ABSTRACT
MILLER, SAMUEL ROSS MicroparticleManipulationTechnologiesAdvancingCancer

Research an@linical TreatmenthroughNovel DeviceDesign (Under the directioof Dr.
GregoryD. Bucknej).

This work deals with a unique blend of projeatshe intersection of academic research,
commercial biomedical technology, and clinical practice as they relate to oncology. Through
interactions and collaborations with these groups, the erar—whose work is described in
this dissertatior-have been exposed to unique problems in the area of cancer research and
clinical treatment specifically related to microparticle manipulation. In Chapter 2, a novel device
was developed to help intervemtad radiologists more safely and effectivalgat livercancer
by enabling targeted deposition of radioembolization particles into theTikiexr device consists
of a large air gap levitator which uses electromagnets to control the position of a rhietercat
within a 1:1 scale hepatic artemyodel A modetbased slidingnode controller was designed to
regulate the position of the catheter within the cross section of the hepatic artery. Microsphere
injection experiments validated that this system wastalirget specifisubbranches of the
hepatic artery model ( 1@t p. Chapter 3 details a microfunnel array which was designed to
enable rapid processing of cancer spheroid cultures. ThaiseeBsional cell cultures more
accurately replicata vivo condition than more standarddimensional cultures, leading to more
predictive results in pharmacological studies. This device allows for simultaneous transfer of full
96-well plates of spheroid cultures to a microarray which can be processed like a typical
histological specimen. This work demonstratetdansfer success rate of 80% on average (

o) for the microfunnel array. Additionally, spheroid microarrays were analyzed using confocal
laser scanning microscopy which verified that spheroids were depwsdddrgely planar

fashion. This indicates that every spheroid in the microarray can be captured in as little as a



single histtogical section per microarragreatly reducing the time and material cost of
performing large and comprehensive studies with cancer spheroid cultuee®search

presented in Chapter 4 aimed to develop a multiscale vascular model for evaluating the
properties and behavior of embaficcroparticles. These embolic particles are used by clinicians
to treat canceras discussed in Chapter-and to treat benign prostate hyperplasia (BPH).
Prostatic artery embolizatiqPAE) is a relative new and promising treatment for BPH which
involves njecting norradioactive embolic particles into the prostate. While thetysafed

efficacy of PAE has been studied clinically, little is known about the microscale properties of the
embolic particle commonly used, especially for new embolic productstibae yet to make it

to marketFor this study, a branching microfluidic vascular model was created to capture the
anatomical and physiological characteristics of the prostatic vasculature. A series of
embolization experiments were conducted under dynpatitision using glass microspheres,
polyvinyl alcohol (PVA) foam particles, and t@eryl gelatin microspherd&mboSphere)f
various sizes. The embolized vascular models were imaged using a position controlled
microscope camera and the resulting imaigays were analyzed. These image arrays revealed
differences in the particle distributions laterally and distally. Additionally, they showed
agglomeration ad deformation oPVA particles and EmboSpheres. Distal penetration was
measured for each partidigpe which distinguished groups of particle types and sizes of similar
performanceFurthermore, prostatic artery pressures and flow rates recorded during particle
injections revealed that the embolization endpoint and embolic quality varied by papecle ty
and size. Here, some particles formed loose embolizations whose flow rate redastion
dominated by particle accumulations while some particles formed tight embolizations whose

flow rate reduction was dominated by microchannel occlusiastly, Chapte5 presents future



research directions for the three projects which promise new and impactful developments in the

area of microparticle manipulation technologies for cancer research and treatment.
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CHAPTER 1: Introduction

1.1 Project description

It is hardly possible to |Iive one’s |I|ife
Whether it is through a personal diagispghe death of a loved one, or its economic impact; the
consequences of cancer are as malignant as the diseas&wselith the incredible
advancements in cancer biology, treatment, detection, and prevention, global cancer statistics are
still in flux with both increases and decreases irsratgying withsite, time, gender, agand
socioeconomic developmejit-3]. In 2004/2005, the estimated global cancer research
expenditure exceeded $16 billion with over 50% allocated to chimegy and treatment
research4]. Thus, it is clear that improvements in our understanding of the broad range of
cancers and their respective treatments atteeddrefront of academics, commercial R&D, and
clinical practice.

The work presented in thdissertation consists of three projects related to developing
novel devices for microparticle manipulation for cancer research and clinical trealimesg.
multifaceted projects are all focused on developing experimentally validated setatreal
problems in oncology and are motived by continual interactions between academic researchers,
commercial innovators, and leading physicidfigure 1.1shows each of the three projects on
the spectrum between academic institutions, the medical technologyrynausl clinical
practice Chapter 2 details the development and testing of a novel microcatheter jrugition
device which aims to improve vascular embolization treatments for liver cancer through targeted
therapeutic depositiohe results of this wordemonstrate the feasibility of
electromagnetically actuated catheter positioming its ability to help clinicians provide safer,

more effective treatments for liver cancéhe second projeetpresented in Chapter3

W



involves the design and evaluationaomicrofunnel array for rapid histological processing of

cancer spheroid cultures. The purpose of this work is to empower cancer researchers who utilize
3-dimensional culture techniques to investigate cancer biology, drug screening, personalized
healthcareand other clinically relevant topicBhe last project in this dissertation focuses on the
development of multiscale vascular models to evaluate embolic particles used in vascular
interventions. This project contributes techniques and findings to the af@rostatic artery
embolization and radioembolization for hepatocellular carcindimese advances will assist
researchers and medical technology firms in understanding the mechanics of embolization and
evaluating the properties of various embolic ipées. Finally, Chapter 5 outlines ongoing and

future research areas related to these three projects.

