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SUMMARY

Imaging macrophage trafficking can reveal important molecular, cellular, and
functional characteristics of the host tissue and support the discovery of new biomarkers
for improved diagnosis, prognosis, and treatment monitoring. Over the past years,
macrophage imaging using different modalities has undergone significant development,
however existing modalities offer suboptimal tradeoffs between depth of penetration,
specificity, sensitivity, and resolution. Although ultrasound could potentially address this
challenge, while also providing portable assessment (e.g., in an outpatient setting) at
potentially lower costs, there is a paucity of investigations using ultrasound for macrophage
imaging. The central hypothesis of this thesis is that labelling macrophages with
microbubble contrast agents to augment their contrast, can enable imaging of macrophage
trafficking with high sensitivity deep into tissues without compromising resolution. In this
study, we showed that macrophages can be effectively labeled with microbubbles,
identified ultrasound exposure settings where they can retain high echogenicity and
viability without affecting their migratory capability and confirmed that they can produce
a strong image contrast in vivo for an extended period of time. Finally, we were able to
demonstrate that we can monitor the trafficking of intravenously administered microbubble
labeled macrophages in breast tumor-bearing mice. This research, thus, provides a novel
framework for macrophage imaging and tracking using ultrasound to support the discovery
and clinical translation of new ultrasound methods and technology for macrophage-based

diagnostics and therapy monitoring.

xii



CHAPTER 1. INTRODUCTION

Macrophages are important immune cells that maintain tissue homeostasis by
engulfing and digesting pathogens, cellular debris, and other foreign substances through a
process called phagocytosis [1]. It has been shown that macrophages not only have the
highest capacity to phagocytose but also a very high variability when it comes to
phagocytosing [2]. They also serve as antigen presenting cells where they break down the
antigens in phagocytosed pathogens and present them on their surface using major
histocompatibility complex (MHC) molecules. They are also capable of regulating immune
response by being involved in the production of various cytokines which are small
signaling molecules. In response to infections or inflammation due to injuries, they can
secrete pro inflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6), and
tumor necrosis factor-alpha (TNF-alpha)[3]. They can also prevent excessive inflammation
and tissue damage by releasing anti-inflammatory cytokines like interleukin-10 (I1L-10) and
transforming growth factor-beta (TGF-beta), which help dampen the immune response and
promote resolution of inflammation[4]. Macrophages also help remove dead cells and
debris from damaged tissue and they can promote tissue regeneration by releasing growth
factors [5]. Macrophages are thus involved in an indispensable capacity in various diseases
by performing these functions [6]. In particular to cancer, macrophages play a very critical
role. Macrophages have a strong attraction to tumor based inflammation and can respond
to the tumor’s chemotactic cues, cross biological barriers, penetrate, and accumulate in the
tumor[7]. This attraction can be so strong, that sometimes up to 50% of a tumor

microenvironment can be composed of macrophages [8]-[10]. This accumulation and



distribution to the host tissue is increasingly considered as a robust prognostic marker for
cancer [11]. In addition to their increasing role in diagnosis and prognosis of human
disease, chimeric antigen receptor macrophages are currently in trials for cancer
immunotherapy [12]. These investigations not only demonstrate their capacity for therapy,
but also emphasize the need for methods to track their trafficking to facilitate their effective
translation to the clinic (e.g., identify non-responders, assess off target toxicity etc.) [13],
[14]. Therefore, noninvasive strategies for tracking macrophage trafficking could provide
critical prognostic and diagnostic information as well as guide macrophage based

therapeutic interventions against a range of deadly diseases, including cancer.

1.1 Tracking Macrophages

To track immune cells including macrophages in vivo, it is required that these cells
are labeled. We will be discussing the cells that are “directly labeled” only as this method
does not involve genetic modification and hence is easily transferable to clinical practice
due to less regulatory scrutiny. In principle, direct cell labeling requires that the cells are
labeled by some natural process like phagocytosis or pinocytosis, direct attachment to the
cell membrane or uptake through some transporter expressed on cell surface. This process
is usually done ex vivo. Once modified, these cells are administered into the subject and

the subject is imaged to enable cell detection in vivo.

With imaging, there have been many attempts to track macrophages and other
immune cells using MRI, CT, PET amongst others summarized in table 1. However, none
have emerged as a front runner due to some inherent shortcomings in depth of penetration,

specificity, sensitivity, and resolution. MRI has been widely used for tracking cells



particularly with magnetite (Fe2Os)-based superparamagnetic iron oxide nanoparticles
(SPIONSs). However, while this method is sensitive (108 cells per ml) and has whole body
imaging capability, it does lack specificity [15]. Fluorine-19 (**F) MRI addresses the
specificity issue with iron based cell tracking as endogenous °F is low in vivo but suffers
in terms of sensitivity [16], [17] . PET provides whole body imaging capability and
excellent sensitivity down to detecting 1 cell but is limited in terms of spatial resolution
and requires very dedicated systems that are not yet clinically translatable [18]-[20]. On
the other hand while optical imaging and (micro) CT have had successful preclinical trials,
they face several challenges in scaling up [21]-[23]. Optical imaging provides single cell
resolution but has limited depth penetration. CT has whole body imaging capability but has
low sensitivity and requires high doses of radiopaque agents to accumulate. Thus,
complementary cell tracking methods are needed to support the discovery and clinical
translation of macrophage-based diagnostics and therapeutic interventions.
High sensitivity, specificity, and penetration depth without compromising resolution while
also providing portability and potentially lower costs are requirements for this imaging

technology to be capable of tracking macrophages.



Table 1 : Comparison of imaging modalities for cell tracking
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1.2 Tracking Macrophages with US

Ultrasound (US) imaging can potentially satisfy several of the key requirements for
tracking macrophage trafficking at clinical scales. Most notably, it is a mobile, non-
ionizing, low-cost technology and is available worldwide easing translation. Additionally,
US has really high temporal resolution i.e. real time imaging capabilities and at high

frequencies, high spatial resolution.

The basic approach in US is based on radar like pulse echo methods. The process
begins with a handheld device called transducer that consists of a probe that can convert
electrical energy and emit sound wave or receive sound waves and convert them back to
electrical energy. In US, these sound waves are typically between 1-10 MHz in the clinic
depending on the application[33]. Pulses of US are directed into the body and allowed to
interact with body structures. A fraction of the US energy is scattered or reflected to the
transducer. Reflection happens when the sound waves encounter a boundary between two
tissues with different acoustic properties like density and speed of sound (also known as
acoustic impedance). The amount of reflection depends on the difference in acoustic
impedance between the two tissues. Scattering, on the other hand, occurs when two
conditions are met- 1) a sound wave strikes a structure with a different acoustic impedance
to the surrounding tissue and 2) sound wave strikes a structure which is smaller than the
wavelength of the incident sound wave. In clinical ultrasound imaging, both reflection and

scattering contribute to the formation of the image.

Reflected sound waves carry information about the tissue boundaries and

interfaces, while scattered sound waves contribute to the overall texture and detail of the



image. By analyzing the reflected and scattered waves, the ultrasound system can
reconstruct an image that represents the internal structures of the body. Since macrophages
are much smaller (~20um) than the wavelength we use clinically or for research purposes,
we will focus on scattering. Scattering cross section (o), a metric of scattering, can be
thought of as the area of the incident wavefront on the scatterer that contains an amount of
incident power equal to the scattered power (P,). Mathematically, from the Rayleigh
model, it can be shown that o, and P, for small scatterers are given by equation 1 and

equation 2 respectively [34], [35],

Ko — Ks\* 1 PS—PO)2
os = 4na‘(ka) )[( 3K, ) + 3 (2,05 T o Jka < 1 (1)

()

e " k2a’ {Ko —Ks  (ps — po) }
; + cosf
r 3Ky 2ps + po

Where « is radius of scattering element, k is wave number, K, and K are the bulk
modulus of medium and scattering element respectively, p, and p, are the mass density of
medium and scattering element respectively, r is radius of scattering element and 8is axis
of propagation. The goal in any imaging is to have a high signal to noise ratio which is
related to high amplitude of echoes returning to the transducer or high scattering. Notice
that there are multiple ways to increase the o, in equation 1 . The first is increasing

frequency up to the clinical requirement of 10 MHz as o, « f*. Secondly, increasing the



size of scatterer as o o< a® but there is a clinical upper limit of 10 um so scatterers can

enter capillaries [36]. Changing the density of the scatterer could also potentially increase

2 2
. . 1 - 1 . 1 - 1 .
the o, but it cannot exceed 1/3 (llm —(M) =—, lim —(M) == ) Placing
ps—0 3 \2ps+po 12 7 ps—o0 3 \2ps+po 3

similar limits on compressibility shows that, in theory, differences in compressibility of the

scatterer can have enormous impact on g, as its magnitude can change by several orders

. . . (Ko—Ks\2 1 . Ko—Ks\?
for realistic materials. | lim (—) ==, lim (—) = oo |. It was demonstrated
I(S—)O 3K0 9 Ks—>00 3K0

that the o, of an air bubble of 1 um is 100 million times more than that of a rigid iron

sphere of the same size [37] .

While macrophages and surrounding cells like cancer cells are not as rigid as iron
spheres, they are not as compressible as gas either leading to negligible contributions to o,
and hence, essentially identical o; and low imaging contrast (scattered power) as seen in
Table 2. The realization that compressibility of gas can go up to~1 X

1077 Pa~1 compared to tissue and plasma which are around ~1 x 1071 Pa~1 led to the
development of microbubble Ultrasound Contrast Agents (USCA) [38]. In this thesis, we
hence hypothesize that in order to visualize macrophages and differentiate them from
surrounding cells using US imaging, we will need to label the macrophage with
microbubbles (MBs) to augment their scattering cross section and enable detection
and tracking of macrophages at high sensitivity deep in the tissue without sacrificing

resolution.

However, It is crucial to consider the resonance effect when using MBs as a contrast
agent. This resonance occurs because enclosed volume of gas acts like a spring and mass

of the liquid around the bubble acts as inertia. For an unencapsulated gas bubble in an



isotropic medium, the resonant frequency is given by Equation 3. This resonant frequency
depends on parameters such as the ratio of specific heat capacity at constant pressure and
volume (y), total pressure (Py) which includes incident pressure P, and density of the
surrounding medium (p,) [39], [40]. Hence the modified o, and Ps; are given by
equation 4 and 5 where the R subscript denotes resonance. It should be noted that o, does
not include damping or non-linearities. By referring to Table 2, one can observe that the
scattered power of MBs is five orders of magnitude greater than that of a macrophage and

cancer cell.

e @
op = 4na® ! (4)
SR — 2 4
)+ ) oo
1/2
1
)

1
Psp = — 2 2
N =) + () o



Table 2 : Scattering cross section and scattered powder for different elements
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It can be seen from equation 3 that the resonant frequency, f. is inversely
proportional to the radius. Although this equation and subsequent equations 4 and 5 provide
a simplified representation and does not consider factors like surface tension (which can
increase the resonant frequency) or viscous losses (which can decrease it), it does indicate

that operating at the resonant frequency would result in an increase in o .

