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Abstract

Echogenic particles, such as microbubbles and volatile liquid micro/nano droplets, have
shown considerable potential in a variety of clinical diagnostic and therapeutic applications.
The accurate prediction of their response to ultrasound excitation is however extremely
challenging, and this has hindered the optimisation of techniques such as quantitative
ultrasound imaging and targeted drug delivery. Existing characterisation techniques, such as
ultra-high speed microscopy provide important insights, but suffer from a number of
limitations; most significantly difficulty in obtaining large data sets suitable for statistical
analysis and the need to physically constrain the particles, thereby altering their dynamics.
Here a microfluidic system is presented that overcomes these challenges to enable the
measurement of single echogenic particle response to ultrasound excitation. A co-axial flow
focusing device is used to direct a continuous stream of unconstrained particles through the
combined focal region of an ultrasound transducer and a laser. Both the optical and acoustic
scatter from individual particles are then simultaneously recorded. Calibration of the device
and example results for different types of echogenic particle are presented, demonstrating a
high throughput of up to 20 particles per second and the ability to resolve changes in particle

radius down to 0.1 um with an uncertainty of less than 3%.
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1. Introduction

Echogenic particles offer a wide range of promising applications in biomedical
ultrasound for both therapy and diagnosis. There are three main classes of particle currently
under research: gas filled microbubbles, volatile liquid micro/nano droplets and sonosensitive
solid nanoparticles. The most well known are gas microbubbles with diameters between 1
and 10 um and stabilised by a surfactant or polymer shell. Bubbles of this size undergo
resonant oscillations at clinically relevant ultrasound frequencies' giving rise to highly
nonlinear scattering that can be exploited for image contrast enhancement, providing a low
cost and minimally-invasive tool for vascular imaging®. At lower frequencies and/or higher
acoustic pressures these oscillations can also produce mechanical and thermal effects that can
enhance drug delivery and tissue ablation®*. The microbubble coating enables circulation
times of up to several minutes within the bloodstream® and the ability to engineer desirable
properties such as shell stiffness and viscosity® which also affect the bubble’s response to
ultrasound excitation”®.

Less well established, although increasingly under investigation are droplets of
volatile liquids, typically stabilised perfluorocarbon emulsions, that can be vaporised by
exposure to ultrasound®. The resulting vapour and/or gas bubble can be large enough for the
localised occlusion of blood vessels, e.g., to reduce blood flow to a tumour®*°. In addition,
unlike microbubbles, liquid droplets can be made sufficiently small to pass through the
“leaky” endothelial walls that characterise the vasculature of cancerous tissue and act as
cavitation nuclei for the enhancement of High Intensity Focussed Ultrasound (HIFU)
therapies®. Solid nanoparticles entrapping gas on their surfaces offer similar advantages, but
are more stable and there is evidence that they may provide more sustained cavitation
activity'.

Unfortunately the highly nonlinear character of the response of echogenic particles to
ultrasound and the sensitivity of that response to their physical characteristics makes
predicting their behaviour extremely challenging. This has hindered the development of
several clinical applications, e.g., quantitative ultrasound imaging for which the relationship
between exposure parameters and particle response must be fully characterised'?. The same is
true for therapeutic applications in which the concentration of particles in a target region
needs to be quantified. Previous research has focussed on either the bulk acoustic properties

13-16

of microbubble suspensions or the characterisation of single microbubbles using both
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acoustic measurements and direct optical observation. The latter approach is usually
preferable as individual bubbles can differ significantly in their response’’ and, as described
below, several important phenomena have been identified as a result of such studies using
acoustic and/or laser scattering or ultra-high speed imaging*® .

Each of the techniques reported in the literature, however, suffer from one or more of
the following limitations: (i) large experimental uncertainties, (ii) the need to physically
constrain particles, leading to a change in acoustic response (iii) small data sets unsuitable for
statistical analysis. In the present study a microfluidic system is presented that addresses
these limitations enabling high throughput characterisation of the unconstrained response of
echogenic particles to ultrasound excitation. The following sections describe the underlying
principles of the system, its design, construction and calibration and finally measurements

obtained with different types of echogenic particle.

1.1 Particle isolation

A key aspect of characterising the acoustic response of single particles is achieving
sufficient isolation, i.e. observing a particle’s response in the absence of physical boundaries
and neighbouring particles that may alter its behaviour. Commonly, isolation from other
particles is achieved by pumping a highly diluted solution of particles through an optically
and acoustically transparent cellulose tube (typically 100-200 um internal diameter)?**. The
tube aids in the alignment of optical and acoustic instruments, however the tube wall has been
shown to affect the behaviour of microbubbles?*%.