Clinical
Practice
1. Microcatheter
positioning
device 2. Microfunnel array
for spheroid
processing
3. Microvascular model
for embolization
study
Medtech < Research
Industry Institutions

Figure 1.1 Research scope showing each of the three projects presented in this
dissertatioras theyrelate to the interactions between research institutions, the medical
technology industry, and clinical practice.
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CHAPTER 2: A large air gap magneticlevitator for precise positioning of a clinical
microcatheter
Parts of this chapter have been previously published in:
S. R. Miller, V. M. Zaccardo, and G. D. Buckn

positioning of a clinical microcathetaronlineamodelinga n d ¢ olnt d Intedl RQbdt Appl
vol. 2, no. 4, pp. 46269, Dec. 2018, doit0.1007/s4131918-00773.

V. M. Zaccardo, S. R. Miller, and G. D. Buckn
arterial positioning of a clinal microcatheter: design, fabrication, and preliminary experimental

e v al u éntJilntelh Robot Applvol. 4, no. 1, pp. 12231, Mar. 2020, doil0.1007/s41315
020-001245.

2.1 Abstract

RadioembolizationRE) is an advanced treatment for intermeglistage hepatocellular
carcinoma (HCC, primary liver tumors) for patients who are not eligible for transplant or
surgical resection. This treatment involves catheterizing the hepatic artery (HA) and injecting
radioactive microparticles into the hepaticaaature. These particles embolize the blood
vessels which supply oxygenated blood to the
t her ap e ut iradiatidno Thise @omtonatiorof embolization and radiotherapy aims to
reduce tumor size allowing forlar treatments such as ablation and surgical resection. While
this is a promising treatment, complications often arising fromtamget deposition of RE
particles limit its overall effectivenesA.strong relationship between the microparticle injection
location within the HA cross section and the resulting deposition location has been shown
theoretically and experimentally in recent research. This research demonstrated the potential for
patientspecific vessel and tumor targeting of RE particles givearate positioning of the
microcatheter tip. The subject of the research presented in this chapter is using magnetic

levitation to enable nenontact positioning of a microcatheter for targeted RE therapy.



The first part of this work details the applicati@inonlineamodelingand control
strategies to a large air gap magnetic levitator. Specifically, this levitator used four
electromagnets in a heteropolar active magnetic bearing (AMB) configuration to control the tip
position of a flexible microcathetéor applications in interventional medicine. The internal
AMB diameter was 10mm, which is considerably larger than the 1.5mm outer diameter of the
microcatheter and the 2mm outer diameter of the ferromagnetic collar mounted to its tip.
Because the air gdyetween the collar and the electromagnet bearing was relatively large, the
system exhib&d strongly nonlinear behavior associated with excessive magnetic leakage flux
around the collar and mutual flux through the collar. A sliding mode controller (SM£) wa
designed using a finite element analysis (FEA) model of the magnetic field as a function of
catheter position. Simulated and experimental results were compared to PID control. The SMC
was able to track a timearying trajectory with a mean error of 0.0rdm as compared to PID
control, which achieved a mean tracking error of 0.2168 mm. When given a 1.5mm horizontal
step reference, the SMC settled to a stestdie error 0f0.018mm in 2.46s. PID was unable to
stabilize the system given the same steppesigate. These results demonstrate the
effectivenss for FEAbased nonlinear motileg and control strategies to control large air gap
magnetic levitators of this type.

For the second part of this work the dewewsith the aforementioned modbased
SMC—wasused to precisely position the microcatheter tip in a perfused arterial model cross
section, allowing for microsphere injections from controlled locations within the cross section.
Microsphere distributions were found to be significantly dependent orsedieeation|(

181 P, showing that the large gap levitator is a feasible solution foicootact catheter

positioning.



2.2 Introduction

Primary liver cancer (hepatocellular carcinoma, HCC) ranks sixth in cancer occurrence
and third in cancerelated deths worldwide; in the US, its occurrence rate is increasing faster
than all other solid tumor cancers. Early stage treatments focus on ablation, resection, and
complete liver transplant, while intermediate and advanced stage treatments focus on
chemoembofation and medication, respectivély 2].

A more recent treatment for intermediate stage HHC, radioembolization (RE), uses
injected radioactive microspheres to kill cancer cells on the tumor periphery (Figure 2.1).
Microspheres are typically 20 0 p m iainater ahd encapsulaf®, a radioactive element that
balances low tissue penetratiogo(d 2mm) with high radiation dosate and energy deposition
(0.9MeV). Treatment is performed by releasing millions of microspheres into the hepatic artery
(HA) via a microcatheter positioned as distally as possible with respect to the tumor (to minimize
nonttarget deposition to healthy liver tissue). Microspheres embed preferentially in the tumor,

irradiating and killing nearby tissya, 4].

-
I L

missed area where tumor
cells will survive and grow

overlapping radiation

clouds ensure no

surviving tumor cells
J

Figure 2.1 Two depodion scenarios of RE treatmelff) incomplete, andg) full
tumor coveragéb].



