both buffer and sample fluids lead into the pinched segment.
The three outlets sort the particles toward multiple outlets for further
extraction. All microfluidic channels have a height of 14 pum.

The setup used to analyze the sorting performance has been de-
scribed previously2°. In short, the sorting process was imaged us-
ing a high-speed camera (Photron, FASTCAM SA-X) connected to
a microscope (Olympus, BXFM). The microscope is fitted with one
of several objectives: a 60 x water-immersion objective (Olympus,
LUMPIlanFL) was used to measure the y;,(R) curves, a 100 x water-
immersion objective (Olympus, LUMPlanFL) was used to mea-
sure the velocity of microbubbles flowing through the pinched
segment, and a 50x long working distance objective (Olympus,
SLMPIlan) was used to measure the size distributions during sort-
ing. The system was illuminated in bright-field mode using fiber
illumination (Olympus ILP-1) connected to a collimation objective
(10x Olympus Plan Achromat, 0.25 NA) positioned below the mi-
crofluidic chip to maximize the light intensity at the imaging po-
sition. The frame rate used was 10,000 frames per second when
recording at the outflow positions and 140,000 frames per sec-
ond when measuring the flow inside the pinched segment. These
high frame rates ensured a sufficient time resolution for particle
tracking. To minimize motion blur, the exposure time was set to
8 us during recordings taken at 10,000 frames per second.

Results

Pinched flow fractionation for microbubbles

Figure 3A shows the broadened segment during operation. Sepa-
ration of the microbubbles by size is clearly observed. The mea-
surement location is positioned 300 um from the end of the
pinched segment. Figure 3B shows the measured positions of
50,000 bubbles as a function of the bubble radius. Some scat-
ter is observed for smaller bubbles, which is due to the following.
First, when multiple bubbles travel through the pinched segment
in close proximity, bubble-bubble interactions can cause smaller
bubbles to be positioned further away from the wall. Second, the
finite flow rate ratio sets a lower limit on the size of particles that
can be sorted successfully. In Fig.1, the darker blue region in-
dicates the fluid layer consisting of liquid from the sample inlet.

Journal Name, [year], [vol.], 1-7 |3
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Fig. 3 A) Image obtained from the measurements during the sorting of
microbubbles at high concentration (A). To reduce the influence of
bubble-bubble interactions, concentrations were kept low during
measurements. B) The distance from the wall in the broadened
segment y,, as a function of bubble radius R. Successful separation can
clearly be observed.

Bubbles smaller than the width of this fluid layer in the pinched
segment are not pinned to the wall and as a result they are not
sorted 2!,

UCA enrichment using pinched flow fractionation

Based on the results as shown in Fig. 3, bubbles with sizes be-
tween 1 and 2 um are expected to enter the center outlet channel.
Figure 4 shows the size distributions of the microbubbles entering
each of the outlet channels. The data is based on measurements
of approximately 22,000 microbubbles, measured during 10 sec-
onds of sorting. The results show successful sorting of the UCA
microbubbles, creating a bubble population with a mean radius
of 1.56 um, and a standard deviation of 0.30 um. Clear band-
pass filtering behavior is observed, both bubbles smaller than the
target size, and bubbles larger than the target size are excluded
from the center outlet.

Sorting quantification
A quantitative comparison of the results as shown in Fig. 3B with
the results of the model, Fig. 1B, shows that the distance from the
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Fig. 4 Size distributions for the microbubbles entering into the three
separate outlets. The results show very high selectivity for bubbles of
the desired size (in red).

wall in the broadened segment of large bubbles is significantly
overestimated by the model, suggesting that the point particle
approximation may fail for larger particles. The finite size of the
particles influences the flow both by relative translation and by
rotation, caused by the velocity gradient.

To investigate this behavior, we determine the flow profile within
the pinched segment, with a rotating and translating particle
present, from 3D simulations using the COMSOL Multiphysics
package?’. This flow profile is then direct input to Eq. 1 to deter-
mine the position in the broadened segment, y,(R).

The simulation used for the model including the rotation is im-
plemented as a steady-state simulation of the flow in a square
cross-section microchannel. A sphere with an imposed transla-
tion velocity and rotation rate simulates the presence of the bub-
ble. Due to the coating of the microbubbles, a no-slip boundary
condition applies28. The velocity vector v;, as function of position
on the bubble surface can then be calculated as follows:

vp = (vp — QRsin(@y)sin(¢2)) %+ (QRcos(¢1 )sin(¢2))9

With v, the translational velocity of the particle, Q the rotation
rate, and ¢, and ¢, the azimuthal and polar angles, respectively.
The translational velocity of the bubbles, which is size-dependent,
is determined from high speed measurements of bubbles as they
flow through the pinched segment. The rotation rate of the par-
ticle is treated as a free parameter, since it cannot be obtained
directly from the measurements.

Figure 5A shows the measured velocities, v, of the bubbles as
they travel through the pinched segment, normalized by the av-
erage flow velocity, u. A series of velocities was found, with the

This journal is © The Royal Society of Chemistry [year]
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velocity increasing with size. Based on the measurements of the
bubble velocities, maximum and minimum values were obtained
for use in the simulations, indicated by the red and blue lines.
Figure 5B shows the flow profiles obtained from the simulations
for a number of cases, with and without particles, translating and
rotating. The resulting position as a function of size and dimen-
sionless rotation rate, defined as Q = QR/v,, is then shown in
Fig. 5C.