In order to eliminate physical interactions with boundaries several different methods
have been successfully employed. Acoustic standing waves can be used to manipulate
particles by attracting them to the nodes of a standing wave, however particles tend to form
clusters and high throughput may not be feasible with this type of system®®. Acoustic
radiation forces could be generated in a flow configuration using much higher ultrasound
frequencies to push particles away from a surface; however, this would increase uncertainty
in the characterization of the sound field and potentially result in heating of the surrounding
liquid, particularly at the higher driving voltages required for high throughput. Techniques
based on electrical fields such as dielectrophoresis (DEP) could potentially affect the
structure of the lipid coating®’ and require costly and complex equipment®®. Optical tweezers
can be used to counter a microbubble’s buoyancy and force it away from the top surface of a
capillary tube; this has been utilised in several high speed camera studies®®. However, a tube
is still needed and the time required to isolate a single microbubble makes large sample
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1931 s less restrictive in this sense. The

analysis unfeasible®. Hydrodynamic focussing
method was pioneered for ultrasonic particle analysis in the late 80’s by Roos® and further
developed by Apfel®. A hydrodynamically focussed flow is produced by two concentric
needles each with independently controllable flow rates. The outer flow (sheath flow) causes
the inner flow (particle flow) to taper along a well-defined path from the exit of the needles.
This approach allows for a very high throughput of particles and control of their spatial
location®.

With the advent of microfluidic technologies, a range of devices have been developed
to achieve two- or three-dimensional hydrodynamic focussing of micro-scale objects>.
Three-dimensional hydrodynamic focussing can be achieved by different means, e.g. by
using co-axially aligned microchannels®; by exploiting the inertial forces resulting from
particle confinement at Reynolds numbers > 1 (also known as inertial focussing)®; by
combining inertial focussing with lateral particle drift generated by secondary flows in curved
microchannels®’; by designing for specific microstructures (e.g. chevrons) which deflect a
particle’s trajectory towards a desired location®. The main features of co-axial focussing
architectures which make them suitable for our application include (i) the need for controlling
two inlet flow lines only, (ii) the physical separation between the focused stream and the

inner surfaces of the device, (iii) the ease of priming, cleaning and operation.

1.2 Particle characterisation and sizing techniques

As regards the response of echogenic particles to ultrasound, the most significant
insights to date have come from ultra high speed imaging studies, including, in the case of
microbubbles: non-spherical behaviour®, compression-only behaviour?®, subharmonic
thresholds and lipid shedding®. Unfortunately, high speed imaging at MHz frequencies is
limited by the need for highly specialised equipment, optical diffraction and the complexity
of the experiments leading to relatively small sample numbers. Ultrasonic scattering
measurements are easier to perform and provide data that are directly relevant to imaging
applications. However, acoustic particle sizing is relatively imprecise* and there is a trade-
off between transducer sensitivity and bandwidth that will inevitably result in a lower signal
to noise ratio (SNR) compared to optical measurements.

Light scattering offers many advantages over both high speed imaging and ultrasound
scattering measurements. The theory of plane wave light scattering from spherical particles is
well established, and has been successfully employed in the sizing of microbubbles* and for

observing sonoluminescence®. Previous work by Matula et al.*** has demonstrated the
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potential of light scattering as a powerful microbubble characterisation technique by adapting
a flow cytometry device to include a piezoelectric transducer. High signal to noise ratio
(SNR) was achieved, but since in this case the particles must be focused within the flow cell a
physical constraint exists that will affect both a particle’s response and the acoustic field due
to reflections and standing waves. As described below, our design removes this physical
boundary, so that the particles are unconstrained and both the incident and scattered acoustic

fields can be accurately measured.

2. Theory

The following section provides a brief overview of the theories describing the

interaction of a gas cavity with light and ultrasound.

2.1 Sizing of microscale gas cavities

Mie theory describes the scatter of plane wave light from dielectric spherical particles
of radius, r. Freely available software, Mie Plot by Phillip Laven*, was used in this study for
simulations. A brief overview is given here, a more detailed explanation may be found by
Kerker®”. The scattered light intensity, Ig.,; (W/m?), at the angle 6 is equal to a fraction of
the initial intensity, I, , multiplied by the differential scattering cross section, ¢'g.,:, of the

particle.

1,
Iscqt (8) = I T_za scat(A, R, 0) (1)

The scattered light intensity thus reduces exponentially with distance from the detector, R.