Despite its documented benefits, RE introduces additional risks. Microspheres which
embed in healthy liver tissue can cause radiatidnced liver disease, and extrahepatic
deposition can result in gastrointestinal ulceration, radiation pneumonitis, and other radiation
related complicationgt]. Procedurespecific microcatheters have been developed to prevent
reflux, a phenomenon that occurs when injected microspheres traxghplly (upstream) of
the injection locatior6]. These catheters focus on preventing retrograde flow, but still rely on
being located as distally as pids to target cancerous tissaed still allow for nortarget
microsphere deposition in healthydivtissug7]. However, the distal positioning of a
microcatheter is limited by its diameter, stiffness and maneuverability.

Clearly, the ability to target only cancerous tissue would provide a significant advantage
in reducing undesired side effects. Roeg work by Richards et gb] showed a strong
correlation between the microsphere injection location (in the artery cross section) and the
destination vessel, demonstrating the potential for vessel specific targe{dlg.dmeneralized
HA model was simulated using a commercial computational fluid dynamics (CFD) package
(ANSYS CFX v12.1). Simulated microspheres were released at various points in the artery cross
section and their destination vessel was recorded. The Hadgystem used in this study
comprised a common hepatic artery (CHA), gastroduodenal artery (GDA), proper hepatic artery
(PHA), left hepatic artery (LHA), right hepatic artery (RHA), and branching outlets labeled B1
through B5 (Figure 2.2 right). The CFDegliction in Figure 2.2 (left) shows a cross section of
the particle release plane-yplane) located at the CHA inlet. The colored regions of the release
plane correspond with specific downstream outlet vessels (through which the microspheres exit
the malel). For example: microspheres released in the yellow center of the CHA cross section

will exit the model via outlet B5 (the GDA), while microspheres released to the far right pink



region will exit the model via B3. These distinct regions reveal a stepeatable correlation
between microsphere release location and destination vessel.

These results were experimentally verified by constructing a physical model, scaled
approximately 4.4 times to facilitate fabrication and experimental measurements agu(nwm
radioactive) microspheresalso approximately 4.4 times larger than those used clinicaligre
released from a 72.5cm long section ofgErige hypodermic tubing. The tubing was supported
at two axial locations using three stainless steel wireshesteradially. Each wire traveled
through the inlet pipe and was connected to a sdréven positioning system, shown in Figure
2.3. Release location was controlled by manually adjusting the positioning mounts, as well as by

rotating the inlet tube relat to the model.

mB1 A
mB2 &
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2 X — we— )
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Figure 2.2 Computational fluid dynamics predictiofieft) show a strong correlation
between microsphere release point in the artery cross section and destiriation

(right) [5].

This experimental validation supports the premisephatientspecific vascular CFD
models could be used to generate patsprtcific microsphere release maps similar to the one
shown in Figure 2.2. With a CFD model based on individualized vascular anatomy and flow

conditions, and given sufficient abilitg tontrol the microsphere release location, specific



hepatic vessels can be targeted. These results are promising, but first a method to position
clinical catheter# vivo, without penetrating or damaging the artery walls and without disrupting
the lamina arterial flow, must be developed. One optionifovivo positioning, the focus of this
work, involves actuating the microcatheter tip using feedicackrolled electromagnets. Such

devices are commonly referred to as active magnetic bearings (AMBS).

S ccion i

R
-

Figure 2.3 Hypodermic tubing position system used by Richards et al. consisting of six
screwdriven mounts. The hypodermic tubing was attached to the mounts using stainless
steel wire.

In recent decades, magnetic levitation has evolved from an acaderosgitguo a
technological and industrial reality, as in the case of AMBs. A significant technical challenge is
the inherently unstable and highly nonlinear dynamics of these electromechanical systems. While
linear control theory has provided researcheth vaasonably effective tools for stabilizing
AMBSs, a major drawback is its dependence on linearized plant models; in many cases this
simplification can result in a degradation of robustness and perforrf&nd® remedy these
limitations, researchers havnvestigated a variety of nonlinear control options. Examples such
as feedback linearization and sliding mode control (SMC) seek increased performance and

robustness by incorporating nonlinear system theory into the controller syrigkddis



AMBSs usepairs of electromagnets to levitate higjpeed ferromagnetic rotors where
bearing wear and maintenance are problematic (Figure 2.4). The attractive forces exerted by each
electromagnet are nonlinearly dependent on the applied coil current and sepayationcg
increases with the square of coil current and is inversely proportional to the square of air gap. For
this reason, AMBs are inherently unstable electromechanical systems, and require sophisticated
feedback controllers for stable operation. Thetegler measures rotor position, compares it to
the setpoint, and calculates a control signal which is sent to the power amplifier. This control
action stabilizes the system, and enables the dynamic adjustment of bearing §liffhess
Controléiamigr “¢y@apgl evitator sO,issifindicanttwhi ch t h
smal | er t han -topolke didmetad (Figuye 28 )popes twe unique technical
challenges not associated with standard AMB configurations. First, the large air gsg@s ca
excessive leakage of magnetic flux around the rotor. A consequence is that flux can pass directly
between adjacent poles, bypassing the rotor entirely and reducing control authority. These
excessive leakage and mutual fluxes result in more compleiaanbehavior than that
described by typical AMB mode[41, 13, 14] The second technical challenge associated with
large air gap levitators is maintaining robustness and performance over a wide range of rotor
position setpoints. AMBs usually regulateaioposition about theenteraxisto provide
frictionless support, thus models linearized about the origin can be sufficient for controller
design[15, 16] Controlling a large air gap levitator with excessive leakage and mutual fluxes

over a wide rangef@etpoints necessitates the use of robust nonlinear control strategies.
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Figure 2.4 Schematic of a typical radial AMBeft) and the large air gap magnetic
levitator (ight). The typical AMB has a rotor to bearing diameter réC 7O ) of
nearly unity. For the proposed large air gap levitator, it is clea® ¥C L p, which
introduces additional technical challenges not associated with typical AMB
configurations. In this figuréQandO (i pf8 ) are the current and valye,
respectively, for each electromagnet.

