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Abstract:

Polymer nanoparticles and microparticles have been primarily used for drug delivery. There is a now a
growing interest to further develop polymer-based solid cavitation agents to also enhance ultrasound
imaging. We previously reported on a facile method to produce hollow poly(lactic-co-glycolic acid)
(PLGA) microparticles with different diameters and degree of porosity. Here, we investigate the
cavitation response from these PLGA microparticles with both therapeutic and diagnostic ultrasound
transducers. Interestingly, all formulations exhibited stable cavitation; larger porous and multicavity
particles also provided inertial cavitation at elevated acoustic pressure amplitudes. These larger particles
also achieved contrast enhancement comparable to commercially available ultrasound contrast agents
with a maximum recorded contrast-to-tissue ratio of 28 dB. Therefore, we show that multi-cavity PLGA
microparticles respond to both therapeutic and diagnostic ultrasound, and may applied as a theranostic

agent.
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Introduction

Conventional ultrasound contrast agents (UCAs) are gas filled microbubbles having a lipid or
protein shell[Cosgrove 2006]. At low pressure amplitudes, UCAs undergo linear oscillations often
referred to as stable or non-inertial cavitation[Calliada, et al. 1998 ]. The scattered sound from stable
cavitation is often used in diagnostic imaging to create specific contrast imaging modes such as
subharmonic imaging, harmonic imaging, and superharmonic imaging[Forsberg, et al. 2005]. Stable
cavitation also perturbs the surrounding fluid to create microstreams that facilitates drug transport
[Burgess, et al. 2015, Choi, et al. 2010, Mitragotri 2017, N. (2016), Zhou, et al. 2019]. At greater
pressure amplitudes, UCAs begin to oscillate nonlinearly[Cosgrove 2006]. Above a critical pressure
amplitude for a given bubble size and driving frequency the dynamics of the bubble becomes governed
by the inertia of the surrounding fluid, i.e., inertial cavitation[Leighton 1994, Stride and Coussios
2019].This bubble motion is dynamic, exhibiting both arrested bubble motion and violent collapses of
the microbubble that generate shock waves[Ohl, et al. 2015], fluid jets[Chen, et al. 2011], and
fragmentation into smaller bubbles[Azmin, etal. , Chen, et al. 2003]. Several bioeffects, including tissue
ablation [Tran, et al. 2003], sonoporation [Piotr Wawryka, et al. 2019], and tissue homogenization

[Parsons, et al. 2006] have been attributed to the intense physical effects of inertial cavitation.

Generally it is desirable for UCAs to be monodispersed in diameter within a size range from 1-5 um
and sustain cavitation for extended periods of time[Song, et al. 2018]. The reason for this is twofold.
firstly, there is a risk of serious complications such as embolism with oversized microbubbles,
secondly, monodispersed bubbles provide a homogenous and higher echogenicity as both the resonance
frequency for imaging and trigger frequency for therapy with ultrasound are size-dependent [Gong, et
al. 2010, Zhang, et al. 2016]. Therefore, monodispersity is a critical measure for ultrasound contrast

agent development

However, commercial lipid-shelled UCAs are typically polydisperse and suffer from limited
stability due to coalescence and dissolution of the gas core leading to a short half-life (<10 min)[Mullin,

et al. 2011, Yang, et al. 2013]. To overcome these limitations, there continues to be intense efforts in
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designing and engineering fit-for-purpose UCAs. For example, solid cavitation agents [Chen, et al.
2017, Kwan, et al. 2015, Manzano and Vallet-Regi 2019, Su, et al. 2019, Thomas, et al. 2019] and non-
lipid materials for the shell of microbubbles have been explored [Cui, et al. 2005, Larsson, et al. 2013,
Lin, et al. 2009, Park, et al. 2012, Song, et al. 2018]. Unlike commercial UCAs that stabilise gas
microbubbles by reducing the surface tension with a shell, solid cavitation agents entrap bubbles on
hydrophobic surface cavities. In doing so, solid micro- and nanoparticles with surface-trapped bubbles
have an exhibited extended circulation half-life and provide sustained cavitation for several minutes as
these solid particles do not get destroyed by cavitation [Stride and Coussios 2019]. Yet, a majority of

these solid cavitation agents are non-degradable [Thomas, et al. 2019].