The rate of energy scattered over a defined angle range, A¢, can then be calculated as:

- A
Escar = Ip r_ZG Scat (2)

For the sizing of microscale particles a monotonic curve can be obtained by
increasing the light collection angle, or aperture (figure 1). The effect of a particle’s coating,
for example on a stabilised microbubble, is much more difficult to predict; previous work by
Marston*® has indicated that the coating effect is negligible since the coating thickness (10 —

20 nm) is much smaller than the light wavelength.
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Figure 1: Mie scattering simulations of the scattered light power (normalised to the scatter from a 20
um sphere) vs microcavity radius (in um) and light collection aperture. Increasing the aperture

provides a monotonic relationship suitable for experimentally estimating a micro-cavity’s radius.

The sizing of nanoparticles, i.e. particles much smaller than the optical wavelength,
using light scattering is also feasible®®, but due to the sixth power dependency on the particle
size it is limited to higher power optical equipment and is not possible with the system
described in this study. However, the gas/vapour bubble produced by a nanoparticle can be

measured provided it is on the micrometre scale.

2.2 Dynamics of an echogenic particle

As above, echogenic particles may contain a gas core, bubble nucleation site or liquid
droplet that undergoes a phase transition to a gaseous state. The resulting volume of gas
makes them acoustically responsive. A model for an uncoated bubble undergoing spherical
oscillations was first developed by Lord Rayleigh and further developed by various
contributors to become the Rayleigh Plesset Noltingk Neppiras Poritsky (RPNNP)

equation® :

Pp(t)— Poo(t)
PL

. 3, 4v 7 | 28
=ri+ 72+ =+ =
2 R pLT
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Here the dot notation represents the time derivative, P5(t) is the time varying pressure within
the bubble, P, (t) is the external pressure field, p, and v, are the surrounding liquid density
and kinematic viscosity, respectively; r is the bubble radius and S is the surface tension. This
model has been further developed to incorporate microbubble shell properties, buckling
phenomena, and vaporisation and cavitation processes®’. However, the validation of these
models is an ongoing challenge due to the difficulty in determining accurate values for the
additional parameters.

3. Materials and Methods

3.1 Co-axial microfluidic device for particle isolation

Central to the system is the isolation of particles away from physical boundaries
within the confocal area of the optical and acoustic instruments. In our design this is achieved
using a hydrodynamically focused flow. To enable this, a custom microfluidic co-axial
focussing device was designed (figure 2). An all glass device (fabricated by GPE Scientific)
was selected to ensure concentricity of the needles, ease of cleaning and because it would

allow for visualisation of the flow and detection of unwanted gas pockets.

a) Sheath flow

Particle
flow

Flow confinement

Figure 2: A microfluidic hydrodynamic focussing device for the isolation of echogenic particles in
free space: a) Design of device with a suction element 20 mm away from the nozzle exit. All
dimensions are given in mm and material is glass, surfaces are grounded and polished. b) Photograph
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of device to demonstrate focussing of particle flow (blue ink). Glass enables flow visualisation and

checking for unwanted gas pockets that may otherwise disturb the flow.

For the operation of the microfluidic device, echogenic particles are diluted to a
concentration on the order of 10° particles per ml with filtered (0.2 pum) de-ionised water and
placed in a syringe connected to the particle flow channel of the microfluidic device. Both the
particle and sheath (filtered deionised water, degassed for sheath flow) flows are driven by
syringe pumps (World Precision Instruments, model AL-1000, Sarasota, Florida).

Due to the nature of echogenic particles, care must be taken during handling and
loading into the microfluidic device. Air traps should be added to the syringes to reduce flow
pulsations and pressure waves that may arise from changing of flow rates or connecting
tubing. The back pressure, AP, generated from a liquid with a kinematic viscosity, v, and
flow rate, Q, in tubing of length L is inversely proportional to the fourth power of tubing

diameter d:

QLv
AP (?) (4)

For the setup presented in this paper, not considering tubing connections, the
maximum generated back pressure is of the order of a few Pascals. This is insignificant when
compared to clinical ultrasound pressures and the physiological variation in human blood
pressure of up to 120 mmHg (~16 kPa)>%.

3.2 Experimental set up

A schematic of the system is shown in figure 3. The key components are the co-axial
microfluidic flow focussing device, ultrasound transducer(s), laser and optical detector. The
system is submerged in a water tank to enable efficient acoustic coupling and temperature
control. Manual positioning stages (model 443, Newport), secured to an external frame, allow
precise alignment of the laser, microscope objective, microfluidic device and ultrasound
transducer. The system has been designed to enable substitution of different ultrasonic and
optical components, e.g. to vary the frequency of ultrasound excitation.