The first part of this work details the nonlin@aodelingand control of a large air gap
levitator. Specifically, this levitator uses four electromagnets in a heteropolar AMB
configuration to control the positiaf a flexible catheter for applications in interventional
medicine. Unlike a conventional AMB (for which tle ¥O ratio typically exceeds 0.9), the
“rotor” consists of a small ferromagnetic col
and theO O ratio is less than 0.2. Development of the nonlinear model is aided by finite
element analysis, which characterizes the flux paths associated with such large air gaps.
Following this, the model is used to derive a sliding model contrélieally, controller
performance is evaluated through a series of simulations and experiments.

The second part of this work involves using the aforementioned controller to position the
tip of a microcatheter in a HA model that replicatesivo flow charateristics. While regulating

the microcatheter tip position, a series of microparticle injections were made at three different

11



locations. The vessel outcomes of the particles released from the three locations were determined

by counting the number of pastes leaving each outlet vessel of the HA model. The vessel

targeting performance of this system was evaluated by analyzing outlet vessel distributions for

dependence on injection | ocation within the m
The novelty of this work is twibold. First, it presents modelingand control strategy for

extending the capabilities of AMB type levitators by enabling control of large air gap designs.

While there is a wealth of literature detailing the design and control of traditional AMBS,

techniques for large air gap levitators of this type are far less common. Second, advances in

interventional medicine have brought about the need for preciseambacting control of

clinical microcatheters. In addition to RE therapy, examples of such meditiabfipps include

targeted vitreoretinal drug delivef¥7] and endovascular surgdty8]. The modeling and

control strategies detailed in this work could enable continued advancements in these

applications.

2.3 Methods

2.3.1 Electromechanicamodeling

A schematic of the large air gap magnetic levitator and its comparison to a more
conventional radial AMB is provided in Figure 2.4. Each electromagnet consists of a conductor
(black) wound around a loweluctance pole (grey). Each coil conducts curi@atulting from
applied voltagé. The light grey circle represents the rotor, whose vertical and horizontal
position is measured relative to the center of the bearing. This electromagnetic levitator was

modeled using Lagrangdaxwell equation$19]:
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This system consists of eight generalized coordinates, four of which are the currents
flowing through each electromagnét, Q Q "Q "Q ;the other four are the vertical and
horizontal position and velocity @ ® ® & as illustrated in Figurg.4. The voltage

applied to each electromagnet circuit is representé fwith Joule heating losses represented
by the dissipationunctiong - £'Yk whereYis the resistance of each coil. Based on the

inductive nature of this device, forces arising from electric field potent)adrid charge'Q) are
negligible, and are omitted from further analysis(arib) “Yandt are the kinetic and potential

energies of the collar, respectively.
The magnetic field potential energy has the quadratic form - £4 kwhered is the

symmetric inductance matr{2.2).Here 0 is the seHinductance of th'.. electromagnetrad

0 is the mutual inductance between "\, 2and’. electromagnets; both are functions of collar
position[20]. Conventionamagnetic levitatorsan be modeled analytically using magnetic
circuit analysi415, 21] However, the aforementionedda air gaps and leakage fluxes of this
machine make it difficult to model analytically. To overcome thisdivoensional finite

element analysis (FEA) software was used (Finite Element Method Magfdiidd/,

www.femm.infg.
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- 0 0 0 0 (2.2)
0 0 0 0

Figure2.5depicts the FEA model used to quantify the inductance matrix. The two
dimensional planar geometflyigure2.5 lef)) was used to generate a triangular mesh of
approximately 27,000 nodes. Each circuit wasdeled as two opposing copper coils; each coll
wound 656 times around a stator made a€pron. A nominal current (0OA) was applied to
each electromagnet, enabling FEA predictions of induced magnetic fields (Eigurgh). The
resulting magnetiddld was used to calculate the inductance matrix over a range of collar
positions, yielding the matr< as a function céanc'c

The self and mutual inductances for electromagnet 1 (see Rghieomputed through
FEA are plotted in Figur.6as functions of collar position. Only the inductances for
el ectromagnet 1 are shown because eanducttnbee | e v i
in Figure2.6shows an increasing gradient in the horizontal direction and a negligible gradient in
the vertical direction, as would be expected for small air gap machines. However, the mutual
inductances exhibit significant gradients in both directions, which contribute to additional forces
on the collar. To account for these large air gap effects, thenkdtlel was used in the following

controller design.

14



Figure 2.5 Finite element analysis tielarge air gap levitator. This AMBke

levitator consists of two sets of opposing electromagnets in heteropolar configuration
with a comparatively small irocollar in the centeréft). The light grey regions

represent the copper coils and the dark gray regions represent the iron stator. 2D FEA
was used to compute the magnetic flux density and flux linkage for each electromagnet
(right). This flux density plbexemplifies the presence of leakage and mutual flux
through and around the collar due to the large air gap.