In the context of solid cavitation agents, the cavitation threshold for these particles is defined
by the peak negative pressure of the acoustic wave necessary to produce acoustically detectable noise
from bubbles trapped on the surface or within the solid particle. Interestingly, many of the previously
reported solid cavitation agents such as mesoporous silica nanoparticles [Yildirim, et al. 2013], gold
nanocones [Mannaris, et al. 2018] and polystyrene nanocups [Kwan, et al. 2015] emitted only
broadband noise in response to ultrasound, suggesting the occurrence of only inertial cavitation. This
noise originates from the volumetric oscillation or inertial collapse of the gas bubble either pinned to,
or detached from, the solid. This bubble motion is resisted by the inertia and viscosity of the surrounding
medium and the surface tension of the bubble; the cavitation threshold of the solid cavitation agent are
therefore dependent on the acoustic frequency. Generally, cavitation threshold is linearly related with
both frequency and size of the cavitation agent [Holland and Apfel 1999]. Lower frequencies provide
slower rates of bubble expansion and compression, minimizing inertial and viscous resistance compared
to higher frequencies. Therefore as expected, solid cavitation agents have lower cavitation thresholds
at lower frequencies [Kwan, et al. 2015]. In contrast, smaller cavitation agents require higher pressure
amplitudes to nucleate cavitation, owing to the need to overcome the Laplace pressure of the gas bubble
[Holland and Apfel 1989]. Size, shape, and acoustic frequency therefore play a crucial role in
determining the acoustic response of solid cavitation agents, and subsequently their utility as a

diagnostic and/or therapeutic agent.
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Our group has previously reported on an “all-in-one” drug-loadable multi-cavity solid
cavitation agent comprised of polylactic-co-glycolic acid (PLGA) [Su, et al. 2020, Su, et al. 2019], an
FDA approved polymer known for its hydrolytic degradation and biocompatibility [Makadia and Siegel
2011, Su, et al. 2019]. However, their potential as an UCA and the effect of cavity density (or porosity)
on the acoustic response of these microparticles remain unknown. We therefore investigated the
acoustic response and contrast enhancement of PLGA microparticles with varying shapes and
morphologies using both therapeutic and diagnostic ultrasound transducers. Considering the reduced
cavitation thresholds and increased contrast enhancement, exotically shaped PLGA microparticles may

be used as a theranostic agent.

Materials and Methods

Materials and reagents

Poly(lactide-co-glycolide 50:50) (PLGA, ResomerRG504 H), Poly(vinyl alco- hol) (PVA)
(Mw 9,000-10,000, 80% hydrolyzed), Dichloromethane (anhydrous, > = 99.8%), Rhodamine B,
Phosphate buffered saline (PBS) was purchased from Sigma-Aldrich, Singapore and used as received.
Agarose was bought from Vivantis Technologies, Selangor Darul Ehsan, Malaysia. Deionized water
was obtained from a pure water system (Stakpure, Niederahr, Germany). All sample chambers and

HIFU transducer holders were built in house.

Preparation of PLGA particles

PLGA nanoparticles were prepared as described previously [Su, et al. 2020]. 50 mg of PLGA
and 0.5 mg of RhB was dissolved in 2 mL of dichloromethane (DCM). Then 100 ul of PBS was added
to the organic mixture and sonicated (Ultrasonic processor VCX 130, Sonics and Materials
Inc.,Newtown, CT, USA) at 100 W for 30 s in an ice bath to form an emulsion. The obtained water-in-
oil (W/O) emulsion was poured into a PVA solution and homogenized over ice for 5 min. Then this
particle suspension was stirred for 3 h in a chemical fume hood to allow organic solvent evaporation.

The PLGA particles were collected by centrifugation at 1,000 G for 5 min, after which they were
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redispersed and washed three times with distilled water. After the final wash, the microparticles were
freeze dried (Alpha 2-4 LSCbasic, Christ, Germany) for 48 h to achieve a dried powder for long term
storage. The formulations investigated were 0x, 1x, 5x, and 10x PBS, and 1%, 3%, 5%, and 10% PVA.

1x PBS is given as 0.01 M concentration in accordance to the manufacture instructions [Su, et al. 2019].

Characterization of microparticles

Size and surface morphology of RhB-PLGA were assessed using a JEOL JSM-6700 Field
Emission Scanning Electron Microscope (FE-SEM; JEOL Ltd., Akishima, Tokyo, Japan) at an
acceleration voltage of 5 kV. Samples for the SEM were prepared by dropping 10 ul of 1 mg/ml
suspension on silica wafers and air drying. The wafers were mounted onto a metal stub using double-
sided electrical tape and coated with platinum (JFC 1600 Auto Fine Coater, JEOL Ltd., Akishima,
Tokyo, Japan ) for 2 min at 20 mA. All images were recorded under Secondary Electron Imaging (SEI)
mode. Size distributions were determined by dynamic light scattering (DLS) (Malvern Nano-ZS,

Malvern Panalytical, Malvern, UK).

Sample Holder

To make the acoustically transparent agarose sample chamber, 1% (w/v) of agarose solution
was boiled and degassed for 30 min. The agarose solution was then poured into a bespoke cuboid mould
(50 mm in length x 30 mm in width) and sealed with acoustically transparent mylar windows. A 1.6
mm steel rod was threaded through the mould. The rod was removed after gelation was complete,

creating a channel for fluid flow.