In Table 3, in this idealized condition, operating at resonance frequency gives
scattering cross section and scattered power 6 orders of magnitude higher. However, Table
3 also indicates that even at non-resonant frequencies between 3-18 MHz, we are still able
to obtain sufficient scattering cross section and consequently sufficient scattered power to

distinguish a MB from a macrophage and other surrounding cells.

Considering these findings, it's worth noting that we utilized a L22-14v transducer
(Vermon) operating in the range of 14-22 MHz, with a center frequency of 18 MHz. Given
that our research was carried out using a mouse model, using these higher frequencies was
feasible and allowed for higher resolution. More specifically, we utilized frequencies of
15.625 MHz and 18 MHz and this data supports the rationale that we can obtain adequate

scattering even at higher frequencies.
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Table 3 : Effects of resonance on scattering cross section and scattered power

Frequency Usage Scattering cross Scattered Power
f section P,
[MHz] ’ (]
[ um?]
1.9 Resonant frequency ~4.3e7 ~3.5
3 Clinical frequency 87.685 7.1e-6
15.625 Research frequency 1 29.79 2.4e-6
18 Research Frequency 2 29.76 2.4e-6

5

Scattering Cross Section (um”)

10° |

p—
o
T

107 : :
0 10 5 20

Frequency (MHz)

h

Figure 1: Scattering cross section vs frequency for a MB
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CHAPTER 2. ENGINEERING AND CHARACTERIZING MB

LABELED MACROPHAGES

2.1 Labeling macrophages with MBs

As a first step, we developed a protocol to label macrophages with MBs through
incubation. This approach was chosen based on the well-known capability of macrophages
to phagocytose a wide variety of particles [2]. Investigations in the past have also shown
the macrophages can also phagocytose MBs [48], while retaining their functionality in vivo

[49].

Macrophages need to be labeled with MBs ex vivo while adhered to the well plate,
and the reasons for this are multifold. Firstly, phagocytosis is a time dependent process
depending on particle size and shape [50] [51], [52] and requires the contact of MBs to the
macrophages. By fixing the macrophages without fluid flow, such as blood, it allows for a
longer duration of contact, thereby increasing the efficiency of phagocytosis. Moreover,
the kinetics of microbubbles is relatively fast (less than 5 minutes), which can be much
shorter than the duration required for phagocytosis (ranging from approximately 6 to 360
minutes) [48], [51].Secondly, labeling macrophages ex vivo with only macrophages and
microbubbles present offers a specificity advantage. While various cells in vivo have the
potential to perform phagocytosis, macrophages exhibit a significantly higher magnitude
of phagocytic activity compared to other cell types [53]. Consequently, by conducting the

labeling process ex vivo, it becomes possible to track and monitor exclusively those
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macrophages that have been labeled, enabling precise identification and analysis. However,
it is worth noting that this specificity concern could potentially be addressed by employing
targeted microbubbles designed specifically for macrophages [54], [55]. Lastly, and more

importantly, MBs, due to their micron size, cannot extravasate vasculature [56], [57].

In our investigations, we used mouse RAW?264.7 macrophages. This cell line is a
macrophage-like cell line originating from Abelson murine leukemia virus and derived
from BALB/c mice and is frequently used for testing new immune cell imaging methods
[58]. Throughout our studies, we ensured passage numbers were below 30 as surpassing

this threshold could influence data reliability [58].

We started with Definity MBs, a clinically approved US contrast agent indicating
biocompatibility and a good safety profile. Definity has a lipid shell and Octafluoropropane
gas (CsFs), a gas which is highly compressible. This high compressibility leads to strong
scattering of microbubbles which is essential for producing high contrast in US images. In
addition, they are also sized between 1.1 to 3.3 um. This size allows them to be taken up
by macrophages, which have been shown to phagocytose particles in this size range [59].
Definity also has higher stability compared to other contrast agents which may allow for

sufficient time for interaction with macrophages and subsequent labeling [60].

2.1.1 The assay

We first plated the macrophages in a 96 well plate and allowed them to adhere
overnight. The next day we added Definity MBs diluted in cell culture media. For media,
we used Dulbecco's Modified Eagle Medium or DMEM which was supplemented with

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin to the adhered macrophages
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(Figure 2a). Now due to buoyancy, the MBs will float to the top. To get MBs in contact
with the adhered macrophages, we inverted the dish. Prior to inversion, we also filled the
well with media to ensure no air pockets that could form during the inversion. We then
used parafilm to seal the plate, as it permits gas exchange while being resistant to moisture,
thus preventing leakage. The sealed plate was incubated at 37°C in a humidified
environment containing 5% CO2 for four distinct time intervals. Parafilm was chosen as a
sealant because it is gas permeable but moisture resistant hence no leakages. Following
incubation, the plate was reverted to its original upright position, and excess media were
eliminated. This step also removed non-adherent macrophages (which are non-viable) and
any MBs that did not adhere. Lastly, we washed the cells three times using media and

proceeded with imaging .
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(a) 1. Add microbubbles 3. Invert

| 2. Invert & l | 4. Image
Incubate

100

% labeled cells
2

0

2 4 6 8
Time of incubation (in hours)

4 hours +10 min  +20 min

+40 min

(d)

Retention

4 hours +20 min +35 min

Figure 2: More than 90% of RAW264.7 macrophages can be labelled with Definity
microbubbles via phagocytosis

€)) Experimental setup to label RAW264.7 macrophages (M®) with microbubbles
(MB). (b) Representative images of M® incubated with and without MBs (black dots)
showing more than 90% (92% = 6%) of the RAW264.7 M® have been labeled successfully
following 4 hours of co-incubation with Definity MBs. Scale bar 20 um. (c) Quantification
of the MB-labeling persistence, demonstrating that 50% (56.26% =+ 4.8%) of M® remain
labeled for at least 8 hours. (d) fate of the MB withing MB-M® follows three possible
routes- retention (which is most favorable for us) and processes resembling MB digestion
and exocytosis
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On imaging, we found that 4 hours incubation produced robust labeling of the
RAW264.7 macrophages (92.25% + 6.08% of macrophages, n=4, p-value<0.0001; Figure
2 b-c) henceforth referred to as MB-M®. Moreover, we observed that the ingested MBs
remain within the M®s for several hours, where more than 56.26% (z 4.8%, n=4) of M®
retained their MB for at least 8 hours. Interestingly, our microscopy data also showed that
the MB-M® lose their MB post 4 hours in processes resembling MB digestion and
exocytosis. In an in vivo environment, the release of MBs from MB-M® and their
subsequent circulation is not an issue as Definity microbubbles are FDA-approved contrast
agents and have been deemed safe for clinical use. The gas contained within the Definity
microbubbles, octafluoropropane, is expelled through the respiratory system, while the
lipid shell undergoes metabolism like other lipids and is ultimately excreted [61]. It would
be interesting, in future work, to optimize characteristics of the MB such as size and

surface chemistry that may allow for prolonged retention if the application demands it [62]

2.2 Optimizing phagocytosis

We then aimed to optimize this assay based on phagocytosis to make it more
efficient. Given that phagocytosis is influenced by attributes of the target, we sought to
optimize 2 properties of the MB [51], [59]. Utilizing Definity as a reference, we
experimented with different shell compositions - lipid shells, which are analogous to
Definity, and mannosylated lipid shells. We chose mannosylated lipid shells because
previous studies have demonstrated that mannose enhances the efficiency of phagocytosis
[63]. Beyond bubble coating, stability or persistence of microbubble can also be very

important. Firstly, in the case of lipid MBs, we saw that the best labeling occur at 4 hours
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and hence the microbubbles would need to be stable for that duration [48], [50]. Under
this stability hypothesis, we evaluated microbubbles with different gas cores
(Octafluoropropane vs. Decafluorobutane) to examine their impact on microbubble
persistence time. Mathematically, persistence time can be described by the Epstein Plesset

equation (Equation 6,[64]).

G_,_ 20
da_ DL C aP, l1+ 1
dt 79 40 a  [aT.D.|
1+ 3aP, pYg ©)
pga’ (7

o8
P 2D,Cs

Where « is the radius of the microbubble, D, is the diffusion coefficient of gas, L
is gas solubility coefficient, C; is dissolved gas concentration, C, is saturation coefficient
of gas, o is the surface tension and P, is ambient pressure, T, is the time for microbubble
persistence and p, is the density of core gas. If surface tension from the shell is neglected
for both simplicity and the fact that the same shell and medium are used, Equation 7 [65]
can be derived. Along with Table 4[66], it can be seen how Decafluorobutane might persist
longer than Octafluoropropane. Specifically, the persistence time of Decafluorobutane is
about 4.8 times longer than Octafluoropropane using equation 7 . Throughout this study,
all MBs filled with Octafluoropropane are denoted with an 'O," while those with

Decafluorobutane are denoted with a 'D".
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Table 4: Persistence of different MB gas cores

Perfluorocarbon Density pg Solubility C; | Diffusion coefficient

of gas D,
[x103g /cm3] | [x10°g/mL]

[x10 cm?/s]

Octafluoropropane 10.3 5.66 7.72

Decafluorobutane 11.2 1.44 6.86

We then proceeded to make the different MBs according to the protocol previously
described in [67], [68]. The MB with a lipid only shell was prepared using a 9:1 molar
ratio of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-methoxy(polyethylene glycol)-2000 (DSPE-
PEG2000) (Avanti Polar Lipids, Alabaster, AL, USA) in a solution containing propylene
glycol 15% (v/v), glycerol 5% (v/v) and phosphate-buffered saline (PBS) 80% (v/v). After
degassing of the lipid solution in 3-mL glass vials, the headspace of the vial was filled with
either octafluoropropane gas or decafluorobutane gas. The MBs with a mannose/lipid shell
was prepared using a 9:0.5:0.5 molar ratio of 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(polyethylene
glycol)-2000 (DSPE-PEG2000) (Avanti Polar Lipids, Alabaster, AL, USA) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol)-Mannose
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(Xi’an Ruixi Biotechnology, China ) in a solution containing propylene glycol 15%
(v/v), glycerol 5% (v/v) and phosphate-buffered saline (PBS) 80% (v/v). After degassing
of the lipid solution in 3-mL glass vials, the headspace of the vial was filled with either
octafluoropropane gas or decafluorobutane gas. MBs were formed by agitation using a

Vialmix device (Lantheus Medical Imaging, North Billerica, MA, USA).