2.3.2 Sliding mode controller design
The levitator dynamic2(3) were derived using the general electromechanical model
(2.1) with states corregmding to the horizontal and vertical positions and velocities of the

collar.

f
o K 1)
11 iI:lrllz —Qn 1l
11 Gd ﬂ a 1l

A | n ] . (2.3)
up  h | 0

Here, Qrepresents the stiffness of the polymer catheter to which the collar is att@ched
is the massfahe catheter/collar assembly,aad 1 N N N W WO O s

the state vector of the systeihe electrical dynamics were neglected because electrical time
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constants for each circuit (dss than ts) are known to be at least an order of magnitasker

than those of the catheter’”s mechanical dynam
L, (mH) M,, (mH)
3
2
- ’_\1
£ £
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> :=-~_1
3
2
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Figure 2.6 Self and mutual inductances for electromagnet 1. The inductances are
computed using FEA over a range of collar positions (see FayBrerhe mutual
inductances exhibit significantagdients that contribute to the nonlinear behavior of this

magnetic levitator. The inductances for the other three electromagnets can be obtained
via symmetry.

The colil currents are calculated®s « ‘OFY, wheree is the duty cycle of a pulse
width modulated (PWM) supply volta@® and’Y is the load resistance of each circuit. Each

opposing pair of electromagnets is driven differentially with respect to a bias lageshown in

(2.4).
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(2.4)

o O-0O- O-

Substituting this expression for current #13) and expanding the electromagnet force
terms reveals that theputs are noraffine, e.g. these terms are quadratic with respect to the
input¢ 0 O . To simplify the controller desigit,was assumed that the duty cycles were
limited to small deviations around the bias level and ghgs p. As a result, termthat are
guadratic ir® tend to be dominated by terms that are line&r.iMaking these assumptions
results in the affine forma [j o || 4 ¢ in Equation25.6 ,8 , andé are functions of

catheter position and are calculated fr@s&c).

n B . T m .
Y p -F# ‘Q’ I’I (T’é‘) T 6 I,l
11 (';(_W d_n ] Ii'ln'_ T—r,]II 0
11 i [V n 25
Lo n aonT T o (23)
P E _Q ~oa Mo Til’l
wrn o« % Jgn TV
(@)
0 | — 0 O 0 0 O 0 (2.6a)
Y
O
O | —0 0 0 O 0 0 (2.6b)
Y
0 | 0 0 «¢b cO cO 0
Y (2.6C)
cD q)) 0 ¢O 0

The inductance of each electromagnet at different catheter positions was computed using
FEA as previously discussed. While the FEA model provides a more complete view of the

levitator dynamics, the quadratic form of the magnetic field potential rendeéseddlel too
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mathematically and computationally cumbersome for controller design. In an apgpimdahto
that of Ghiringhelliet al.[22], a more simplified model of the inductance was fit to the FEA
results. Using the FEA inductance results and Equefi®a-c, polynomial surfaces were fit
tod ,0 , and# which were then substituted int®.5).

To design a sliding mode controller, a sliding surfdcad  Ttwas chosen to have the

form:

W Qtdt OQ Q"
Gib 11 ?, T[F] ]

o (2.7)
'H Qtdt dQ Q"
u U

e e N N
e e.e &

The equivalent control lag that maintains the system on the sliding surfadeusd by:

U | @)

The final control law 2.9) is computed by adding a switching term with constantigain
to Equation 2.8To reduce excitation of higitequency dynamics, a hyperbotangent

switching term was useadlhere parametér determines the smoothness of the switching.

10 To .
o 0 1:#2 TTQ OAT & (2.9)
dq TaU

2.3.3 Hepatic artery model

A two-generation, bifurcated hepatic artery (HA) model, designed to replicate the vessel

diameters and flow rates of a portion of human HA anat@®y27], was created for
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experimental testing (Figu&7). Fabricated using stereolithography from an optically

transparent liquid photopolymer, this rigid planar model consists of one inlet and four terminal
vessels. At the injection plane, a rectangular cross section wastatdrirom optically clear

acrylic sheet to aid in optical position sensing, as this reduces image distortion caused by
refraction. The inlet has anner diameter (IDbf 4mm and is barbed to accept standard 9.5mm
outer diameter (ODiubing. Each terminatessel hasn ID of Imm and is connected to clear
polyvinyl chloride tubing. The output of each vessel is connected to a 100um mesh basket filter,

which allows for the collection and quantification of microspheres terminating in each vessel.

i 7 Supports \ —z e

Terminal Vessels MM I:-Injecﬁon Bk

Figure 2.7 Two-generation, bifurcated hepatic artery model used witimdgnetic
levitator 3D printed using a stereolithographic process. Overall dimensions are
approximately 177mm long by 22mm wide, withIBnat the inlet of 4mm.

Water (approximately@°C) was selected for the working fluid, as its density closely
matches that of human blood. As shown in FiguB2this working fluid is pumped through the
HA model using aoltagecontrolled positive displacement gear pump (Greylor Company, Cape
Coral, Horida) at a flow rate 0£02mL/min, which is in the range of published measurements

[27].