Resuspension of microparticles

The dry powder was resuspended by mixing with deionized water and vortexed briefly (<5 sec) which
led to no agglomeration as indicated by a the polydispersity index (PDI) = 0.13 by DLS. The particles

were pumped into the acoustic sampling window and the containment vessel and no sedimentation was
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observed for particle diameters < 5 um. For larger variants, i.e. diameter > 5 um , sedimentation was

observed after 10 min. To prevent this, all experiments were completed within 7 minutes.

Therapeutic ultrasound setup

A 1.1 MHz high intensity focused ultrasound (HIFU) transducer (H102, Sonic Concepts,
Bothell, WA, USA) was used for acoustic excitation. A 15 MHz passive cavitation detector (PCD)
(V319, Olympus, Singapore) - co-axially aligned with the HIFU transducer focus - was used for
detection of acoustic emissions at the HIFU focus. The HIFU transducer was calibrated using a 0.2 mm
needle hydrophone (SN2562, Precision Acoustics, Dorset, UK). The geometric focus of the transducer
was 1.37 mm in width and 10.21 mm in length. The HIFU transducer was driven by a function generator
(33210 A, Keysight Technologies, Santa Rosa, CA, USA) and a RF power amplifier (1040 L,
Electronics & Innovation, Rochester, NY, USA). All experiments with HIFU were carried out in a large
tank filled with filtered, degassed, and deionized water. Acoustic amplitudes in this study were reported
in MPa peak negative pressure amplitudes. A schematic representation of the setup is shown in figure

1.

Acoustic characterization of microparticles

The agarose phantom was submerged in the degassed water tank and aligned to the focus of the
transducer. With the channel filled with air, the PCD was driven with a pulser-receiver (JSR Ultrasonics
DPR300, Imaginant, Pittsford, NY, USA) to determine the position of the channel. A 3D positioning
system was used to adjust the chamber until the channel was at the focus of the HIFU transducer. A 1
mg/ml suspension of microparticles were flowed through the channel using a syringe pump at a rate of
0.2 ml/min for ultrasound exposures. PLGA microparticles were exposed to 20 cycle bursts with
increasing peak negative pressure amplitude at a pulse repetition period of 0.1 s. Acoustic emissions
from PLGA microparticles were detected using a 15 MHz PCD co-axially aligned with the HIFU
transducer. The PCD output was amplified using a broadband preamplifier (SR445A, Stanford

Research Systems, Sunnyvale, CA, USA). The received signals were then recorded onto an oscilloscope
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(DXOX3032A, Keysight Technologies, Santa Rosa, CA, USA) and post processed to determine the
power spectral density (PSD) curve. For each burst, the area under the PSD curve was determined and
compared to degassed water exposed to HIFU under the same conditions. Following the signal
processing using MATLAB R2019b (MathWorks, Natick, MA, USA) cavitation was considered to
have occurred if the received signals were 6 dB higher than noise from the water control [Kwan, et al.
2015, Kwan, et al.]. The probability of cavitation was determined as the percentage of bursts that

recorded a cavitation event out of the total number of HIFU bursts (120 bursts).
Cavitation Threshold Determination

To estimate the cavitation threshold, a sigmoid function was fit to the probability for both

harmonic and broadband signal. The sigmoid fitting function is defined in eq. 1:

1
14+e (2500

f=

Where, f is the probability for cavitation, p is the input pressure, pso is the cavitation threshold
defined as the pressure amplitude value for achieving in 50% of the total number of pulses contained a
cavitation, k is the slope of the fit. This function was fit to the experimental data by minimising the sum

of square residuals using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA).
Diagnostic Acoustic Setup

An E-Cube 12-R (Alpinion Medical Systems, Seoul, South Korea) clinical ultrasound imaging
system with a linear array transducer (L3-12, Alpinion Medical Systems, Seoul, South Korea) was used
to acquire images at the focal zone depth (5 cm) at a 12 Hz framerate. Scanning was performed with B
mode operating at 10 MHz. Additionally, the mechanical index of this scanner was 1.1 at a 100%
acoustic power giving a peak negative pressure of 3.2 MPa [Holland and Apfel 1999]. Data was saved
in triplicate for each sample. Three independent samples for each formulation were tested. A schematic

representation of the diagnostic ultrasound setup is shown in figure 2.a.
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Contrast enhancement