Measurements are performed as follows: (i) particles are isolated and streamed into
the focal zone of the laser, microscope objective and ultrasound transducer, (ii) as a particle

passes through the laser beam, light is scattered and detected by a photomultiplier tube
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(PMT), (iii) this triggers ultrasound excitation while the particle is still in the laser beam and

the resulting particle response can be recorded from the scattered light and acoustic pressure.

Trig. out
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Line Filter 1 P
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Figure 3: Schematic diagram (not in scale) for the characterisation of single echogenic particles using

light scattering. The coaxial device and suction element are shown in greater detail in figure 2. Dotted
lines indicate fluid flows.

To maximise the SNR, defined as the smallest change in gas cavity radius detectable
over the RMS of background signal, the following optical components were used: (i) a 4.5
mW laser diode (405 nm, Thorlabs) focussed using a single plano-convex lens (f = 30 mm,
#69-339, Edmund Optics) built into a water tight casing, (ii) a 0.8 Numerical Aperture (NA)
water immersible microscope objective (3 mm working distance, LUMPLFLN 40XW
Olympus) and (iii) a 405 nm laser line filter (FB405-10, Thorlabs) and a custom built light
beam dump to stop light from reflecting within the tank. For the detection of scattered light a
PMT with an inbuilt DC - 8 MHz low pass amplifier (H10493-003, Hamamatsu) was
employed. PMTs provide a higher sensitivity in low light conditions with lower dark and gain
noise than avalanche diodes, although care must be taken not to exceed the saturation limit

above which point the relationship between light intensity and voltage is no longer linear.

Alignment of the laser, microscope objective and particle stream was achieved by
maximising the PMT output on an oscilloscope (Waverunner 64Xi, Lecroy): Scattering of the
laser beam from impurities in the water allows the focal plane of the microscope objective to
be aligned with that of the laser, from which the maximum scattered light signal will be

detected by the PMT. To align the particle stream, size standard polystyrene microspheres
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were added to the particle flow of the microfluidic device (see below) and the light scattering
amplitude maximised by adjusting its position.

It is important to ensure that all particles experience a similar acoustic pressure field
during ultrasound excitation to enable comparison of their responses. For low acoustic
pressures (kPa) unfocussed ultrasound transducers may be used which, at the scale of a single
microbubble, can be assumed to produce a uniform acoustic field. For higher pressures (MPa),
however, focussed transducers are required and so the acoustic field will vary with a
Gaussian or similar profile. The effective width of the beam is directly proportional to the
frequency of excitation and must be significantly larger than any variation in particle location
in the focussed flow. Provided this condition is met, however, the system offers considerable
advantages over other techniques in which particle location and hence excitation pressure
may be poorly defined™®. Here, because the laser is used to trigger the ultrasound excitation,
the location of the particle with respect to the optical and ultrasound foci is also always
known.

Particles travelling through the laser beam are detected using a gradient threshold.
The dynamic range and threshold value on the oscilloscope can be manually adjusted during
an experiment to capture differently sized particles. Once a particle is detected, the
oscilloscope sends a trigger signal to the function generator (Agilent, model 33220A,
Berkshire, UK) which in turn sends the desired driving wave form, amplified by 50dB
(Electric and Innovation, model 325LA, Rochester, NY), to the ultrasound transducer. Since
the speed of sound is significantly smaller than the speed of light, the acoustic sound wave
will only reach the particle 10 — 30 s later (figure 4), depending on the transducer focal
length. For calibration of the acoustic field a fibre-optic hydrophone (90 degree acceptance,
Precision Acoustics, Dorset) can replace the microscope objective, and the acoustic field
experienced by the particles is measured by moving the tip of the fibre into the focus of the
laser beam.

A further inherent advantage of this system is the ease with which unwanted particles,
such as dust motes introduced from the water tank, can be excluded from analysis based on
the time taken to pass through the laser beam. Since the flow velocity profile will be
approximately parabolic, the time of travel will be correlated to the particle position in the
flow. Particles of interest will be travelling the fastest at the centre of the flow and take the

least time to travel through the laser beam.
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Figure 4: Demonstration of particle detection and ultrasound excitation. Ultrasound excitation is
triggered from a gradient threshold (in the scattered light signal) as the particle enters the laser beam.
After a short delay the ultrasound wave reaches the particle while it is still traversing the laser beam

and the resulting volume oscillation is recorded. Data shown is of a SonoVue® microbubble.