2.3.4 Large air gap magnetic levitator design
The novelmagnetic levitatoused for microcatheter tip position control uses four
electromagnets (two differentialtyriven pairs) to exert twdimensional reluctance forces on a

ferromagnetic ring attached to the microcatheterTiiy@ mcrocatheter tip position is measured
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optically using two linear arraysf photodetectorsA schematic of thitevitatoris presented

Figure2.9.

Figure 2.8 Schemati®of the HAexperimental sety@mdapted fronfi5]. Supply reservoir
(1), collection reservoir (2), gear pumps (3), flowmeter (4), syringe pummégnetic
levitator (6), microcatheter (7}1A model (8), microsphere filters (9). Arrows indicate
the direction of flow.
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Figure 2.9 Schematic of the large air gap magnetic levitator for microcatheter tip
control.(A) Two pairs of differentiallydriven electromagnets exert controllable
reluctane force orthe microcatheter ring(B) Details ofasingle electromagnet (1),
controller (2), Nchannel MOSFET (3), linear optical array (4), ferromagnetic ring (5),
andlaser diod€6).

A custom enehole microcathete(Figure 2.10) was fabricated using.2hm length

stainless steel hypodermic tubiwgh a1.07mm OD anda 0.81mm ID (inner diameter)To
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enable the application of controllable reluctance forces, a mild steel ring was attatfied

length of tubindl5.6nm from the tip. Machined on a lattibe ring had a®©D of 2mm, anD of
1mm, and an axial length ofnm. For clinical usethisring could be ensheathedarcommon
biocompatible polymesuch as polyethylene or polytetrafluoroethylene. Current clinical
microcatheters employ such materi@sninimize friction and improve maneuverability.
Hypodermic tubing was used for the catheter tip to provide a rigid opaque target for optical
position measurements. Additionally, the rigidity of the tubing allows position measurements at

the endhole to I® used for both particle release and ferromagnetic ring positons.

Silicone Tubing Catheter Support 1cm

L

End-Hole Ferromagnetic Ring Access Tubing

Figure 2.10 Custom en¢hole microcatheter. Fabricated from stainless steel hypodermic
tubing, silicone tubing, and a mild steel ring; this model catheter allows for precise
control of theendhole location within the HA model.

This tip assembly was then connected to a longer length of hypodermic access tubing by
a section of flexible silicone tubing. The silicone tube was 6mm in length and had a 1.19mm OD
and a 0.64mm ID. To secure the ascaubing to the center of the HA model without obstructing
flow, a support was created from six lengths of hypodermic tubing attached to the outside
circumference of the access tubing, as shown in Figure 2.10. This support prevented the access
tubing fromshifting during experimental trials, allowing for precise control of thehesid
position.

Reluctance force generated by the electromagnets was maximizedhaeskigA model

previously discussedElectromagnet geometry was imported into FEMM, where $oircéhe
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vertical and horizontal directions were calculated for a range of currents. Typical FEA results are

shown in Figur€.11

—0.500T

—0.375T

—0.250T

—0.125T

—0.000T

0.5cm

Figure 2.11 FEMM simulation resultshowing magnetic flux densifgr top and left
electromagnet excitation of 200mA. Thet force in this scenario is 5.2mN to the left
and 5.2mN up.

Using an iterative design process, electromagnet geometry was optimized to provide
reluctance force magnitudes ranging from 2.7mN to 66.9mN (corresponding to maximum and
minimum gaps betwedpvitator poles and microcatheter tip) for continuous coil excitations of
400mA (the peak current rating of the g@ugemagnetic wire used in the coils). This force
range was deemed sufficient to actuate the microcatheter assembly, as the heaviest component
(the steel ring) had a weight of approximately 0.65itiiNs thelevitatorwas capable of lifting
the microcatheter when resting on the bottom of the HA model. It should be noted that nominal
coil current was less than half of the peak current to avorchtdelegradation of the magnet

Wi s iasulation.
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Each electromagnet was made of 12 laminations of electrical steel and one electrical
winding per leg. Laminations were waterjet cut fror@20 thick ultralow carbon electrical
steel (CMIB, CMI SpecialtyProducts, Bristol, CT). After waterjet cutting, the laminations were
heat treated per the datasheet schedule. The windings, two per electromagnet, each consisted of
approximately 70 turns of 3égauge magnet wirand were wound using a customized CNC
(computer numerical contrdmilling tool. The four electromagnets wezentrolled individually
using pulse width modulation (PWM) tdur metal-oxide-semiconductor fielgffect transists
(MOSFET), one per electromagnet.

Position feedback was achieved usiwg TSL1402R linear optical arrays (ams AG,
Unterpremstaetten, Austria) pictured in Fig@ré2 Each optical array consists of 256 pixels,
spaced 63.pm on center, and functions like a digital camera; its pixels are exposed to a light
source for a periodf time and the analog output voltage at the end of the exposure period is
proportionalto light intensity. The optical sensors were illuminated by two low power laser
diodes. An image of the catheter is generated when the stainless steel tip blocksrtaedo
laser light, thereby casting a silhouette on the optical arfaysnhance signdb-noise ratios,
optical filters were attached to the linear optical arraysedcolor filter was used to preveatl
but red light from reaching the sensor, thieckingundesirable wavelengths from extraneous
light sourcesA neutral densityilter was used to redut¢ke amount of ambient light reaching
the optical arrayandto achieve a desirablaser lineexposure.