For contrast enhancement measurements, a flow system was implemented using an acrylic
water bath, a syringe pump (KD Scientific, Holliston, MA, USA), and flexible low-density polyethylene
tubes (outer diameter 2.42 mm, thickness 0.37 mm). A dose of 6 mL reconstituted PLGA particles (1
mg/ml) were infused into the phantom holder via a syringe pump at a constant rate of 1 ml/min. The
sample holder was placed in a water bath and the probe was placed directly above the vessel. As a
control, deionized water was also run through the sample chamber and saved. The data was saved in
triplicate in B-Mode. Afterwards contrast to tissue ratio (CTR) analysis was performed using ImageJ
1.52q ( National Institutes of Health, Bethesda, MD, USA) to quantify the ability of each PLGA particle

sample to distinguish between vessel and tissue using eq 2: [Hill, et al. 1990]

CTR=220 e (2)

where p: and py represent the mean backscatter signal strength in the tissue and within the vessel
lumen region, respectively, while o, and o, represent the corresponding variances. Four region-of-
interests (ROIs) within the tissue and two ROIs within the vessel were selected. Each ROl was a 0.5x0.5
mm square. Images were acquired in triplicate for each sample using the linear array probe. The mean
signal was averaged across all tissue and vessel ROIs to reduce variability. The four tissue ROIs were

selected along the same horizontal and vertical axes as the vessel ROIs (as shown in Figure 2.b)

Results

SEM images of PLGA microparticles (Figure 3) prepared using the double emulsion-diffusion-
evaporation method exhibited a multitude of diameters and porosity proportional to the concentration
of porosigen (PBS) and stabilizer (PVA) and have been labelled into 4 categories, details of which are
provided in the following sections, based on their morphology and diameter namely a) non-porous
hollow spheres, b) porous hollow spheres, c¢) large multicavity particles (> 5 um in diameter), and d)

small multicavity particles (<5 um in diameter). For ease of understanding, we made an arbitrary
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classification of the type of porous opening, i.e., either as pores which were holes running throughout
the thickness or as cavities, which were surface indentations not running throughout the thickness of
the shell but limited to the surface.

PLGA microparticle formulations without PBS in the internal aqueous phase led to nonporous
hollow spheres irrespective of the quantity of stabiliser. As expected, increasing the amount of
porosigen in the internal agqueous phase of the water-in-oil-in-water (W/O/W) droplet resulted in hollow
spheres with small and infrequent pores. Further increases of PBS concentration led to multicavity
particles that were not uniformly spherical. Instead, cup shapes, highly porous spheres, and various
aspherical shapes were present. In contrast, increasing the amount of stabilizer present in the bulk
aqueous phase prior to heating inhibited the presence of pores and decreased the diameter of the polymer
particles for all formulations [Su, et al. 2020]. We recognize that the population of multicavity particles
may have porous particles present and vice versa. Thus, these categories are based on the predominant
observed structure. For this study, the multicavity particles were separated into two groups based on
diameter, i.e., large multicavity particles (> 5 um) and small multicavity particles (< 5 um). This cut-
off to distinguish the larger from the smaller variants at 5 um was chosen so as to distinguish the
multicavity particles and compare their acoustic response to both setups of HIFU and the diagnostic
imaging and then determine their ideal potential use in the different ultrasound regimens. Smaller
variants would be ideal for use in the therapeutic domain given their favourable size, and the larger
particles would nucleate bubbles with a larger scattering cross section and behave as better contrast
agents but achieve poorer perfusion. Another reason for this distinction at 5 um was to allow for a direct
comparison between the contrast enhancement from the smaller microparticles and from the majority
of the commercially available UCAs, all of which are all less than 5 um in diameter on average[David
E Goertz, et al. 2007, PC. 2008, Schneider 1999], and to determine if the larger diameter microparticles

performed differently

Cavitation Response

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Figure 4 shows representative images of normalized PSD curves for three different shapes of
particles, namely the hollow spheres, small multicavity, and large multicavity microparticles. Cavitation
was detected for all types of microparticles. Although the presence of harmonic emissions was observed
for all microparticle formulations, substantial broadband emissions were only present for some of the
formulations and was dependent on both the diameter of the microparticle and acoustic intensity (Figure
Al). Broadband emissions, if present, only became apparent at pressure amplitudes larger than the

pressure amplitudes required for harmonic emissions.

Figure 5 shows the estimated harmonic and broadband cavitation thresholds determined by the
probability of cavitation (Figure A2) for all the microparticles tested. Both harmonic and broadband
thresholds were governed by the diameter and shape of the microparticles. Irrespective of shape, larger
microparticles had lower cavitation thresholds. This trend was most evident for the onset of broadband
noise. Regarding the shape of the microparticles, there was generally a lower cavitation threshold for
both harmonic and broadband emissions for porous particles compared to smooth hollow spheres.
Similarly, more porous particles, i.e., multicavity microparticles as opposed to surface pores on spheres,
emitted harmonic and broadband noise at lower input pressures; larger cavities nucleated cavitation at

the lowest acoustic intensity.