The results show that the rotation of the particle significantly
modifies the flow profile in the pinched segment, causing the ef-
fluent position of the particle to lie closer to the wall in the broad-
ened segment. Merely adding a translating, non-rotating, particle
to the simulation does not change the outcome significantly. The
results obtained for Q = 0.75 show good agreement with the mea-
sured data. This value of the dimensionless rotation rate is similar
to results obtained previously in a numerical study2°. Figure 5D
shows the results of the model for Q = 0.75, using the minimum
and maximum velocities as indicated in Fig. 5A. Thus, the range
of velocities does not significantly change the sorting position.

Discussion

Pinched flow fractionation has many promising advantages as a
method for enriching UCAs. The absence of external forcing sig-
nificantly simplifies device design and the absence of flow rate de-
pendency, as shown here, leads to high repeatability, even when
used by general medical practitioners. These characteristics, com-
bined with the simple geometries involved, allow for direct inte-
gration with medical syringes, allowing for a point-of-care device
capable of producing monodisperse UCA wherever needed, at low
cost.

A typical dose of ultrasound contrast agent consists of several bil-
lion microbubbles. Injecting an enriched bubble population may
decrease the need for such a high volume, a decrease of a factor
of 20-40 is expected. However, with only a single sorting chan-
nel, as reported in this study, it would still take tens of hours
for a single dose, at a sorting rate of about 500 bubbles per sec-
ond per channel. As mentioned before, sorting devices based on
pinched flow fractionation have a simple design, which positions
them ideally for parallelization. One thousand parallel channels
would already decrease the sorting time to two minutes. This
should fit comfortably within a device with a volume of one cubic
centimeter, capable of being attached to standard syringes. The
low cost of individual units would allow for a single-use device
design, which is highly preferable in medical environments due
to sterility requirements.

There are several points to be addressed concerning the mod-
elling of the bubble sorting. The dimensionless rotation rate was
varied between 0 and 1, corresponding to a state of pure transla-
tion and of the particle rolling perfectly along the sidewall. Our
experimental results fit closely to @ =0.75, in agreement with ear-
lier numerical results?®. Due to the homogeneous and spherical
nature of our particles and bubbles, we were unable to measure
the rotation rate in the current setup. A more rigorous physical
insight into the rotation problem will be the subject of further
studies.

It is implicitly assumed that the deformability of the bubbles does

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Comparison of experimental results for varying broadening angle
6, and type of particle used.

not play a role in their sorting behavior. To confirm this, the very
same sorting device was used to sort solid particles in the same
size range. Figure 6 shows the sorting position as a function of
the particle size, for both microbubbles and solid particles. These
curves show nearly identical results for microbubbles and solid
particles, which therefore excludes any deformability and density
effects, in the range of parameters used in this study. We expect
that deformation of the microbubbles will become a significant
factor for systems an order of magnitude larger.

As stated in the device design parameters, the broadening an-

gle used was 6 = 60°. In their pioneering paper, Yamada et al.21,
state that they find an influence of this angle on the sorting be-
havior. Measurements were performed using devices with broad-
ening angles between 30 and 90°, see Fig. 6. Our results do not
show a significant difference between the results for these de-
vices, in the range of flow parameters used in this study.
A possible downside of sorting bubbles by size using pinched
flow fractionation with the aim of increasing ultrasound sensi-
tivity, is that the phospholipid packing density in the shell may
vary slightly from bubble to bubble. This means that two bub-
bles of identical size need not necessarily show identical acousti-
cal behavior3°. This problem is inherent to all sorting methods
aimed at sorting by size, and can only be lessened by improving
the initial production. To assess the actual gain in sensitivity be-
tween unsorted and enriched microbubble populations, we plan
to acoustically characterize the enriched population and compare
it to the native population.

Conclusions

We have demonstrated a simple lab-on-a-chip device capable of
sorting coated microbubbles on-line, using pinched flow fraction-
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Fig. 5 A) Measured bubble velocities inside the pinched segment as a function of the radius. The lines indicate the maximum and minimum velocities
used in the simulations. B) Flow profiles obtained from 3D simulation using COMSOL Multiphysics, using measured velocities as input. B1) The
undisturbed flow field, B2) the flow field with a translating but rotationless particle, B3) and B4) the flow field with a particle translating and rotating

(fz =0.75), for two different radii. C) The position in the broadened segment as a function of size and dimensionless rotation rate, obtained by using
the velocity profiles as direct input into eq. 1. D) Comparison of the numerical results for a value of Q = 0.75 for the minimum and maximum velocities
to the measured locations.
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ation. We have shown that the present models for pinched flow
fractionation can be successfully extended to larger particles of
the present population, having the same order of size as the
pinched segment width, by including particle rotation. Devices
based on pinched flow fractionation have simple geometries and
flow parameters, which makes them ideally suited for paralleliza-
tion.
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