Our results indicated that MBs with the low diffusivity gas Decafluorobutane did
in fact lead to higher uptake by RAWZ264.7 macrophages as compared to the higher
diffusivity gas Octafluoropropane (Figure 3, b-c). Considering that lower gas diffusion
from the bubble leads to more stable bubbles, our hypothesis suggesting that MB stability
is a key MB property for effective MB uptake by macrophages seems plausible. The
importance of MB stability is further supported by our observations using the significantly
more stable and FDA-approved MB formulation, Definity, that demonstrated more
efficient macrophage labeling as compared to our custom-built MBs, including mannose-
based formulations. While additional work is necessary to clarify the role of the inner gas
core and optimize the formulation ratios of mannose-based MBs, our data demonstrate that

Definity is a good candidate for the remainder of the studies.
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1007

Mannosylated
lipid
shell

-
% labeled cells

Mannose-O Lipid-D Mannose-D

Definity Lipid O Mannose O

Figure 3 :Optimizing phagocytosis

a) Lipid microbubbles with different shell composition (mannose shell vs lipid shell) and
gas core (Octafluoropropane — CsFg — labeled with ‘O’ vs Decafluorobutane — CsF10 —
labeled with ‘D’) that were developed in house. By using, FDA approved microbubble
Definity as a model, the properties of shell composition and gas core were chosen. b)
Quantification of the labeling efficiency with the different bubble types c) Representative
Images showing the labeling of the RAW264.7 macrophages with the different
microbubbles on 4 hours of co-incubation. Scale bar 20 um. P values were determined by
one-way ANOVA followed by Tukey's multiple comparisons. ****P < 0.0001;n.s. - not
significant.

2.3 Assess echogenicity and viability of MB-M®

As alluded to previously, when an US wave strikes a MB, it oscillates by expanding
and contracting in response to pressure changes. Due to the compressible nature of the gas

inside the MB and the elasticity of the shell, even a small change in pressure can cause a
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relatively large change in the volume of the MB. Thus, MBs are nonlinear and can produce
harmonics even at low pressures.

To assess their echogenicity, we sonicated MB-M® plated on a mylar film well plate
from the bottom with a focused ultrasound transducer (FUS). Illustration of this setup is
provided in Figure 4. The echoes were received by a passive cavitation detector (PCD),
which was positioned coaxially within the hole of the FUS. The FUS transducer is driven
at 0.5 MHz with 20 cycles and increasing MI generated by a function generator (Picoscope
5000D, Pico Technology) and further amplified by a 50-dB power amplifier (model 240L,
Electronics & Innovation Ltd). The short number of cycles were chosen to prevent any
potential detachment. On the receiver side, the PCD is connected to a high pass filter with
a cut-off at 0.6 MHz to prevent saturation due to strong fundamental frequency signal. The
signal is then fed to a data acquisition system (Picoscope 5000D, Pico Technology) and
analyzed using fast Fourier transform from the host computer. In this study, the calibration
was carried out in water (specifically in a free field setting) using a 2mm needle

hydrophone from Precision Acoustics.
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Figure 4 : Setup to assess echogenicity of MB-M®

We wanted to report all the pressures in MI as reporting just the peak negative
pressure wouldn't provide a complete understanding of the potential for biological effects
such as cavitation. This is because the likelihood of cavitation and possible mechanical
damage depends not only on the pressure but also on the frequency of the US wave [69].
Moreover, regulatory bodies like the FDA have established limits on the Mechanical Index
for medical US [70]. This standardization allows for a uniform way to assess and ensure
safety universally [71]. The Mechanical index was computed using the equation 8

delineated below.

) Peak Negative Pressure [MPa]
Mechanical Index = (8)

\/Center frequencyc[MHz]
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Additionally, we assessed the viability of macrophages by imaging both M®
(control) and MB-M® using the ReadyProbes® Cell Viability Imaging Kit (Life
Technologies, Gaithersburg, MD, USA) before and after exposure to ultrasound waves.
The kit contains a NucBlue Live reagent to stain all nuclei, while NucGreen Dead reagent
was used exclusively for staining dead cells. The proportion of dead cells was determined
by manually counting the number of dead cells and dividing it by the total number of nuclei.
Our findings revealed that M® without MB labeling generated acoustic emissions
exclusively at the fundamental frequency, even at the highest pressure tested (0.68 MI)
(See Figure 5a, top panel). For these non-labeled macrophages, viability remained
unchanged before and after exposure to ultrasound waves across all tested pressures (See

Figure 5, top right).

Conversely, MB-M® were observed to emit harmonic components at all tested
pressures (See Figure 5, bottom left). As the pressure was further increased, ultra-
harmonics were also detected (See Figure 5, bottom left), and when the M1 exceeded 0.34,
there was an observed increase in broadband noise, which is indicative of an impulse
response (i.e., microbubble collapse). Microscopy images also revealed a substantial
increase in cell death (n=4, p<0.0001) at pressures where broadband noise was detected

(MI > 0.34).

Taken together, our results show that microbubbles maintain their echogenic

properties even after being labeled by macrophages. Additionally, our data suggests the
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existence of an optimal ultrasound pressure window (0.08-0.34 MI) for imaging MB-M®,

where maximum echogenicity is retained without significant alterations in cell viability

(b) Before US After US (©)
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Figure 5: Sonicated MB-M® emit strong echoes within clinically relevant US
exposure and retain high viability

(a) Impact of increasing MI on harmonic generation is assessed. In the top panel where
M® are only present, even at the highest pressure, only the fundamental frequency is
observed. In the bottom panel, in contrast to control, when M® are labeled with MBs,
Harmonics are observed at all pressures and ultraharmonics as well as broadband start to
manifest as the pressure is increased suggesting that labeling with MBs does indeed make
the M® echogenic.(b) Representative microscopy images before and after acoustic
excitation to show cell death at highest pressure in the case of MB-M® and no change in
viability in the case of M® only. Green represents all the dead cells and blue represents
all the nuclei (c) Impact of increasing MI on viability is assessed. In the case of M® only,
viability is unchanged even at the highest pressure however in the case of MB-M®,
viability is impacted negatively in the pressures where broadband occurs. This thereby
establishes a window of operation (M1 < 0.34) where we see strong harmonics but no
change in viability when tracking MB-M®
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We have previously shown that the labeling efficiency is ~90% which implies there
are some M® that are not labeled. Among the M® that seem to be labeled, there appears
to be a significant reduction in their survival after being subjected to US. In contrast, the
small number of M® that didn’t appear to get labeled seemed to maintain their survival
rate even after the US exposure. These observations are presented in Figure 6b. Although
it is uncertain whether the labeling occurs through phagocytosis or via a different
mechanism, the experiments suggest that the cell death of macrophages in response to

inertial cavitation could be indicative of a robust attachment or potential phagocytosis.

il Before acoustic exposure
[] After acoustic exposure

—
>
=

% viabie cells

0
Labeled Non-labeled
MB-M® MB-M®

Nucleus, Dead Cells

Figure 6 : MB-M® are firmly labeled (if not phagocytosed with MBs)

Microscopy images for M® and MB-M® before and after exposure to high acoustic
excitation at peak negative pressure of (0.68 MI- beyond initial cavitation threshold). The
representative images show cell death occurring in a radial pattern the size of the transducer
focal size (2 mm). (b) Quantification of the lower right panel of 6a (after US, MB-M®).
Not all M® get labeled even though they are incubated with MBs. This graph quantifies
among the cells that were actually labeled, the viability significantly decreased after
exposure to acoustic excitation. On the other hand, among the few M® cells that did not
get labeled with microbubbles, their viability remained unchanged following the acoustic
excitation. done using two way ANOVA for ****P <(0.0001 , n.s., not significant. (Prism
9; GraphPad).
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2.4 Scaling up: Harvesting MB-M®

All the experiments presented till now had the cells adhered to a 96 well plate. If
these MB-M® are to be used in vivo for imaging, they need to be harvested from the plates
with both the cells and the labeled MB intact. To do so the protocol was modified as
follows. The cells were plated in a larger dish - the Nunc™ EasYDish™ Dish
(Thermofisher). This dish’s design allowed for easy sealing via parafilm. Furthermore, the
increased size of the dish not only facilitated scaling up the process but also allowed for
the use of a cell scraper to detach cells. While trypsin is conventionally used to detach cells,
it was shown to alter M2 surface markers and function[72]. After scraping, a gentle
centrifugation step at 100 G for 20 seconds was included to further separate free bubbles
from cells, with the low speed preventing pellet formation that could damage the MB-M®.
This process is demonstrated in Figure 7 which shows the post-centrifugation results: the

supernatant contains free MBs, while the precipitate primarily consists of MB-M®.
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Supernatant Precipitate

Figure 7 : Harvesting macrophages

MB-M® are plated according to previous protocol in a larger dish. Once washed, the MB-
M® are scraped gently and centrifuged at low speed of 100 G for 20s. The supernatant
which contains MB and dead MB-M® are discarded, and the precipitate is retained. Scale
bar- 20 pm.

2.5 Assess migration capabilities of MB-M®

Macrophages’ ability to migrate is critical for a robust immune response [73]. From
their role, it is evident that they need to move in and out of tissues and into blood vessels
to patrol, clear pathogens and/ or collect antigens followed by entering lymph vessels and
migrating towards lymph nodes to interact with T cells and B cells [74]. To perform these
functions, there are two actions that macrophages are engaging in- migration or

transmigration (entering tissues) which essentially is macrophages squeezing through
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endothelial pores [76]. Transwell assays or Boyden chamber assays are a valuable tool to
study this migration and invasion of cells[76]. The assays contain a chamber divided into
two compartments by a porous membrane. Cells whose migration is to be tested is placed
in the upper compartment and a chemoattractant are placed in the lower compartment.
There are multiple transwell assays available with different pore sizes. In this study, we
used 3 pm sized pores (Corning, catalog# CLS3415). As a chemoattractant, we used the
4T1 breast cancer cell line that is characterized by high RAW264.7 macrophage infiltration
[77]. Hence, in the bottom chamber, 2x10° 4T1 cells were seeded in 6 wells overnight and
RPMI were added to 6 other wells as control. MB-M® and M® were then seeded in the

upper chamber at a density of 2x102 cells. Setup illustrated in Figure 8 below.