Contrast Enhancement

The representative images for all the microparticle formulation samples tested with the
diagnostic ultrasound setup at maximum input power, along with their calculated CTR values are shown
in Figure 6. Generally, smaller and smoother microparticles had lower CTR values compared to more
porous particles. The highest CTR values corresponded with larger multicavity particles (5.12 um to

5.18 pum in diameter).

Figure 7 shows the measured CTR for representative microparticles from the different
morphology groups (2 pm in diameter smooth spheres, 2 um in diameter multicavity microparticles,
and 6 pm in diameter multicavity microparticles) in addition to deionized water for increasing input

pressures from 10% to 100% power (corresponding M1 values of 0.11 to 1.1). The CTR of the 2 um in

11
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diameter smooth spheres remained at 6 dB for all input powers tested. Smaller multicavity
microparticles provided CTR values greater than the smooth spheres at all input powers and displayed
a subtle increase in CTR for input powers greater that 40%. Larger multicavity microparticles
consistently delivered the highest CTR values for all powers tested. Similar to the smaller multicavity
particles but to a greater extent, the CTR of the larger multicavity particles increased with increasing

input power.

Discussion & Conclusion

In this study, we used a previously described method for making PLGA microparticles with a
broad range of sizes and shapes[Su, et al. 2020]. The shapes formulated were hollow nonporous spheres
(or simply polymer shelled microbubbles), porous spheres, and multicavity particles with surface

indentations.

Hollow sphere or shelled microparticles are an established category of microparticles. With a
gaseous core, these polymer shelled microbubbles have been extensively studies for both diagnostic
and therapeutic application. They are of interest because of their ability to encapsulate water soluble
drugs such as small molecular therapeutics and proteins[Ansary, et al. 2017, Cohen-Sela, et al. 2009].
The porous and multi-cavity particles are of interest as they tend to have larger surface area to volume
ratios compared to smooth spheres, resulting in faster degradation[Klose, et al. 2006]. The surface
cavities also trap gas, which may enable ultrasound-responsiveness[Straub, et al. 2005]. In this study,
PBS in the internal aqueous phase was used as a porosigen to produce surface cavities and pores
throughout the shell of the microparticle. The pores and cavities originated from water transport from
the outer aqueous phase towards the inner aqueous phase due to the osmotic pressure gradient. As water
attempts to transit the organic phase, phase separation occurs causing aqueous droplets on the surface
and throughout the organic phase to form. These droplets then become the surface cavities and pores

found on the final microparticle.

It is well known that the osmotic pressure from the addition of PBS in the aqueous core will

cause swelling. This swelling resulted in larger diameters of the final microparticles. To mitigate

12
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swelling, we added PVA into the bulk aqueous phase to prevent coalescence of the water droplets and
maintain the stability of the W/O/W emulsion[Su, et al. 2020]. As expected, we observed that the
addition of PVA reduced the size of the microparticle regardless of the salt concentration.

Unexpectedly, all PLGA microparticle formulations tested emitted detectable harmonic noise
in response to therapeutic ultrasound, indicative of stable cavitation. This observation was in contrast
to previously studied solid cavitation nuclei such as polystyrene nano-cups and gold nano-cones, which
emitted only inertial cavitation[Kwan, et al. 2015, Mannaris, et al. 2018]. One explanation for this
discrepancy is that the presence of multiple large pores and cavities on PLGA porous and multicavity
particles trap numerous gas bubbles on the surface, which expand during the negative cycle of the
ultrasound pulse. Since the pores are neighboring each other, the individual gas bubbles may possibly
coalesce due to the proximity to form larger bubbles capable of both stable and inertial cavitation. It
can also be seen from figure A2, that as the size decreased for each morphology group, a higher input
pressure was required to achieve 50% probability of harmonic cavitation. This observation was likely
because smaller cavities which extrude smaller bubbles require a higher input pressure to nucleate
cavitation [Neppiras and Noltingk 1951]. The presence of stable cavitation from our PLGA
microparticles at clinically relevant diameters suggests the potential for these microparticles to be used
for imaging in various modes including harmonic and potentially even for subharmonic imaging.
Beyond ultrasound contrast enhancement, stable cavitation also plays an important role in drug delivery.
For example, stable cavitation has been attributed to as enhanced microstreaming for micromixing
[Jordens, et al. 2016], drug delivery to tissue and cells[Tzu-Yin, et al. 2013], and reversible permeation
of membranes such as the blood—brain barrier[Choi, et al. 2010]. Thus, presence of stable cavitation
from all formulations is a critical and novel observation for our particles, potentially making them useful
for imaging and drug delivery.