3.3 Computational fluid dynamic simulations

A three-dimensional (3D) numerical model was developed as a design tool to predict
and characterise the fluid dynamic field and the trajectories of particles exiting the
microfluidic device. This proved to be particularly useful to verify if the particles’ flow
behaviour (i.e., position in the focused stream and velocity) was compatible with the system’s
requirements for particle’s detection/excitation, under a range of different operational
conditions (i.e., inlet flow rates and particle’s physical properties). The model geometry was
constructed and meshed using ICEM CFD 14.5 (Ansys Inc., USA). The geometry consisted
of two components, (i) the co-axial flow focussing device and (ii) the suction element. A
truncated cone was designed to join the two components, so as to model the outer fluid
surrounding the focussed stream within the water tank (figure S1a).

The geometry was meshed using tetrahedral elements (total number of elements =
4,914,892). A boundary-layer meshing strategy was adopted, with mesh element size
reducing from the outer surfaces towards the focussed fluid stream. The transition in mesh
element size was controlled by generating interior surfaces coaxially with the focused stream

(figure S1b). The equations for mass conservation (Eq. 5) and momentum conservation (Eq.
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6) were solved over the computational flow domain, using Ansys Fluent (version 14.5, Ansys
Inc., USA):

V-(v) =0 )

p%+pv-Vv= —VP + uv?v (6)

where v, p, 1 and P are fluid velocity, density, dynamic viscosity and pressure, respectively.
The working fluid was assumed to be incompressible and Newtonian, with a density of 1000
kg m™ and a dynamic viscosity of 0.001 Pa s. The flow was assumed to be steady and laminar.
The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was
employed for solving the governing equations. A second-order upwind discretization scheme
was adopted to discretize the momentum equations, and a second-order scheme was adopted
for pressure interpolation. Mass flow boundary conditions were applied at the inlets of the
microfluidic device (figure S1b). An outflow boundary condition was applied at the suction
element (flow rate weighting = 1). In order to reproduce the effect of fluid suctioning
generated by the vacuum pump, a mass flow inlet boundary condition was applied at the
surface of the truncated cone joining the microfluidic device with the suction element (figure
S1b). This flow rate was set equal to the difference between the total flow entering the
microfluidic device and the flow exiting the suction element (which was experimentally
defined). Walls were assumed to be rigid, with a no slip flow boundary condition.

A simplified, one-way discrete phase model was adopted to predict the microbubbles’
flow behaviour. The model included the contribution of Saffman lift force. A suspension of
microbubbles was injected from the central inlet of the microfluidic device. Microbubbles’
diameter followed a Rosin-Rammler distribution®, with minimum diameter = 1 pm,
maximum diameter = 15 um, mean diameter = 3.5 um, and spread parameter = 0.8. A custom
built MATLAB (R2012a, The Math Works Inc.) script was used to process the numerical
data and determine the radial position and velocity of microbubbles exiting the microfluidic

device.

3.4 Calibration
3.4.1 Flow and particle confinement
Calibrations were performed to investigate the effect of sheath and particle flow rates

on the downstream particle confinement. Standard pen ink was added to the particle flow
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solution and the resulting ink flow diameter 6 mm downstream from the exit of the
microfluidic device was measured optically. Images were captured by replacing the PMT
with a USB camera (DCU224M, Thorlabs) in line with the 40X microscope objective (figure
2). Since a particle’s trajectory may differ from the fluid path lines due to differences in
densities and the effect of lift forces, SonoVue® (Bracco Diagnostics) microbubbles were
then added to the particle flow and their trajectories filmed at 50,000 frames per second (fps)
using a high speed camera (Memrecam HX-4, NAC), in place of the USB camera. For both
experiments the images were processed offline using ImageJ (NIH, USA) to measure the
focused flow diameter (see figure S3) and the MosaicSuite (Imagel) for particle tracking

using the high speed imaging.

3.4.2 Sizing sensitivity

To assess the sensitivity and accuracy of the optical set up, samples of three different
size standard polystyrene microspheres (Polysciences, Int.) with mean diameters of 0.9, 4.52
and 11 pm, were diluted and added separately to the particle flow. To prevent inter-particle
clustering, 0.1 ml of Tween 20 was added to the microsphere solutions (3 ml). Sheath and
particle flow rates were set to 5 ml/min and 30 ul/min respectively for all runs. The dynamic
range of the oscilloscope was set for each different size such that the light scattering intensity
was at least three quarters of the available range. As described previously, scattering events
were recorded on the oscilloscope once a manually set gradient threshold was reached. Data
were then transferred to a PC and the maximum voltage of each trace measured using a
custom written MATLAB (R2012a, The Math Works Inc.) script. Mie scattering simulations
were performed for comparison to experimental results, using refractive indices of 1 and 1.6
for water and polystyrene respectively, laser wavelength of 405 nm and an aperture of 80°

perpendicular to the laser beam (corresponding to the 0.8 NA of the objective used).