Mo or
MB-Mo

Medium

4T1 cancer
cells

Figure 8: Setup to assess functionality of labeled MB-M® in vitro

Since our objective was to see if labeling affected ability to migrate, we used the lower

end of the typical 12-22 hour range that many studies use and in keeping with our suggested
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time window for labeled cells [48], [78], [79]. After 12 hours of incubation, we removed
the upper inserts. No further labeling or staining was required in this study as we used M®
expressing mCherry and 4T1-Fluc-Neo/eGFP-Puro cells expressing firefly
luciferase which were obtained from Imanis Life Sciences. Using 20x fluorescent
microscopy we assessed the number of migrated M® and MB-M® in the presence or
absence of cancer cells. In the absence of 4T1 breast cancer cells, we observed no
significant migration in M® (p>0.9999) regardless if they were labeled with MBs or not.
However, In the presence of 4T1 cancer cells, a significant number (p<0.0001) of M® and
MB- M® migrated, again, with no significant differences (p=0.9164) in their migratory

capability. Here our finding suggests that MB labeling does not affect their innate ability

to migrate.
@) MB-M® ()
. I Mo
k| [ MB-M®
2 * % ok k
= 3 250, * % Kk ns
2 200
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<t =
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Figure 9 : MB-M® retain migratory capability in vitro.
M® and MB- M® were tested for their migratory capability via boyden chamber assay. (d)

Representative microscopy images where 4T1 cancer cells are in green and M® and MB-
M® in pink. Scale bar 50 um. (e) Quantitative analysis of number of migrated M® and
MB- M® in presence and absence of 4T1 cells. No significant differences were observed
in migratory capability of macrophages when labeled with MB Thus indicative of labeling
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not affecting innate functionality. P values were determined by two-way ANOVA, Tukey's
multiple comparisons test. (Prism 9; GraphPad). ****P < 0.0001; n.s. - not significant.

At this juncture, we have established that the MB-M® exhibit high echogenicity and
remain viable under clinically relevant ultrasound exposure conditions. Furthermore, they
preserve their inherent ability to migrate irrespective of the labeling process. In the next

chapter, we will explore whether these MB-M® produce detectable US contrast in vitro.
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CHAPTER 3. IMAGING MB-M® WITH US IN VITRO

3.1 Assess US contrast of MB-M®

We hypothesized that the MB-M® needs to be labeled with at least one MB to
produce contrast and to be detectable with US. Given that our earlier results indicated that
at least 90% of the cells were successfully labeled, we anticipated a robust signal. To test
this hypothesis, we opted to employ compounded B-Mode imaging. B-Mode imaging
which is routinely used in clinics, generates two-dimensional (2D) grayscale images of the
internal structures of the body. The term "B" in B-Mode stands for "brightness.” The
brightness of each pixel in the image corresponds to the intensity or amplitude of the
ultrasound echoes received by the transducer. This received echo is a culmination of both
scattering and reflection phenomena. Implementing spatial compounding, which is
essentially several US images are taken from slightly different angles and then averaged to
form a single image has two distinct advantages over conventional B-Mode. Firstly, spatial
compounding is instrumental in attenuating speckle noise, which is spatially invariant and
is dependent on the angle of incidence. By capturing images from multiple angles and
subsequently averaging them, spatial compounding can reduce this type of noise, further
bolstering the image quality. Secondly, some tissue structures may reflect the US beam
better at certain angles. Thus, taking images from different angles can improve the visibility
of these structures.

In order to assess US contrast, the harvested M® and MB-M® were injected into a
hollow chamber of diameter 1.6 mm in an acoustically transparent phantom made of 12%

gelatin w/v ( APPENDIX B. Tissue mimicking phantom). They were then imaged using
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the L22-14v linear array transducer (Vermon, France) connected to a programmable
ultrasound scanner (Verasonics Vantage). This transducer has an elevational beamwidth of
1.6 mm and hence the total sonicated volume was 3.2 pl. The cells (which were at a notably
high concentration of 10° cells/ ml) were consequently made to flow at a rate of 10 pl /s
such that each frame had a fresh set of cells.

Regarding the imaging strategy, we employed a compounded B-Mode imaging
paradigm with 7 angles between -0.3° and +0.3° and imaged at 18 MHz. (center frequency).
Pulse width of 0.67, 4 half cycles and positive starting polarity were other parameters used
to configure the transmit/ excitation waveform. To maintain consistency with previously
reported viability values and MI window, we sought to convert all the pressures from
Verasonics to MI. The MI was determined using a calibrated hydrophone (Onda,
Sunnyvale, CA, USA) with a reported uncertainty of £10% in the frequency range of the
excitation. The MI exhibited values within the range of 0.08 to 0.9, corresponding to

driving voltages spanning from 3 to 30 volts. These results are presented below in Figure

10.
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Figure 10: Mechanical Index derivation for L22-14V Transducer with Verasonics
Vantage 256.
a) Peak negative pressure in MPa for the input voltages employed (b) Subsequent
Mechanical Index or MI for the input voltages employed.
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On sonicating the M® and MB-M®, it was observed that the MB-M® produced
robust and distinguishable contrast even at a low M1 of 0.08 (Figure 11b). Intriguingly, on
further increasing the MI, even the M® produced strong contrast which could be expected

as the incident pressure, P; is increasing (os « P;; Equation 5)

(a) Verasonics (b)
Vantage

008M]  O0.14MI  021MI  027MI  034MI

)
Mo

dB

MB-M©®

0
Tissue mimicking

phantom

Figure 11: MB-M® has high contrast in vitro with B-Mode at low MI.
(a) Setup to image MB-M® and M® (control) in a tissue mimicking phantom made of
gelatin via ultrasound. (b) Representative ultrasound images of MB-M® and M®

acquired using B-Mode at varying MI showing high contrast of MB-M® at low MI.
Scale bar Imm

3.2 Increasing specificity of MB-M®

Building on the findings from the previous section, where we succeeded in
generating contrast in the MB-M® labeled at lower pressures, it was evident that specificity
declined with increasing pressure. Given that M® labeled with MBs exhibit non-linear

properties, this section of our study aims to leverage this non-linearity. The renowned
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Rayleigh-Plesset equation given below describes the radial oscillations of a MB under an

acoustic field[80].

- Pac (t)l

Where R(t) is the radius of the MB, p, Is the density of the fluid, P, is the vapor

pressure , P, is the hydrostatic pressure. ZR%T is the surface tension and k is the ratio of

specific heats. 4&% is the viscous friction and P, refers to the incident acoustic pressure.

Even for small oscillations, where R = R, + x; such that Ri &« 1, it can be
0

demonstrated that nonlinear terms like xx, %2, xx are present.
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The generation of these nonlinearities fundamentally stems from the fact that, in
the most basic scenario, MBs can only compress to a certain limit, whereas their expansion
is not inherently capped and can theoretically be infinite. An alternative perspective is that
since the density of the gas within the microbubble increases during compression and
decreases during expansion, this causes the motion of the bubble wall to be asymmetric in
response to incident pressure. This notable observation paved the way for the development
of harmonic imaging techniques [81], [82]. Figure 12 adapted from Morgan et al
demonstrates this nonlinear oscillation of a 2.6 um MB that could potentially be detected
by transducers and separated from linear components like tissues [83]. Additionally, the
study highlighted that the polarity of the transmitted pulse plays a role in the MB's
behavior: a positive polarity causes the microbubble to contract, whereas a negative
polarity leads to its expansion. This results in distinct frequency signatures depending on

the polarity of the pulse as shown in Figure 12b.
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Figure 12:MBs can produce distinct non linear oscillations that are separable from
linear components.

(a) A diameter-time streak image of a MB oscillating with a peak negative pressure of 360
kPa under 2.25 MHz pulse. The transmitted 7 cycle pulse is overlaid in white at the bottom
and predicted radius is overlaid in grey. (b) comparison of the received echoes from
bubbles of four varying sizes. The top trace represents a transmitted pulse pair (180° and
0° pulses) that are separated by 4 us and have a peak negative pressure of 650 kPa. The
second trace displays the echo received from a bubble with a radius of 0.7 um, resulting
from the transmission of this pair of pulses. The third trace shows the echo received from
a 1.3-um bubble, the fourth trace represents the echo from a 1.8-um bubble, and the fifth
trace captures the echo from a 2.6-um bubble. It's notable that bubbles with different radii
exhibit distinct received waveforms. Additionally, altering the pressure can yield
comparable variations in the received echoes. Images adapted from Morgan et al [83].
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It is important at this point to distinguish between orders of scattering and
harmonics. First order scattering produces an amplitude scaled an amplitude scaled version
of the incident pulse, hence it contains only the fundamental frequency (this is what linear
scattered usually produce). Higher order scattering that gets more pronounced with
increasing pressure introduces harmonics of the fundamental frequency. This concept is
explained very well in the figure adapted from T.A Whittingham below[84]. Second order
echo scattering (eg: sin?(wt)) has none of the fundamental frequency but a component
that is twice the fundamental frequency which shows up as a second harmonic in the
frequency domain and a constant. In a similar manner, Third order scattering has a
component that is both thrice the fundamental frequency and a component that is at the
fundamental. This existence of fundamental for a third order scattering is the basis of the
nonlinear detection method called Amplitude modulation or AM. This “nonlinear”
fundamental is different from the fundamental produced due to linear scattering or first
order scattering and only exist when nonlinear scattering takes place. It can also be seen in
the same figure, how e2, is not sensitive to the polarity of the pulse. Hence when pulses of
inverse polarities are transmitted, the sum of the received echoes effectively cancels out
the fundamental frequency and odd harmonics. In contrast, the amplitude of the second
harmonic and other even harmonics is doubled. This is another method to distinguish
between non linear and linear scatterers and is the basis of the non linear imaging method

called Pulse Inversion or PI.
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Figure 13: Orders of scattering versus harmonics

(@) Relationship between incident waveform (I) and scattered echo waveform (E) for a
nonlinear scatterer. Curve S can be considered as the sum of the different orders of
scattering produced (s1,52,s3) and (el,e2,e3) are the respective echoes produced due to
scattering. E can be considered as the sum of el,e2 and e3 . sl is first order scattering and
hence el is a scaled version of I. s2 is second order and is represented by a quadratic
relationship; e2 therefore has twice the frequency and some scaling factor but most
importantly no fundamental. Similarly, s3 is a cubic relationship had has both thrice the
frequency and the fundamental in e3. This fundamental in e3 is different from the
fundamental in el. (b) Breakdown of e3 showing it is the sum of a component that is at
the fundamental frequency and a third harmonic component.