In the pressure amplitudes tested with multicavity and porous microparticles, considerable
broadband noise at the higher acoustic pressure amplitudes was recorded for the larger particles in these
two groups. The lack of inertial cavitation for some of the smaller porous and multicavity particles, as
seen in figure A2, may be explained by their higher inertial threshold as seen in figure 3. One reason

for the high threshold is the smaller initial diameter of the gas bubbles that were pulled from these
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particles, where the surface tension prevented them from the initial sudden expansion and thus inertial
cavitation did not occur at the pressures that were tested[Leighton 1994]. While considering the use of
these particles for inertial cavitation bioeffects, the choice of target location will govern the type of
formulation employed. The larger multicavity particles, given their size will be limited to blood vessels
as they cannot extravasate into the capillary structures which require particles less than 2 um[Zhao, et
al. 2013]. However, the smaller multicavity particles and the porous spheres can be used for the micro-

capillary structures as they are within the clinically relevant size (< 2 um).

Also, we were unable to detect consistent broadband noise from hollow spheres at any pressure
amplitude tests. This lack of broadband noise from the hollow spheres may be due to the much higher
pressures required to inertially cavitate the hollow spheres. As can be seen in figure 5, for a similar
particle size, the hollow spheres had the highest pressure threshold, followed by the porous spheres,
with the lowest threshold for the multicavity particles. Considering that for hollow spheres the gas is
trapped within a fully intact shell, inertial cavitation only occurs after the polymer shell is destroyed by
the expansion of the bubble. Therefore, the shell properties will have a direct influence on the inertial
cavitation threshold; generally, rigid polymer shelled bubbles will require a larger pressure amplitude
to initiate inertial cavitation compared to lipid and surfactant-free gas bubbles[Church 1995, Paefgen,
et al. 2015]. This phenomenon was also corroborated by Dicker et al. who reported the inertial
thresholds for a microbubble sample encapsulated by a monolayer made with 95% gel phase lipid. They
showed that the percentage of sample destroyed at 1 MPa peak negative pressure reduced from 70% to
20% when the sample was nested within a polymer shell[Dicker, et al. 2011]. Our results for the inertial
cavitation threshold for the hollow spheres indicated that a pressure range between 4.5 MPa to 9 MPa
was required to achieve 50% probability of inertial cavitation. These results are higher than previously
reported threshold values by Wallace et.al who reported a pressure threshold ranging between 1.5 to 2
MPa for microbubbles nested in a polymer shell with a 2.5 MHz transducer. However, the discrepancy
can be accounted for by the different production methods of the microparticles and the different
transducer frequency employed. The interplay between Laplace pressure, contact angle, and the size of

crevice and the corresponding nucleated bubble may provide a better understanding of this phenomenon
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[Apfel 1970, Atchley and Prosperetti 1989, Yildirim, et al. 2016]. Laplace pressure, is defined as 26R
! (by neglecting the ambient pressure), where o is the surface tension of water and R is the radius of
curvature of the liquid-gas interface[Atchley and Prosperetti 1989]. Unlike spherical bubbles, which
have positive curvature, i.e. the radius of curvature lies towards the gas side of the interface, solid
cavitation nuclei have crevices with trapped bubbles. These surface trapped bubbles have a negative
curvature, making the trapped bubble highly stable[Yildirim, et al. 2016]. The contact angle «a is the
angle measured in the liquid, which the liquid-gas interface makes with the solid. It must satisfy the
relationship a, < o <a,, Where a. is the receding contact angle, i.e., the limiting angle the liquid gas
interface makes with the solid during receding after initial wetting, and a is the advancing contact
angle, i.e., the angle at which the liquid-gas interface will advance along the solid crevice wall and
cause during nucleation[Apfel 1970]. As per Atchley et al. the nucleation threshold is the value of liquid
pressure at which the contact angle reaches the receding value[Atchley and Prosperetti 1989]. At this
value, any interfacial movement reduces both the curvature, thereby reducing the Laplace pressure and
also the internal gas pressure. If the Laplace pressure reduces more rapidly, the system becomes
unstable and rapid growth of the trapped bubble is observed. Apfel presented a theory where in crevices
smaller than the critical size, a linear relationship between nucleation threshold and surface tension was
observed, whereas no such relationship was observed for the larger crevices[Apfel 1970].

Non-porous hollow spheres are independent of surface tension and effect of crevice size and as
expected, in figure 5a, their stable cavitation threshold does not show a strong linear relationship with
particle diameter. In terms of inertial cavitation threshold, for the non-porous spheres, this is the
acoustic pressure required to rupture the polymer shell. Figure 5 also suggests a strong linear
relationship between cavitation threshold and particle diameter for all formulations of porous and
multicavity particles, the most prominent for the porous samples. For stable cavitation threshold, this
may be indicative of an effect of crevice size being lower than Apfel’s description of critical crevice
size, which has an effect on the contact angle and consequently on the nucleation threshold and
subsequent stable cavitation. The R dependence of inertial cavitation threshold for these three
formulations in figure 5b may be a function of bubble size; smaller bubbles need higher pressures to