The output of each optical array is a sequence of 256 analog voltages, each corresponding
to the intensity of light reaching a specific pixel integrated over the exposure period. As shown
in Figure2.13 a positiordependent voltage profile generated bthe silhouette of the catheter

tip. To compute the microcatheter position, the sensor output is windowed to a 110 pixel region
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eliminating noisy data from pixels that are outside of the extent of the catheter tip. Next, the
signal is inverted by subtrang the output voltage from 3.3V (the maximum output voltage).
Finally, the inverted signal is integrated to calculate the centroid of the area beneath the curve
yielding the uncalibrated microcatheter position in pixels. The position is calibrated bygmovin
the ferromagnetic ring against the inside of the HA model and recording the minimum and
maximum uncalibrated readings from both sensors. Since the ID of the HA model is 4mm and

the OD of the ring is 2mm, the extent of the microcatheter position is +hreach direction.

Figure 2.12 A TSL1402R linear optical array. Each array was mounted to prototyping
board for electrical connections, and adhesive backed filters were applied to the sensing
side (shown)

24



5 Microcatheter

-— 2 B i O T
= Position

o

5

O

0 1 1 1 1 1
20 40 60 80 100
Pixel Number
3 L
5 Microcatheter
-— 2 B e
= Position
o
5
@) 1+
0

20 40 60 80 100
Pixel Number

Figure 2.13 Sensor output from one linear al array with microcatheter tip in two
different lateral positions. The centroid of the output voltage distribution corresponds to
the position of the microcathetdihe output voltage was subtracted from 3.3V prior to
computing the centroid. A windowedgion of 110 pixels was used for position sensing.

The linear optical arrays were secured in place by a 3D printed fixhioh was
mounted to théevitatorchassis (Figur@.14and Figure2.15. The laser modules were secured
to an adjustable aluminumaime to enable alignment of the laser lines and optical aifbgs
entire prototype assembly was mounted vertically to remove the effect of gravity on the catheter.
The position controller conset of three hardware components: the linear optical areays,
STM32F407VGmicrocontroller(STMicroelectronicsGeneva, Switzerlan)danda TPL7407L
7-channel MOSFET low side driveféxas Instruments Incorporatddallas, TX) The

microcontrolleracquire voltage data from the optical arrays, compute microcatheter
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position, calculatgéa control action, and updatéhe PWM output tahe MOSFET driver. The
driver then switched 14V regulatedpower supplythereby modulating the current to each
electromagnetThis control loopvasexecuted at a redilme rate ofL50Hz. $multaneouslythe
microcontrollertransmited microcatheter position, tracking error, and control action via serial
connection to a desktop computer where a cudigmLAB (The MathWorkdnc., Natick,

MA) application plotedthe seriadata in real time.

Figure 2.14 Solid modelsection viewof the optimizeé prototype;model enehole
microcatheter (1), ferromagnetic ring (2), HA model (3), stator with windings (4),
amplifier board (5), linear optical array (&ser diod€7), and arylic chassis (8).
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Figure 2.15 Photograph of the optimized prototypésible arethewindings(1), linear
optical arrayg2), laser diodeg3), microsphere filters (4), and HA model (5)

2.3.5 Testing methods

To quantify targeting performance, microsphere injections were mallesakocations
in the HA model cross section labeledB, and Cn Figure2.16 Polyethylene microspheres
(Cospheric, Santa Barbara, C&)2-250umin diameter were added to 25°C tapterto create a
microsphere suspension walhdensity of approximately 1000crospheres/mL. Tests were
conducted by positioning the microcatheter in the desired-sext®nal location, approximately
5mm proximal to the first bifurcation in the HA modask indicated in Figure.7). Eight
injections of microsphere solution (0.5mL each) were made at eachsexigmal location
using a computecontrolled syringe pump with the injection rate configured such that the exit

velocity of the microspheres matththe fluidvelocity inside the HA modell3.5cm/3. The
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microsphere solution was agitated between injections to maintain a uniform microsphere

suspension.

Figure 2.16 Release locations for the microsphere injection tests. Position A is located
0.6mm tothe right ofthe centerposition B islocated at the center, and position C is
located 0.6mm to the left of the center. Here, the flow direction is into the page.

Resulting microsphere distributions were quantified usingudO@ylon mesh filters.
Prior to each test, these filters were cleaned, dried, and inspected. Following each injection, a
light source and a frosted glass elemeere placed under each filtend photographs were
taken from above the filter. As shown in Fig@r&7, this method providitexcellent contrast
between the white filter background and the dadenmicrospheresMicrospheres were
automatically counted using the image processing and analysis software IageBlétional
Institutes of Health, Bethesda, MD). The vessaicome frequencies were then recorded for each

release location.
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0.5 mm

Figure 2.17 Typical image used for quantifying microsphere distributions.green
microspheres are easily distinguished from the lighter backgrémadeJ was capable
of identifying andcounting all microspheres contained within this image.

2.3.6 Statistical methods

Particle frequency distribution statistics were evaluated usjigest of independence.
This test uses an independence model that assumes the vessel outcome andcedleass ¢o
independent events. Expected vessel frequencies are determined by multiplying the probability
that a particle exited a particular vessel with the probability that a particle was released from a
specified location. This is computed by using Eaque.10, wheré) is the total number of
particles released at Locatian) is the total number of particles that exited VesseVer all
release locations, and is the total number of particles released over all locations. For
exampe, ', is the expected frequency with which particles will be observed exiting Vessel 3

given that they are released from Location A according to the independence model.