3.5 Particle Measurements

To demonstrate the apparatus’ potential for characterising microbubbles and other
echogenic particles, experiments were performed using both gas microbubbles and volatile
liquid droplets. Freshly prepared SonoVue® microbubbles were diluted 1:60 with 0.2 um
filtered deionised water for the particle flow. An unfocussed 3.5 MHz ultrasound transducer
(Panametrics-NDT, Waltham, MA) was used to excite each microbubble with 10 cycles,

while the peak negative pressure was varied from 9 to 14 kPa.
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Volatile perfluoropentane (PFP) droplets, prepared in house as described in the
supplementary section S2, were passed through the particle flow. Due to their size (200 nm to
600 nm with a mean of 350 nm, measured using dynamic light scattering) detection of
individual particles was not possible. However, at least a reasonable proportion of the
particles produced sufficient optical scattering to trigger ultrasound excitation and the
resulting gas cavities were easily detectable and could be sized as described above. A 1 MHz
centre frequency transducer (Panametrics-NDT, Waltham, MA) was used with acoustic field
parameters of 25 cycle of 1 MHz at 1 MPa peak negative pressure.

All scattering events were recorded at a sampling rate of 25 MHz and transferred to a
hard drive. Scattering events were recorded at approximately 10 — 20 per second, depending
on the particles dilution and flow rates, and analysed offline on a custom written MATLAB
(R2012a, The Math Works Inc.) program.

3.6 Uncertainty
3.8.1 ADC Quantisation

Quantisation of the analogue light intensity signal from the PMT will introduce an
error proportional to the 8-bit oscilloscope’s (256 levels) dynamic range. This presents an
inconvenience for the detection of oscillations that are significantly smaller than the size of
the gas cavity. The theoretical uncertainty, assuming a dynamic range such that light scatter
due to the gas cavity size fills 50% of the available range gives an error of 0.78% of particle

radius.

3.8.2 Spatial sensitivity

Spatial sensitivity refers to the error generated due to variation in a particle’s location
in the laser beam. Given a variation of z um and assuming that the laser intensity is a
Gaussian distribution, where w, is the Gaussian beam radius. The variation in laser intensity,

I, can be estimated as:
272
Al =1-— exp[—w—oz] (7)

The uncertainty in laser intensity, for estimating the gas cavity size, can be reduced therefore

by increasing the laser’s beam width to reduce the effect of a particle’s spatial variation. A
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larger beam also provides more time to interrogate a particle as it travels through, however

the maximum intensity and hence the SNR will be reduced.

4. Results and Discussion
4.1 Hydrodynamically Focussed Flow Confinement

The confinement of ink downstream of the co-axial microfluidic device was assessed
to optimise the sheath and particle flow rates. The focussed flow was observed to be stable in
the open water tank between the microfluidic device and suction element approximately 20

mm away.

Sheath Flow Rate
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Figure 5: Effect of sheath and particle flow rates on the hydrodynamic flow confinement 6 mm
downstream from the exit of the microfluidic device. Numerical simulations (lines) are shown

together with the experimental points (symbols). Please see also figure S3.

Ink was first added to the particle flow and the downstream flow confinement (figure
4) was measured for particle flow rates of 10 to 60 pl/min and sheath flow rates of 3 to 9
ml/min, figure 5. The smallest confinement in the y axis (optical imaging limited to 2D) of
the ink was 12 um (particle and sheath flow rates of 10 ul/min and 9 ml/min respectively)
with control up to 57 um. Fluid streamlines were also determined computationally, and good
agreement with the experimental results was observed (figure 5), validating the use of the

computational model to investigate the confinement of particles.
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4.2 Hydrodynamically Focussed Particle Confinement

High speed imaging was used to observe a variation in particle position in the y axis
of 33.3 um using SonoVue® microbubbles 6 mm downstream from the microfluidic device
(particle and sheath flow rates of 20 ul/min and 3 ml/min respectively). Figure 6.d shows the
superimposed paths of individual bubbles from multiple runs. Diluted polystyrene
microparticles were also observed at the exit of the device to verify that the particles were
isolated from each other, see supplementary video V1. Numerical simulations were then
performed (examples of the simulated flow fields are shown in figure S4) to predict particle
trajectories and velocities under a wider range of experimental conditions, providing a useful
tool to fully characterise the systems performance. Simulations of the particle’s confinement
(figure 6.c) agreed well with the high speed observation and demonstrate that the particles’
flow is more confined in the z axis (figure 6.a) which was not possible to image
experimentally. The z axis confinement is more important for assessing the sensitivity to
variation in a particles location; in the y axis the laser beam intensity varies with the
focussing of the laser beam, this is however far more gradual than the variation due to the
Gaussian beam as seen in the z axis (refer to figure 3). Computational simulations show that
the mean particle velocity varies linearly with sheath flow rate (from 0.23 to 0.68 m/s at
sheath flow rates of 3 and 7 ml/min) and it is not significantly affected by the particle flow
rate. Particle velocity determines the time through the laser beam and can therefore be used to