rupture and overcome their Laplace pressure.
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The presence of stable cavitation from our PLGA microparticles suggested the potential for
these microparticles to be used for imaging. While testing for contrast enhancement with a diagnostic
scanner, all particles gave a CTR higher than deionized water. The larger multicavity particles (> 5 pum)
gave the highest enhancement, which agrees with the now established observation that larger particles
with more cavities nucleate cavitation more easily and have a larger backscattered intensity. However,
their size prevents these larger particles from being useful in several applications where penetration into
the micro-capillary structure is required such as in hepatic tumors [Tang, et al. 2013], and prostate
cancer[Cheng, et al. 2007] The clinically relevant particle sizes (diameter < 2 um) gave a CTR of 21.86
dB. These particles achieved enhancement comparable to the commercially available ultrasound
contrast agents [Gupta, et al. 2018, Lyshchik 2019, Paefgen, et al. 2015](CTR values 10-20 dB making
them a good candidate for quicker clinical adoption). Although a high CTR was recorded for the larger
porous and multicavity particles, the nonporous hollow spherical variants suffered from poor
enhancement. This is in agreement with figure Al, where it is evident that the larger porous and
muticavity particles emit significantly higher harmonic emissions as compared to the nonporous
spherical variants. From figure A2, it is also clear that these spherical particles have a higher threshold
for input pressures to achieve 50% probability of cavitation. Hence, it could be that the diagnostic
pressures employed for this study were below the threshold for the hollow spheres and majority of
particles did not achieve stable cavitation, thus giving a reduced enhancement as compared to the larger
porous and multicavity particles. Optimizing the input pulse shape might also enhance the signal from
these formulations. A previous study by Sciallero et al. indicates that changing the input pulse shape
can enhance the echogenicity of these microparticles even more. They developed dual function PLGA
shelled microbubbles with an average external diameter of 3.8 um and showed that a chirp pulse
provided a higher CTR as compared to the conventional pulse inversion method, achieving a CTR of

32 dBJ[Sciallero, et al. 2016].

Overall conventional UCAs have a poor drug encapsulation efficiency, suffer from

polydispersity and have a short half-life, and previous polymer-based agents have shown a weak
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capability in contrast imaging due to lack of stable cavitation and hence there are currently no FDA
approved polymer shelled microbubbles[Paefgen, et al. 2015]. Here, we have successfully developed a
PLGA based solid cavitation agent that overcomes this problem and establishes the use of these PLGA

particles as imaging agents.

We next investigated the effect of increasing Ml on contrast enhancement. Nonporous hollow
spheres provided the least contrast enhancement and were comparable to the control sample of DI water.
This observation may be explained by the fact that these solid microspheres have a rigid polymer shell
and thus substantially higher cavitation thresholds than the porous and multicavity variants. The larger
multicavity particles (> 5 um) behaved differently than the smaller multicavity variants (< 5 um). They
showed a steep increase at 60% acoustic power beyond which they showcased a linear increase. This
indicates that these particles have a threshold for input pressures beyond which their enhancement
increases and hence must be optimized for each scanner being used for imaging. The smaller multicavity
particles show no such trend and give similar enhancement for all input pressures which is also higher
than the nonporous hollow spheres. One explanation for the nearly constant CTR values for the smaller
(<5 pm) multicavity particles and up to a certain acoustic pressure for the larger (>5 um ) multicavity
particles could be that these PLGA particles provide enhancement only due their nucleated bubbles.
They have a scattering cross section (SCS) which is significantly lower than the bubbles which nucleate
once the cavitation threshold is crossed. This implies that all the enhancement achieved is via the
nucleated gas bubbles and negligible by the particles themselves. To help support this hypothesis we
used the equation by Morse and Ingard [Moffett 1970] :

_ Aty a eeks=Kio | 1:3(ps=p)12
o= 9kr{[k] +3[—2ps_p]} ........ 3)

Where ¢ is the SCS, k is the wave number, r is the radius, k and p are the compressibility and density,
respectively, of the scatterer (subscripts) and the surrounding medium, i.e. deionized water. Using eqgn.
3, if we assume the first part of the equation (before the curly brackets) to be a constant A, for gas
bubbles, which have a very high compressibility ( ~ 2.3 x 10* cm?/dyne) and very low density (~ 1.29

x 107 g/cm?3), we can assume, ks > kand pg < p. Using these values, the SCS is on the order of 10
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A cm? for the nucleated gas bubbles, ignoring any further resonance [Ophir and Parker 1989]. However,
PLGA particles without any nucleated gas bubbles, have a compressibility (~ 0.5 x 10°° cm?dyne)
which is much lower than gas and very similar to the surrounding medium and density (~ 1.34 g/cm?®)
which is much higher than gas and again similar to the surrounding water [Aldrich]. These values lead
to a SCS values close to zero or very small as compared to the nucleated bubbles. Therefore, it is very
likely that the smaller multicavity particles did not cross their higher threshold value and hence provided
a linear response to the diagnostic ultrasound while the larger variants (> 5um) achieved nucleation
owing to their lower cavitation threshold and hence provided non-linear enhancement with increasing

acoustic pressures.