There are hence two ways to detect MB signatures, AM and PI, each possessing

distinct advantages as outlined in the literature [84]. PI, due to its ability to cancel the
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fundamental frequency, has more specificity [85]. AM, on the contrary, has higher
sensitivity due to preservation of some of the odd harmonics [86]. A combination of the
two techniques, using three pulses (one full amplitude positive polarity and two half
amplitude negative polarity), thus allows for increased contrast [86]-[89]. This technique
will be referred to as Amplitude Modulation Pulse Inversion or AMPI and an illustration
of this technique is given below in Figure 14. We will hence employ AMPI with the aim

to enhance specificity.
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Figure 14: An illustration of the Amplitude Modulation Pulse Inversion (AMPI)
technique.

Three pulses are transmitted — One of full amplitude and positive polarity and two of half
amplitude and negative polarity. The received echoes from these transmissions are depicted
here for a linear versus nonlinear scattered. A and C are half amplitude negative polarity
pulses and B is a full amplitude, positive polarity pulse. In AMPI, the summation (A+B+C)
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is displayed. Observe how for pulses A and C, the received echoes are higher for a
nonlinear scatterer than that for a linear scatterer. AMPI, thus, has the advantage of
receiving at fundamental yet being very specific to residue signal from MBs.

Using the same L22-14V transducer and Mechanical Index (M) range as in earlier
experiments, our goal was to image the M® and MB-M® within the tissue-mimicking
phantom. We kept the same flow rate and concentration as before. We adjusted the
sonication frequency from 18 MHz in B-Mode to 15.625 MHz in AMPI, a change
necessitated by the hardware constraints of the VVerasonics system which has a 62.5 MHz
cap on the sampling rate (though it's worth noting there are methods to circumvent this via
interleaving acquisitions, which we have not delved into in this thesis). Another default is
that the signal be sampled at least 4 times the center frequency. Accurate sampling is
critical for nonlinear imaging because it ensures that the signals are represented properly
without loss of information, especially when dealing with high-frequency components like
harmonics. With the default sampling rate and 4x requirements, the maximum center

frequency usable is 15.625 MHz.

Consistent with our hypothesis, we successfully attained remarkable specificity
using AMPI across all Mls tested, as depicted in Figure 15a. All acquired ultrasound
images were subjected to log compression and displayed within a range of 0 to 50 dB to
ensure uniformity and facilitate visual comparison. The reference image used were M® at
0.08 MI. The intensities of the images were determined using a circular region of interest
(ROI) implemented in MATLAB. This approach was adopted to exclude the interface
between the phantom and chamber, where there is an impedance mismatch that could

introduce artifacts or distort the intensity measurements. The mean intensity values were
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then calculated for three different sets of M® and MB-M®. Upon evaluating the signal
intensities in Figure 15b, it was observed that AMPI generally exhibited elevated intensity
levels relative to B-Mode for most of the Mls. However, at an MI of 0.08, the intensities
were similar between the two modes. Notably, within the same plot, the intensity associated
with M® is markedly low. This observation is particularly significant when interpreting
Figure 15c, which highlights the enhanced contrast achieved for the MB-M® when
employing AMPI. On the other hand, the contrast for MB-M® reduces with increasing MI
when imaging with B-Mode. This data suggests that in the clinic where B-Mode is more
readily available, it might be imperative to optimize the MI. In the context of our study,
lower MIs, specifically 0.08 and 0.14, yield adequate and distinguishable contrast. Overall,
this data supports the efficacy of AMPI in providing superior contrast in detecting MB-

Mo.
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Figure 15: MB-M® has high specific contrast in vitro with AMPI

(a) Representative AMPI images of MB-M® and M® acquired using B-Mode at varying
MI. Scale bar 1 mm. AMPI had a specific, high contrast for all Mls tested. (b)
Quantification of the mean signal intensities observed in both B-Mode and AMPI at
different Mls, indicating a pronounced intensity for the MB-M® with AMPI. It is
particularly noteworthy that there is a consistently low intensity for the M® across all Mls.
(c) Quantification of the contrast-to-background ratio of MB-M® using both methods at
varying pressure levels, where the background is defined as the M® signal in both methods.
Due to the observed low intensity of M® in AMPI, there is a notable increase in contrast.
On the other hand, since the intensity for B-Mode increase with increasing intensity, the
contrast reduces with increasing Ml.
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3.3 Persistence of contrast of MB-M®

While we were able to show robust contrast of MB-M® with AMPI and B-Mode (at
lower pressures), it is imperative to evaluate the persistence of this contrast, as sustained
contrast is essential for the longitudinal tracking of MB-M®. To this end, we administered
a concentration of 10° cells/ml into a gelatin phantom, identical to the one employed in
preceding experiments. Subsequently, two discrete Mechanical Indices (Mls), 0.08 and
0.14, were utilized, based on prior observations which indicated that they rendered
distinguishable contrast in B-Mode imaging. We then observed a control volume without
any flow for 1000 frames. Here since time is critical, we also ensured to equalize the time
it takes for the entire sequence with B-Mode and AMPI considering their different

acquisitions by adjusting the time in between frames.

Over the span of 1000 frames, B-Mode exhibited a consistent intensity as shown in
Figure 16. In contrast, AMPI, displayed a decrease in contrast, which could be seen as
both a function of the escalating M1 and the increasing number of frames, as illustrated in

Figure 16 a and c. This also gave more ground to sticking to these low MIs when imaging.

In summary, our investigation indicated persistence in contrast with B-Mode.
While additional work is needed to clarify why AMPI leads to a decrease in persistence of
the contrast, our data demonstrated how the selection of imaging sequence may be
contingent upon the application. B-Mode, with its persistent contrast over time, may be a
more conducive choice for longitudinal tracking. AMPI, due to its higher specificity, may

be more favorable in scenarios characterized by high background signals.
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Figure 16: MB-M® has high persistency with B-Mode
(@) Intensity Quantification of signal across Mls 0.08 and 0.14 for B-Mode and AMPI,

spanning frames 1 through 1000. (b) Representative B-Mode images captured at the initial
frame, the 500th frame, and the 1000th frame, utilizing Mls of 0.08 and 0.14, providing a
visualization of the consistent intensity over time. (c) Representative AMPI images at three
critical time points: frame 1, frame 500, and frame 1000, utilizing Mls of 0.08 and 0.14,
illustrating decrease in contrast with increasing M1 and frames (exposure to US). Scale bar
Imm

3.4 Determine the detection limit of MB-M® in vitro

At this juncture, we have determined the MI (MI1=0.14) that lead to the best imaging
performance for both B-Mode and AMPI. Next, we will assess the detection limit to

determine the sensitivity of our system.

To evaluate the detection limit, we imaged a progressively reducing concentration,
from 10° to 10 cells/ml . It should be noted that, in our previous studies, we established

that a concentration of 106 cells/ml yields robust contrast, hence serving as a good starting
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point. The cell suspensions with varying concentrations were then injected into a tissue-
mimicking phantom, similar to the one utilized before and imaged with both B-Mode and

AMPI.

Consistent with previous results, 10° cells/ml produced a lot of bright echoes,
showing the repeatability and reliability of this experiment. In the intermediate
concentration range of 10° to 102 cells/ml, B-Mode imaging displayed a higher number
of bright echoes compared to AMPI which could be attributed to contributions from
unlabeled M®s. Since the concentration for this experiment was assessed using an
automatic cell counter (EVE™ Automated Cell Counter, NanoEnTek), there may be a

possibility of injecting cells that are not labeled with MBs.

Finally, at the lowest concentration of 10 cells/ml, approximately 1-2 discernible
spots were observed in both methods. With this phantom and the L22-14v transducer, the
insonified volume is 3.2 ul. Given the random nature of cell distribution, there may be at
most 10 frames where only 1 cell occupies the 3.2 pl volume, and those frames are
represented in Figure 17. On plotting the point spread function (PSF) of the discernible
spot, a full width half max of approximately 98 um was obtained. This is the system's
lateral resolution when operating at 15.625 MHz. With B-Mode, the lateral resolution was
found to be 96 um from the plot. This is slightly greater than the system's operational

resolution at the same frequency, which is 86 pm.
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Figure 17 : High Sensitivity Detection with MB-M® and US in vitro.
(a)Representative B-Mode and AMPI images of different concentrations ranging between

105 MB-M®/ml to 10 MB-M®/ml. Both imaging techniques successfully discerned
concentrations as low as 10 MB-M®/ml, highlighting their potential in applications
necessitating high sensitivity, such as early cancer detection and the identification of micro
metastases. Scale bar 1mm. (b) Lateral and axial resolution PSF of spot in B-Mode. (c)
Lateral and axial PSF of spot in AMPI

In conclusion, the plotted PSF lends additional support to the possibility that US
might be sensitive enough to detect a single cell. In summary, this experiment provides

valuable insights into the sensitivity and detection limits of B-Mode and AMPI imaging
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techniques in the context of cellular imaging. The ability to detect cellular concentrations
down to 10 cells/ml holds promise for applications in which high sensitivity is important,
such as in the early detection of cancer. A future work here could be quantifying the
specificity and accuracy of both techniques, particularly at lower cell concentrations, to
distinguish true signals from potential false positives. Our next step will involve
assessing the performance of these imaging techniques in in vivo models which will be

essential for their clinical translatability.
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CHAPTER 4. IMAGING MB-M® WITH US IN VIVO

After identifying the US exposure conditions (M1=0.14), pulse sequences (B-mode and
AMPI) capable of imaging MB-M® and determining their detection limit in vitro, we
sought to test their imaging performance in vivo. To be able to relate the US image contrast
with the number of cells present in the field of view we will directly infuse M® and MB-

M® in 4T1 murine breast cancer grown in the flank.

Apart from offering the advantage of monitoring the cell count within the field of view,
analyzing these cells' interactions within the tumor microenvironment can offer invaluable
insights. These benefits extend beyond the basic ones such as confirming the dosage and
location of delivery. For instance, a groundbreaking revelation was made when researchers
demonstrated that T cells administered intrapleurally exhibited the ability to infiltrate,
circulate, and persist at doses significantly lower than those typically employed in
intravenous injections[97]. This discovery has thus opened new avenues in the ever-
evolving field of cell therapies. Many current immunotherapies including Car-Macrophage
based therapies have employed regional or intratumoral delivery[92], [93]. Studies indicate
that these methods are well-tolerated by patients and may enhance the efficacy of the

therapy [94]-[96].