estimate the laser beam diameter at the intersection with the particle’s trajectory (figure 4).
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Figure 6: Simulations from particle tracking (density 1.331 kg/m®, radii between 1 to 15 um with a
mean radius of 3.5 um). a) Confinement of particles in z axis, where confinement is the largest
distance between two particles b) Particle velocities as a function of outer flow rate. ¢) Example of
particle spatial spread (n = 93) downstream, 6 mm away from the nozzle exit, particle radius is
represented by the marker size, larger microbubbles tend towards the top of the distribution due to the
likely combined effect of buoyancy and lift forces. Outer flow rate = 3 ml/min, inner flow rate = 20
pl/min. d) Experimental data of SonoVVue® microbubbles at same flow conditions at c, recorded using

a high speed camera at 50 kfps, each line represents the path of a single bubble which could be

compared with the simulated trajectories. Scale bar = 20 um.

Notably, numerical results show that under a range of different operational conditions
and particles’ dimensions, (i) particle’s confinement can be restricted down to 10 um for
accurate sizing within the laser beam (ii) particle’s velocity enables ultrasound excitation
while the particle is still traversing the laser beam, and (iii) it is possible to adjust the particles’

confinement by finely controlling the flow rate ratio between the two inlet lines, at high-

throughput total flow rates.
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4.3 Sizing Calibration

Measurements from size standard microparticles were compared with Mie scattering
simulations to assess the sizing sensitivity and accuracy of the apparatus (figure 7). Light
scattering from the microparticles was found to agree well with Mie theory predictions and
the standard deviation in light scattering (vertical bars) was also in agreement with the
standard deviation in microparticle size (horizontal bars). This provided the means of
calibrating the system for sizing of gas cavities.
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Figure 7: Sizing and sensitivity calibration using size standard polystyrene microparticles. Light
scattering results (vertical red bars represent + standard deviation in light scattering intensity,
horizontal red bars represent standard deviation in microparticles size from manufacture’s
specification) are compared to Mie Scattering simulations of the polystyrene microparticles (refractive
indices of water = 1 and microparticles = 1.6, unpolarised light at 405 nm, 80° aperture). Discarded
samples refer to particles outside of the normal transit time through the laser beam. The scattered light

intensity is normalised with respect to the Mie scattering estimation for al1 um microsphere.

4.4 Applications
A few examples are given to demonstrate the potential applications of the new

apparatus.

4.4.1 SonoVue® Radius — Time Curves
At the simulated particle velocities (0.46 m/s for an sheath flow rate of 5 ml/min,

figure 6) a throughput on the order of thousands of particles per second is feasible, however
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due to the speed of writing data to the oscilloscope’s hard drive and high dilution of particles
the throughput is much lower. For the data presented below a throughput of approximately 20
particles per second allowed the collection of over 12,000 individual SonoVue®
microbubbles over the course of 30 minutes; 4 example traces are shown in figure 8 to
demonstrate the range of radii captured. Two of the microbubbles display ‘compression-only’
behaviour, i.e. the bubble exhibits unsymmetrical oscillations, with negligible expansion
during the rarefaction phase of each ultrasound cycle. This is due to saturation of the
phospholipid coating®. Another bubble shows a significant sub-harmonic response, which is
desirable for contrast enhanced ultrasound imaging. From the data obtained the size
distribution can also be determined simultaneously (figure 8.c). This is not otherwise known
and can be time consuming to measure using normal microscopy or other particle sizing
techniques™. In addition, the mean frequency responses were calculated to demonstrate the

use of processing a large number of samples, figure 9.
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Figure 8: Examples of a) radius — time curves from SonoVue® microbubbles of different radii, the
corresponding b) power spectra and c¢) the measured size distribution estimated from the light
scattering data and Mie theory. Ultrasound parameters: 10 cycles of 3.5 MHz at peak negative

pressure of 14 kPa. * indicates compression-only behaviour.
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Figure 9: SonoVue® mean subharmonic, fundamental and 2™ harmonic light scattered power vs
radius. Over 12,000 individual SonoVue® microbubbles were analysed. Ultrasound parameters: 10
cycles of 3.5 MHz at varying driving pressures. Samples are divided into radius bins such that there
are no less than 100 samples in each bin. Shaded areas represent + 0.5 standard deviation,

demonstrating a large variability in acoustic response.