In conclusion, we have successfully showcased the use of these “all-in-one” particles which can achieve
targeted drug release, have surface cavities for sustained cavitation, have a tunable size and
morphology, and also provide contrast enhancement comparable to commercial UCAs. By changing
the size, morphology, and input acoustic pressure, we can exploit either the stable or the inertial
cavitation response of these particles to achieve the desired mechanical effect. For use in therapy, the
particles should ideally be less than 2 pm, respond to lower frequencies (therapeutic ultrasound range)
and achieve sufficient cavitation to be able to penetrate the endothelium and release the drug in a
sustained manner, in this case by natural biodegradation [Stride and Coussios 2019]. These can be
achieved with majority of the non-porous, porous and the smaller multicavity ( < 5 um) particles as
they all achieved stable cavitation. To exploit the mechanical effects of inertial cavitation in the
therapeutic regimen such as for sonoporation, microjetting etc., the larger (~ 5 pum) porous and
multicavity particles may be employed [Ohl, et al. 2015]. It should be noted that these particles, given
their diameter will be restricted to remain in the blood flow as they cannot penetrate into the
endothelium[Zhao, et al. 2013]. Next, for use as an ultrasound contrast agent, the particles should
respond strongly, i.e. achieve sustained stable cavitation at the diagnostic ultrasound frequency range
and scatter the ultrasound signal thereby providing a strong echogenicity[Paefgen, et al. 2015]. All
multicavity particles ( both large i.e. > 5 pm and small i.e. <5 um) may be used for this purpose. Given

the larger size, the > 5 pm multicavity particles have a higher SCS for the nucleated bubbles and a lower
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threshold to achieve stable cavitation and hence provide higher CTR( >20 dB). However, their size
restricts them to remain in the blood vessels only. The smaller variants, i.e. <5 pum, achieve a lower
CTR (~ 9 to 19 dB) however, these values are still comparable with the commercially used UCAs and
their size allows them to extravasate into the endothelium for imaging of microcapillaries. Lastly,
majority of the porous spherical variants and the smaller multicavity particles (<5 um) prove to be most
suitable for theranostic use such as ultrasound image guided therapy [Sun, et al. 2014]. Their size (~1.30
um) which falls within the clinically relevant range and their acoustic response both to HIFU and
diagnostic ultrasound with a CTR ( 7- 22 dB) comparable to current commercial UCAs makes them an

ideal candidate for use as a theranostic agent.
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Figure 1: Schematic representation of the therapeutic ultrasound experimental setup.

Figure 2: a) Schematic representation of the diagnostic ultrasound experimental setup. b) Schematic
for selection of region of interest (ROI) for vessel and tissue. CTR analysis was done by calculating
the average of pixel intensity in the four tissue and two vessel ROIs selected. This was done to

minimize variability.

Figure 3. SEM images of PLGA microparticles under different concentrations of PBS and PVA. The
scale bar represents 1 um. The polydispersity index (PDI) ranged from 0.1 to 0.26. As can be seen, a
wide variety of morphologies are produced depending on the amount of porosigen and stabiliser used.
The samples were categorised into a) non-porous hollow spheres, b) hollow spheres with small and
infrequent pores, ¢) large multicavity particles (> 5 um; larger than commercially available UCAS),

and d) small multicavity particles (< 5 um; size comparable to commercial UCAS).

Figure 4. Representative images of the normalized spectral density curves for three different shapes of
particles, namely the a) spherical and both the b) small and c) large multicavity particles. As is seen,
the multicavity particles (see b & ¢) transitioned from stable to inertial cavitation at much lower

pressures in comparison to the nonporous spherical variants.

Figure 5. Dependence of acoustic pressure amplitude required to achieve 50% probability of (a)
harmonic and (b) broadband cavitation on the diameter of particles. The dependence on particle
diameter can be observed indicating the effect of Laplace pressure on cavitation threshold most

strikingly for the the porous hollow spheres.

Figure 6. All samples as imaged with the diagnostic ultrasound scanner and the corresponding contrast
to tissue ratio (CTR) values in dB with reference to deionized water. As is seen, highest enhancement
(> 20 dB) was observed for the larger multicavity particles (diameter > 5um) i.e., category (c): the right
top corner and in the sample in the middle of the matrix. These samples are highlighted in green. The

control sample with deionized water is shown in the supplementary figure A3.
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Figure 7. Contrast to tissue ratio (CTR) with respect to deionized water for hollow spheres, smaller

and larger multicavity particles with increasing input acoustic power levels.

25