While our ultimate goal remains systemic delivery, the understanding that tracking
even intratumorally administered cells can provide significant benefits to current therapies

is encouraging. This chapter aims to explore these aspects in greater depth.
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4.1 Assess contrast of MB-M® in vivo

As we alluded to, macrophages need to have at least one MB in combination with
US to distinguish them from cancer cells. To assess this, we used female Balb/C mice (The
Jackson Laboratory) under protocols approved by the Institutional Animal Care and Use
Committee at the Georgia Institute of Technology. To create a breast tumor model, we
injected 10° 4T1 cells subcutaneously into the posterior upper flanks of each mouse. 2 key
decisions were made here: we selected the 4T1 tumor model as it is syngeneic to the
RAW264.7 macrophage and displays high RAW264.7 macrophage infiltration [24].
Second, we opted for the upper flank to mitigate motion artifacts, particularly those that
arise from respiration as this area can be taped down. The tumors were allowed to grow
until they attained a diameter of at least 1.5 mm which typically occurred within a three-

week timeframe post-inoculation.

At the time of the experiment, mice were maintained under 1.5% isoflurane
anesthesia for the duration of the experiment on a temperature-controlled heat pad to
maintain body temperature. The hair on the tumor was then removed via depilatory cream
(Nair). This is necessary during US imaging for robust ultrasound coupling between
transducer and skin. For US waves to penetrate into the tissue efficiently, it is essential to
have good contact between the transducer and the skin. Hair can create air gaps, which are
detrimental since ultrasound waves do not travel well through air. Following hair removal,

a 25-G needle was inserted into the tumor which was connected to a syringe pump.

For imaging, we used the L22-14v transducer, consistent with previous experiments,

which was connected to a Verasonics Vantage programmable ultrasound scanner. The
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imaging plane was carefully aligned with the plane wherein the needle exhibited maximal
intensity. MO/MB-M® were infused into the tumor at a rate of 100 pl/min over a duration
of 2 minutes, with a concentration of 5 x 10° cells/ml. Figure below is a visual
representation of the experimental setup accompanied by a depiction of the underlying

hypothesis.

Received
echoes from
microbubble

Figure 18: Experimental setup to assess the contrast of MB-M® in tumors via
intratumoral injection.
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We captured B-Mode images both before and after the infusion of M® and (MB-
M® at the image plane where the needle intensity was at its peak, in order to monitor cell
flow. We then created a maximum intensity projection from all the frames (~500 frames)
encompassing the infusion period while removing background signal and it is presented in
Figure 19. We then took an ROl within the tumor while avoiding the needle as shown in
the quantification ROI in Figure 19a. We calculated mean intensity in dB. Histological
examination confirmed the delivery of M® (Figure 19c, left) but there was no significant
change in contrast before and after injection when the cells were not labeled with MBs
(p=0.3468, n=3, Figure 19 a-b). However, when MB-M® were injected, a marked change
in intensity was observed. These results thus underscore the importance of labeling MB-

M® with MBs to distinguish them from surrounding cancer tissue.
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Figure 19 : M® produce high contrast when labeled with MB in vivo

(a) Maximum Intensity projections of in vivo B-Mode images of M® and MB-M® at the
plane where the needle intensity was maximum for starting frame (before Injection) and
last frame (after Injection). Arrows in before injection image point to the needle tip. Scale
bar 2 mm b) Mean intensity calculated within ROI before and after injection of M® and
MB-M® was assessed. While there was no significant change in intensity for the control
(M® alone), a marked increase in intensity was observed when M® were labeled with MBs

(MB-M®). c) Histological validation of delivery of M® and MB-M® (pink) to the tumor
(green).
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4.2 Persistence of contrast of MB-M® in vivo

A crucial element of this study involves determining the duration for which MB-M®
can sustain contrast in vivo. This information is vital as it dictates the feasibility of
longitudinally tracking cells over an extended period. To this end, we administered MB-
M intratumorally and imaged with B-Mode and AMPI. We specifically imaged at three
time points- prior to the administration of MB-M® to establish a baseline, immediately
subsequent to the injection to assess initial contrast, and at a later stage, specifically four
hours post-injection, to evaluate the sustainability of contrast over time. We chose 4 hours,
since we expected to see signal for this time window at least according to our results in

Figure 2.

Given the importance of maintaining the longevity of injected MB-M® for the
integrity of this study, we performed lymphodepletion. This well-established method
essentially removes regulatory cells that may suppress the activity of the injected cells by
attacking and killing them [96]. Specifically, a combination of cyclophosphamide (4 mg
per mouse) and fludarabine (1 mg per mouse) was administered via intraperitoneal
injection (i.p.) 18-20 hours before the introduction of macrophages and MB-macrophages.
Cyclophosphamide (Cayman Chemicals, NDC 10019-955-01) was resuspended in sterile
saline at 40 mg/ml immediately prior to use, and 4 mg per mouse was administered i.p.
Fludarabine phosphate (Cayman Chemicals, NDC 25021-242-02, 25 mg/ml) was stored at

4°C, and 1 mg per mouse was administered Intraperitoneally.
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Consistent with previous results, we were able to see contrast right after injection
in the tumor with both imaging methods. More remarkably, even at the four-hour mark,
there was a noticeable persistence of strong echoes, indicative of sustained contrast. We
took an ROI within the tumor and calculated intensities and presented the findings in Figure

20 b-c.

While a robust signal is visually apparent, there is an observable decrease in overall
contrast. We hypothesize two potential explanations for this phenomenon. First, the MB-
M® may have either exocytosed the MB or digested the MB, inline with our in vitro
findings (Figure 2). The second proposition draws from studies indicating that T-cells
injected regionally have the capacity to interact with cells, circulate and persist[90], [97]
and similarly the MB-M® may have also left the injection site. While additional work is
needed to investigate if the contrast reduction can be attributed to either MB loss or cellular
interactions and consequent spread, the data demonstrates that the signal persists for at least

4 hours.
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Figure 20: Persistence of contrast in vivo.

Representative B-Mode and AMPI images of MB-M® delivered intratumorally at three
critical time points - before injection, immediately after injection, and 4 hours post-
injection. The signal right after injection, at 0 hours, is consistent with previous results. At
4 hours, persistence of the contrast is still visible. Thus, underscoring a potential for
longitudinal tracking of MB-M® in tumors. Scale bar 2 mm. (b) Quantification of intensity
at the three time points for persistence of signal with B-Mode within the tumor (c)
Quantification of intensity at the three time points for persistence of signal with AMPI
within the tumor



4.3 Determine detection limit of MB-M® in vivo

We next sought to determine the lowest concentration of MB-M® detection limit in
vivo that could be detected in vivo. Here, like our in vitro experiment, we varied the
concentration from 10> — 10 cells/ml. Since we already established that 10° cells
produced robust contrast, we determined 10° cells/ml to be an appropriate starting point

and varied the concentration to 10 cells/ml.

While maintaining the same setup as previous experiments with only concentration
changing, we imaged with both B-Mode and AMPI. It was demonstrated that
concentrations as low as 10 cells/ml could be readily detected in vivo with both methods
as shown in Figure 21. Considering we inject 200 pl, this could theoretically allow for a
~2 cells to be administered into the tumor. This is a significant finding as it suggests that
even a small number of MB-M® could be possibly tracked with high sensitivity, allowing

for assessing and evaluating their behavior in vivo.

56



-
&

Before

TP 104 103 102 10

<
(b) =

Figure 21: Detection limit of MB-M® in vivo.

Concentration of MB-M® was varied between 10°> — 10 cells/ml. We were able to
visualize as low as 10 cells/ml indicative of the high sensitivity of these MB-M® in vivo.
Reference images were taken before each injection and needle placement, in both
imaging modes- B-Mode and AMPI. These reference images are displayed in the top
panel of both (a) and (b). White box in the ‘after’ images in both imaging modes
highlights the region with the cells and the area zoomed into (a) Representative B-Mode
images of the varying concentrations. (b) Representative AMPI images of the varying
concentrations. Scale bar 2 mm.
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4.4  Assess image guided delivery capability of MB-M®

As highlighted earlier, numerous clinical trials involving cell therapies employ the
intratumoral injection of macrophages in vivo[95]. Nevertheless, for these therapies to be
successful, it is crucial to confirm the accuracy of both the injection location and dosage to
facilitate efficacious treatment and expedite clinical transition. The significance of

employing a precise injection technique to avoid backflow has been well documented[100],
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[101]. It is worth noting that backflow may be influenced by various factors including
tissue pressure - which is typically elevated in tumors compared to surrounding
tissues[102] - and the angle of the needle, among others. Taking these factors into account,
we conducted an investigative experiment where we kept all other experimental parameters
consistent (concentration, flow rate, needle gauge, tumor size) with the exception of the
angle of injection, which was adjusted to a more horizontal position, thereby increasing the
likelihood of backflow. Remarkably, this adjustment allowed us to visually observe the
backflow of the MB-M® as shown in Figure 22. It is also noteworthy that this observation
was made using B-Mode imaging, implying that the process does not necessitate any
specialized algorithms, thus enhancing its translatability. Although we did not perform
histological analysis to evaluate the residual MB-M® within the tumor, we observed a
substantial number of MB-M® exiting the tumor. In both diagnosis and other cell therapies,
where dosage precision is of the utmost importance and regulatory mandates constrain the
quantity of cells, ensuring the delivery of the intended dose is vital for efficacy and

subsequent clinical translation.
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Figure 22: Investigation of MB-M® capability of image guided injections.

B-Mode frames showing MB-M® leaving the injection site. The ability to visualize and validate
delivery of cell therapies is critical for their efficacy and subsequent translation. MB Labeling could
be a potential gateway to visualize and track next generation cell therapies.
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CHAPTER 5. IMAGE TRAFFICKING OF MB-M® TO BREAST

CANCER

5.1 Assess tumor homing capability of MB-M®

In the previous chapter, we briefly discussed the remarkable ability of macrophages to
not only target tumors but also penetrate them. In this chapter, we will evaluate the aptitude
of the highly sensitive and echogenic MB-M® to migrate toward tumors upon systemic
administration through tail vein injections. The underlying hypothesis and an illustration

of this experiment are provided in Figure 23.

Figure 23: Experimental setup to assess tumor homing capability of MB-M®
in vivo.
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Because this is a systemic delivery, we had to increase the dose from the 10° cells/ml
to 107 cells/ml. This increased dose is required because when cells are injected
systemically, they are distributed throughout the entire circulatory system and

consequently to numerous organs and tissues [101].