4.4.2 Observing the vaporisation of volatile droplets

Figure 10 shows the trace of a perfluoropentane (PFP) droplet following vaporisation.
A highly non-linear response is observed with multiple harmonics and fractional harmonics.
This indicates that the apparatus provides a powerful method for assessing the cavitation

thresholds and subsequent behaviour of volatile droplets and cavitation nuclei.
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Figure 10: Example of light scattering due to the vaporisation of a liquid PFP droplet. Power
spectrum demonstrates high bandwidth of light scattering method. Ultrasound parameters: 25 cycle of

1 MHz at 1 MPa peak negative pressure.

4.4.3 Uncertainty Analysis

Variation in a particle’s confinement along the z axis will lead to uncertainty in the
laser intensity and subsequently the estimated micro cavity radius. Using Mie theory the
uncertainty has been estimated for varying laser beam width and particle confinement, figure
11. The -6 dB width of the laser beam used in this apparatus was measured to be 250 um
giving an estimated theoretical error of less than 2% of the micro cavity radius for a flow
confinement of 20 um. A further uncertainty of 0.78% is introduced due to the ADC
quantisation, as mentioned previously, giving an overall estimated error of less than 3%. The
noise floor, given as the maximum RMS noise measured from the SonoVue® samples, was
approximately 100 nm when converted to radius using Mie scattering theory.

As mentioned previously, the focussed laser beam allows for accurate positioning of
the hydrophone to measure the acoustic field at the interrogation site. The error in acoustic
calibration is therefore assumed to be negligible given the acoustic beam width is

significantly larger than the laser beam width.
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Figure 11: Theoretical error in particle radius estimation due to the variation in a particle’s
confinement while travelling through a Gaussian laser beam. Conditions are shown for varying laser
beam width and particle confinement; the red dashed box indicates approximate operating area for the

conditions described in this study.
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5. Limitations and Future Work

Light scattering as applied in this study is limited in that it only provides a one
dimensional representation of the particle. In converting the optical scattering measurements
into radial oscillations it is implicitly assumed that the gas cavity remains spherical. Previous
high speed video microscopy studies have however demonstrated that ultrasound contrast
agent microbubbles will exhibit non-spherical oscillations even in the absence of a nearby
boundary, particularly when driven at frequencies close to their linear resonance frequency®.
Further investigation is therefore needed as to the dependence of the optical scatter upon the
orientation of a particle passing through the laser beam. This would require either multiple
photodetectors or coupling an ultrahigh speed imaging device into the system which was
unfortunately outside the scope of the present study. It is hoped that this may be possible in
future work however as it could enable the relative contribution of spherical and non-
spherical oscillations to the acoustic scattered signal to be determined. This is important for
understanding the origin of the nonlinear signal components that are exploited in many
contrast enhanced imaging protocols.

The influence of the particle composition and shell thickness has not been adequately
assessed to estimate the effect this will have on the Mie Scattering. Numerical simulations
have shown that small changes in the real or imaginary refractive index due to the coating
may result in significant bias™. Despite this, by using a large aperture for light detection the
scattering can be assumed to be monotonic, such that the relative particle sizes can be
estimated. Regarding the choice of equipment, there is a limited bandwidth obtainable using
the PMT’s built in amplifier of DC — 8 MHZ. Using an amplifier with a higher bandwidth
will reduce the SNR but, based on the low noise achieved here, should not significantly affect

the accuracy of this method.

6. Conclusion

This study describes the development of a system for measuring the response of
single echogenic microparticles to ultrasound excitation with low uncertainty in the
measurement of particle size and ultrasound field, isolation of particles from physical
boundaries and other microparticles and high throughput for collection of large data set
suitable for statistical analysis. Measurements were carried out of the response of both gas
microbubbles and liquid nanodroplets at up to 20 particles per second with an estimated

uncertainty of less than 3% of the particle radius and with a RMS noise floor corresponding
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to a resolution of 100 nm. Importantly, the developed system could be employed for high-
throughput characterisation of a wider range of different micro-particles (i.e. via coupling
with particle generation units), which is a widely recognised need in the microfluidic
community; particularly to facilitate the industrial translation of newly developed micro- and

nano-devices.
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