Our primary goal with this work is to build a diagnostic tool through these MB-M®.
Macrophages can not only home towards tumors but also accumulate in them in proportion
to the severity of the tumor [11]. The homing process and subsequent accumulation
encompasses sensing the chemotactic gradient, adhesion to the endothelial lining of blood
vessels near the tumor, extravasation (exit from the bloodstream), and migration through
the tissue toward the tumor mass. This process can be on the order of hours and studies
have shown that between 4-24 hours, significant signal is observed in tumor, liver and
spleen [79], [102]. Hence in our study, we will employ the 4 hour time point. We also
incorporated an 8 hour time point in this study to see if there is an increased accumulation.

Our data from Figure 2 shows that there is sufficient labeling at this point.

We started with the same mouse model, BALB/c with an orthotopic 4T1 tumor. We
also did lymphodepletion as before which is especially critical since this is a systemic
injection. We injected the increased dosage and imaging with B-Mode and AMPI before
and right after injection. We did not observe any signal immediately post injection within
the tumor as some studies have reported [48]. Remarkably, in both AMPI and B-Mode, we
saw a significant increase in intensity in the tumor at the 4 hour time point as shown in
Figure 24 that plateaued thereafter demonstrating the ability of both linear and nonlinear

US imaging to monitor macrophage flux and accumulation in solid tumors. We sacrificed

61



the animal at this point without perfusion such that we can assess density of MB-M®,

particularly in the vessels and check for extravasation.
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Figure 24 : MB-M® home towards tumors in vivo

(a) B-Mode and AMPI images of the tumor before injection, right after injection, 4 hours
and 8 hours post injection. Signal within tumor is observed at 4 hours suggesting it takes
several hours for MB-M® to reach tumors. Scale bar 2mm
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5.2 Validation via immunofluorescence

In order to confirm if the observed signal in the previous section was from MB-M®,
we harvested and sectioned the tumor according to the protocol detailed in APPENDIX C.
Freezing and staining tissue . The tumor was sectioned into 20 um thick slices. These slices
were then subjected to staining for CD31, a protein also known as Platelet Endothelial Cell
Adhesion Molecule-1 (PECAM-1). This protein, predominantly found on endothelial cells’
surfaces, serves as an effective marker for blood vessels. Additionally, to visualize the

cellular nuclei, the cells were stained with DAPI.

Upon imaging these sections using fluorescent microscopy, we were able to validate
our hypothesis. The results affirmed that the US signals observed were indeed due to MB-
M®s. Moreover, the results also provided compelling evidence that MB-M®s have the
ability to extravasate from the vessels and infiltrate the tumor microenvironment (TME),
underscoring their potential in diagnosing tumors. These are exciting results because most
other US contrast agents even if functionalized to tumors cannot extravasate due to their
size thus now giving us a potential avenue to image the trafficking and interactions of

contrast agents with cancer via US.
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MB-M® VESSELS DAP] MERGE

MB-M® /CD31/ DAPI / 4T1

Figure 25 : Fluorescent images showing MB-M® accumulation and extravasation in
the tumor 8 hours post intravenous administration.

Green signal is from tumor. Blue signal is from DAPI-labeled cells (nuclei). Brown
signal is from CD31 (vessels) and pink signal is from injected MB-M®. Scale bar 10um

5.3 Validation via Flow cytometry

To provide more quantitative assessment of the MB-M® we harvested the tumors as
well as the spleen and liver and using flow cytometry we found that the tumor samples had
the highest MB-M® to leukocyte ratio (30.6 £ 2.7 %) as compared to spleen (9.2 £ 0.6 %)
and liver samples (4.8 + 0.4 %). However, the tumor samples had the lowest viability with
only 12.2 + 1.4 % of live MB-M®, while the spleen and liver samples had viabilities of
87.5+1.2% and 74.0 £ 1.4 % of live MB-M®, respectively suggesting that the repeated
US imaging might have negatively impacted the viability of the MB-M®s that accumulated

in the TME.

In a final interesting observation, we found that MB-M® originating from the

disassociated tissue were still retaining the microbubbles (as depicted in Figure 26 c). This
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not only served as a confirmation of the ultrasound signals in the tumors being produced
by MB-M®s, but also provided compelling evidence supporting the robustness and

reliability of our proposed labeling approach.

Taken together with the insights from previous sections, these data demonstrate the
ability of the MB-M® to travel through the vasculature, sense the tumor and penetrate the
TME and provided evidence that this process can be tracked and quantified in real time
with US. This understanding also opens up the prospect of considering MB-M®s as smart
contrast agents, given their ability to overcome the limitations of conventional ultrasound
contrast agents, such as restricted circulation time (in minutes) and the inability to

extravasate, therefore offering only vascular information [56].
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Figure 26: Validation via Flow cytometry

(a) Percentage of MB-M® to total leukocyte enriched cell population in Liver, spleen and
tumor. (b) Viability of the MB-M® and total leukocyte enriched cell population in the
liver, spleen, and tumor. (c) Microscopy images showing that M®s (pink) retain the MBs
(indicated by black arrows in brightfield) for at least up to 8 hours. Scale bar 10um. (d)
Representative plots obtained from flow cytometry for tumor, liver and spleen. P values
were determined by one-way ANOVA, Tukey's multiple comparisons test (Prism 9;
GraphPad). ****P<(0.00001, ns- not significant.
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CHAPTER 6. CONCLUSIONS, LIMITATIONS AND FUTURE

WORK

6.1 Conclusions

In this study, we developed a robust technique for labeling macrophages with
microbubbles, creating what we term MB-M®, without compromising on their migratory
capabilities. Remarkably, MB-M® showed high echogenicity and maintained cell viability
under an M1 of less than 0.34, which is much lower than clinical limits. Using US imaging,
we saw that MB-M® produced significant contrast and had an in vitro detection threshold
as low as 10 cells/ml. Moreover, in an in vivo setting, MB-M® not only maintained high
contrast for at least 4 hours post intratumoral injection but also demonstrated the ability to
visualize concentrations as low as 10 cells/ml. Most impressively, we found that MB-M®
could successfully home to and extravasate into tumors when administered through
intravenous injection. Collectively, our data support the idea that echogenic macrophages
could be used to track macrophage trafficking with high sensitivity, thus potentially serving

as a viable and functional US imaging contrast agent.

6.2 Limitations

In the pursuit of scientific rigor, it is imperative to acknowledge the constraints and
limitations inherent in any study. This section aims to address the various limitations that
were encountered during this study. While every effort was made to ensure the validity and
reliability of the research findings, it is important to recognize that these limitations may

have an impact on the generalizability, applicability, or interpretation of the results. The
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following subsections will detail each limitation and, where applicable, discuss how they

might be addressed in future research.

6.2.1 Usage of non clinical frequencies

In our research investigations, we employed frequencies ranging from 15.625 to 18
MHz, which are higher than those typically utilized in clinical settings. Despite this
disparity, our primary focus was on the scattering cross section and subsequent scattered
power and we found that there was minimal variation observed in this specific parameter
as shown in Table 3. Therefore, despite the disparity in frequency, our study's results and
conclusions regarding the applicability of MB-M® as a viable US imaging contrast agent
is still relevant. At lower frequencies which includes clinical frequencies and resonant

frequency, the scattering should be much higher and hence produce better contrast. .

6.2.2 Lack of comparison to MB only in vivo

It is widely acknowledged that MBs in their basic form, do not possess inherent
functionality and exhibit a limited lifespan due to their fast clearance when used as
standalone contrast agents[103]. Therefore, in our study, we did not directly compare the
performance of MBs to MB-M® in an in vivo setting. Conversely, phagocytosis could
potentially decrease the effective scattering cross-section by damping the oscillation of the

MB [104]

Hence this relationship between damping and scattering cross section for MB-M®

needs to be explored further. This analysis can provide valuable insights into the behaviour
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and characteristics of MBs when localized within cells, as opposed to their unbound state

in the bloodstream.

6.2.3 Usage of RAW 264.7 instead of bone marrow derived macrophages

In our preliminary investigation, we employed the RAW 264.7 cell line, which is a
macrophage like cell line [108]. While this cell line offers various advantages such as ease
of culture, cost-effectiveness, and consistency, it is important to acknowledge its
limitations. One of the drawbacks of using RAW 264.7 cells is that they may not fully
capture the characteristics of bone marrow-derived macrophages/monocytes (BMDMs)

[109].

BMDMs are primary cells extracted directly from the bone marrow and may
possess distinct phagocytic or labelling capabilities and trafficking behaviours compared
to the RAW 264.7 macrophage-like cell line. Moreover, harvesting BMDMs from
syngeneic mice can also alleviate potential safety concerns and pave the way for
translation[110]. Therefore, while RAW 264.7 cells can be beneficial for initial screenings
and investigations, BMDMSs might be more appropriate for comprehensive studies that
require a closer representation of in vivo macrophage biology. Hence, repeating the study
with BMDMs will address this limitation and may also draw new insights into BMDM vs

RAW 264.7 macrophages, that could serve as an invaluable for other researchers.

6.2.4 Limited understanding of macrophage phenotypes

It is well established that Macrophages have excellent plasticity in response to

different environmental cues and can express different phenotypes which can produce
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various cytokines[111], [112]. The phenotypes can range between the two extremes - pro-
inflammatory and classically activated (M1) macrophages and anti-inflammatory
alternatively activated (M2) macrophages[113]. This activation occurs in response to
environmental cues[114]. Exposure to bacterial components like lipopolysaccharide (LPS),
specific Toll-like receptor (TLR) activators, and the Thl cytokine interferon-gamma
(IFNy) drives macrophages towards the M1 activation state. M1 macrophages are involved
in phagocytosis and the eradication of microbes, the elimination of tumor cells, antigen
presentation to T cells to stimulate adaptive immunity, and the secretion of pro-
inflammatory cytokines in abundance[115]. Conversely, the presence of Th2 and tumor-
associated cytokines such as IL-4, 1L-10, IL-13, transforming growth factor-beta (TGF-
beta), or prostaglandin E2 (PGE?2) fosters M2 macrophage polarization. M2 macrophages,
once activated, contribute to tissue repair, angiogenesis, and the clearance of debris[116].
In this study, we have several processes including labeling, harvesting, injecting, and
imaging (involving ultrasound exposure), and it may be critical to assess whether any of
these processes induce a shift in the macrophage's state that could potentially impact the
efficacy of the respective stages. In this study, we have several processes including
labeling, harvesting, injecting, and imaging (involving ultrasound exposure), and it may be
critical to assess whether any of these processes induce a shift in the macrophage's state
that could potentially impact the efficacy of the respective stages. Therefore, incorporating
a characterization at every stage could help mitigate this limitation. As the macrophages in
different states exhibit distinct surface markers - with M1 macrophages predominantly

expressing CD80 and CD86, and M2 macrophages characteristically displaying CD163,
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CD206 (mannose receptor), and CD204 - flow cytometry can be employed to evaluate their

polarization[117].

6.3 Future work

6.3.1 Assess ability of MB-M® to detect micro metastasis and response to treatment.

It is well established that accumulation of macrophages is directly proportional to
the severity of the tumour[11]. Moreover, it has also been shown that the presence of micro
metastases, which often go undetected, can lead to the ineffectiveness of initial
treatments[118] . A potential avenue for future research could involve examining the
correlation between the accumulation of MB-M® in tumours of different sizes to aid in
their detection. In particular to the desire to assess response to treatment, sensitivity to
decreasing accumulation could be assessed. Work along the same lines using engineered
macrophages were able to detect tumour volumes of 25-50 mm3 using PET[119].
However, with US, we have the additional capability of getting more spatial resolution,
which is lacking with PET [15] and potential to do more frequent imaging (due to its non

ionizing nature) to really establish this as a diagnostic tool.

6.3.2 Imaging MB-M® trafficking at single cell resolution.

Effective imaging of macrophage trafficking is ultimately dependent on our ability
to track individual cells as they interact with the host, including crawling and adherence to
the endothelial cells followed by infiltration and transmigration into the tissue. However,
to resolve this coordinated biological process in deep seated organs, challenges in imaging
of macrophage trafficking at a single-cell resolution must be overcome. In the future, we

will establish a super resolution framework for imaging MB-M® trafficking at single-cell
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resolution. It was recently shown that by employing concepts originally developed in
optical microscopy [120] to ultrasound in combination with microbubbles tradeoffs
between resolution and penetration depth can be alleviated [121], [122]. Based on these
methods, microbubbles that act as (moving) sono-activatable sources are localized one by
one with a precision far beyond the diffraction limit by localizing the signal from each
microbubble in each frame (for example, by picking centroid of each diffracted
microbubble signal[123] ). Superimposing all the localized points to form density maps of
USCA positions allows to resolve the microvascular “fingerprint” of organs with
subwavelength resolution [124]. Resolution below 30 pm has been consistently reported
across several studies in healthy and diseased rodents using research or clinical ultrasound
scanners [123]. In most cases, the reported resolution (10-40 pm) is an order of magnitude
below the diffraction limit [125]. Moreover, by tracking the same bubble as it flows
through the vessel in consecutive frames the microvascular flow velocity can be
determined (u=dx/dt). Termed super resolution ultrasound (SR-US) due to extended signal
and image post-processing, this technique, which has a theoretically-achievable resolution
on the order of a few microns for clinical ultrasound frequencies [123]. As a result, this
approach opens up the potential to image the trafficking of MB-M®s at a single-cell

resolution.

The first step to achieve this would be to optimize parameters such MB-M®
concentration, admission rate and frame rate which are critical parameters attaining
resolution 10-fold beyond the diffraction limit and accurate velocity estimates. [127]. On
the processing side, we have previously shown how morphological reconstruction

improves micro vessel mapping [128] . This is particularly useful in the case of MB-M®
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as it can alleviate issues that traditional SR-US algorithms where it ignores signals below
some peak threshold. Since tumours are heterogeneous [129], there may be microbubble
labeled macrophages in some vasculature that, may not produce a strong signal due to
higher damping by vessel wall and hence eliminating these signals, might not give us the
complete picture of trafficking (at single cell resolution) we are looking for. Additionally,
conventional SR algorithms typically employ SVD (Singular Value Decomposition)
filtering to exclude tissue signals by filtering out slow-moving objects [127]. However, in
contrast to MBs in blood flow, MB-M® move at a significantly slower pace near tumor
sites as they try to extravasate (<10 um/hour) [130]. Therefore, adopting a non-linear
approach like AMPI, which has already been employed in this thesis, might be instrumental
in circumventing this limitation. For ultrasound frequency of 15.25 MHz (AMPI) and
aperture of 27.3 mm, the lateral resolution, at imaging depth of 10 mm, is approximately
53.2 um using ultrasound imaging. With SR-US imaging, we expect to attain effective
resolution 5-fold below these diffraction limits, resulting in ~ 10 um resolution. These
limits will allow us to image MB-M® trafficking in tumor microenvironment at single-cell
resolution. Additionally, incorporating velocity data may further enhance our ability to

extract more prognostic information.
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APPENDIX A. LINEARIZED BUBBLE THEORY

Starting with the well known Rayleigh Plesset equation

L3, 1 20\ (Rp\** R 20
(ORI R S R

— P (t)l

e R(t) - radius of microbubble
e p, — density of fluid

e P, - Vapor pressure
e P, — Hydrostatic pressure

20 .
¢ —= surface tension
e k — ratio of specific heats; k = 1if isothermal
R . ..
* 4y, — - viscous friction

e P, - Incident acoustic pressure

For small sinusoidal excitation

X
R = R, + x; such that R «1 (12)
0

Equation 11 becomes
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3k

1 (P p 20 )( R, > : X
" Po v 0 Ry +x/\Ry +x ‘uLR0+x
(13)
(P P 20 ) P; (t
v —Po— i ()
Expanding some terms in equation 13;
20 20 i X
R+ Ry RY
(14)
X X (15)
4 ~ 4 —(1—- —
Hi, Ry + x My, Ro( Ro)
( R, >3k 3kx (16)
Ry +x Ry

Inputting Equations 14,15 and 16 in equation 13.

75



NP
R0x+xx+§x

_ 1 P p 20+20x P 3kx+P 3kx
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20X
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In this nonlinear approximation, we need to drop all nonlinear terms (basically, terms that

cannot be separated like xx, X2, xx); hence equation 17 becomes

R i 1 p 3kx 4P 3kx N 203kx 203kx 4 X P, (6)
X=—|- - - — — P
0 o %4 RO 0 RO Rg R(S); U RO i
(18)
Rearranging equation 18
X+4u, —+ 3kx = ———
L R3 R Ropo
(19)
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Equation 19 can now be compared to a linear damped oscillator that takes the form

mX + Yx + sx = forcing function (20)

Where
m = mass,
Y = damping,

s = spring constant

Hence, resonant frequency can be given by;

=22 (21)

~ 2n\m

Notice how the L.H.S of equation 19 is very similar to equation 20. Hence by manipulating

the R.H.S of equation 20, we can show that equation 19 is that of a linear damped oscillator.

Since we need force on R.H.S; let us multiply by 4mR3p, on both sides; hence equation

19 becomes-

AR3po% + 16mRypouL % + (Ro(Py — Py — 20) + 20)12mp kx

= Fac(t) (22)

Comparing equation 22 and 20; we can show that
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_ 1 1(3k(P p 20) 20)
f= 2R, | po ) R

P, = 0 which is typical in biomedical application; and for ¢ = 0 ;

21 becomes;

1 3kP,
~ 2mRy | po

24 is also known as the Minnaert Resonance frequency.
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APPENDIX B. TISSUE MIMICKING PHANTOM

Materials-

1. Gelatin - 12g per 100ml

2. Degassed DI water - 300ml

3. Stir bars

4. Beaker (500ml capacity)

5. Hot plate

6. Mold with wire of the desired diameter for creating the hollow chamber.

7. Petroleum Jelly

Method-

1. Begin by heating the DI water in a microwave to 50°C. Place this on a hot plate to
maintain the temperature. Position the stir bars in the water, setting them at a gentle
and consistent speed to avoid causing agitation in the water.

2. Gradually sprinkle the gelatin into the water, continuing to stir with the stir bars.
It’s crucial to take this step slowly to prevent the formation of clumps.

3. Once the gelatin is fully dissolved and integrated into the water, transfer the

solution to a vacuum pump to extract any trapped air bubbles. It’s possible that
some air bubbles will rise to the surface; if this occurs, stop the vacuum and gently
skim off the top layer of the solution which contains these air bubbles. Repeat this

process until you no longer observe any air bubbles in the solution.
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4. Prior to pouring the gelatin solution, make sure to clean the wire in the mold with
alcohol, and lubricate the mold with petroleum jelly for easy removal later on.

5. Carefully pour the gelatin mixture into your desired mold and place it in the
refrigerator. Allow it to set at 4°C overnight before removing from mold and

extracting wire.

Note: For optimal results and to avoid introducing impurities that might affect US imaging,
it is essential to maintain a clean workspace and handle both ingredients and equipment

with care.
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APPENDIX C. FREEZING AND STAINING TISSUE

This protocol is for staining CD31 in 4T1 tumor tissue

Materials-

1. Paraformaldehyde (PFA)

2. 30% sucrose (30 g of sucrose in 100 ml DI water)

3. PBS

4. Isopentane

5. Dryice

6. 5% Goat serum

7. 1% Bovine serum Albumin (BSA)

8. Primary antibody- Rabbit anti-mouse CD31 (AB28364)

9. Secondary antibody - Goat anti-Rabbit 1gG Alexa Fluor™ 647 (Thermo fisher,
A21245)

10. Mountant - Prolong Glass Antifade Mountant (Invitrogen , 2018752)

11. DAPI (Invitrogen, 62248)

12. Quick drying nail polish

Materials-

1. Harvest tumor carefully to ensure structural integrity and place in PFA overnight.
2. Wash tumor tissue with PBS 3X and transfer tissue into a 30% sucrose until the
tissue sinks. This step helps to cryoprotect the tissue and prevents ice crystal

formation during freezing.
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10.

11.

12.

13.

14.

15.

16.

17.

Once cryoprotected, flash freeze the tissue in OCT using isopentane and dry ice.
The tissue is now ready to be sectioned. The tissue can be stored at -80°C otherwise.
Using cryostat, section tissue into 20 um thick slices. Plate the sections onto a glass
slide.

Fix the slides in 4% PFA in PBS for 10 minutes.

Rinse slides with PBS 3X.

Circles samples with pap pen.

Block nonspecific binding by incubating the sections with a blocking solution (1%
BSA + 5% goat serum) for 1 hour at room temperature.

Incubate with primary antibody diluted in 1% bovine serum albumin (1:100) for 12
hours at 4°C. To stain for vessels, Rabbit anti-mouse CD31 (ab28364, Abcam Inc.)
can be used.

Rinse slides with PBS 3X.

Incubate with secondary antibody diluted in 1% bovine serum albumin (1:250) for
1 hour at room temperature. Goat anti-Rabbit IgG Alexa Fluor™ 647 is used as the
secondary antibody.

At this point, thaw mountant.

Rinse slides with PBS 3X.

To stain the cell nucleus, incubate with DAPI diluted in PBS (1:1000) for 10 min.
Rinse slides with PBS 3X.

Mount with mounting medium and coverslip. Seal sample with quick drying nail

polish.
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