Q (2.10)
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The)? value is computed by summing the squared standardized residuals as shown in
Equation 2.11. HeréQ, is the observed frequency for vesgathen particles are released from
locatonds | f the independence mo d%sllessithan.y =068, t hen
i s 0. 99 ?isfduhducsbe greater than 16.8, then the events are likely to be dependent at a

significance level of =0.01.

% (2.11)
oY
The strength of the association between relkasgion and vessel outcome was assessed
usingCramér'sv, which is calculated using Equation 2.12. In this equatiois, equal to the
number of locations or vessels, whichever is smallemmeér'svy is commonly used for
measuring the degree of assocatbecause it is unaffected by sample size. Complete

association is indicated liy= 1, while no association is indicated dy= O.

w0 @ — (2.12)

2.4 Results

2.4.1 Simulated tracking results

The SMC was first simulated in MATLAB to viéy tracking performance and
robustnessThe simulated plant was represented by theaftine state equations in (2.3) where
simplifying assumptions about the input magnitude have not been made. Additionally, the values

for the inductance matrix (2.2) weemterpolated from the FEA data using a locally weighted
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regression rather than a polynomial fit. While this prevents analytic differentiation of the
inductance matrix and is generally more computationally expensive, this provides a more
accurate repres#tion of the FEA data than analytical curve fittinhe plots in Figure.18
demonstrate tracking of a circular trajectory (diameter of 2.0mm). Approximations used in the
system model derivatior2 §) tend to degrade the tracking performance, as iretiday P

curves in Figur@.18 The] p Tturves show that increasing the switching surfacejgain
increased robustness to model uncertainties and resulted in improved tracking of the reference

signal.
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Figure 2.18 MATLAB simulation of SMC trajectoryracking. Simulation results for
horizontal positiontpp) and vertical positionbottom) under various switching surface
gaing . Model approximations used in the SMC design resulted in poor tracking
performance for small switching gains. Increasingstiiéching gain provided more
robustness to model discrepancies.
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2.4.2 Experimental tracking results

Figure2.19shows experimental tracking results for an hourgilsgped trajectory with a
period of 20 second3hese experiments were conducted usingrarie Progreat 2.8F
microcatheter (Terumo Interventional Systems, Somerset, NJ) with affixed ferromagnetic collar
rather than the custom catheter shown in Figure 2.10. Additionally, these experiments were
conducted in air without the HA mod®l eliminate he effects of any optical distortions on
performanceBoth plots represent the same trajectory, with the left plot showing reference and
measured positions versus time and the right plot showirgygsiot of the same measurements.
Tracking performance vgeevaluated by calculating the tirageraged tracking error magnitude
described in EquatioR.13 A mean tracking error of 0.6ihm was calculated for the trajectory
in Figure2.19

As a comparison to the SMC design used in Figut8 the experimental sgb was also
tested with a typical PID controller using the same hourglass trajectory (Ri@@yeHeuristic
tuning of PID gains was done to achieve stable tracking while minimizing tracking error. The

mean tracking error calculated for the PID controles 0.27mm.

a .,BY > 0 0 o do (2.13)
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Figure 2.19 Experimental SMC results for hourglass trajectory tracking. Horizontal and
vertical tracking components are plotted versue ttop) and vertical position versus

horizontal positiontjottom). Both plots display the same data. The mean tracking error
was calculated to be 0.5mm.
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Figure 2.20 Experimental PID results for hourglass trajectory tracking. The same

tracking experiment as in FiguBel9was applied to the PID controllegsulting in a
mean tracking error of 0.2Inm.

To further highlight differences in the performance of these two controllers, a step
response experiment was conducted. Figu2éshows the closelbop responswith the SMC
(top) and PID (bottom) controlleto a 1.5mm step in the horizontal reference. A 1.5mm step
was chosen because the nonlinear behavior of the electromagnets is more dramatic farther from
the origin. Performance metrics for these two step response experiments are tabulated in Table
2.1. PD gains which produce a stable response to this step input could not be found. As a result,

the settling time and steadyate error were not calculated for the PID controller.
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Figure 221 Experimental closetbop step responses for SMOg) and PID(bottom).

The time history for the PID step response and SMC step response demonstrates the
performance differences in the two control strategies further from the origin where
system nonlinearities are stronger. Gains were chosen to achieve similanese ti
between the two controllers.

Table 2.1 Experimental step response performance metrics

PID SMC

Rise time(s) 0.854 0.758

Settling time(s)  N/A 2.46
Steadystate erromm)  N/A -0.018

Whereas the experimental tracking results in Figur@-221 were obtained in air
without the HA modelFigure 2.2 shows the closebbop response of the SMC to various steps

in the x and y reference positions within the HA model under physiological flowusitesthe
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custom catheter shown in Figure 2.Here, @theter position was regulateah an average

error of 0.028&m in both the x and y directions with an average rise time of 0.63 seconds. Figure
2.23shows the closebbop tracking response farl.2nm diameter circular trajectory, with an
averagertckingerror magnitude of 0.28m. InFigures 2.22 and 2.2&he reference signals are
indicated by dashed lines. The high frequency variations in these signals are the result of

fluttering caused by the fluid flow in the HA model and the low stiffness of ticesd tubing.

Position (mm)

0 10 20 30 40 50
Time (s)
Figure 2.22 Tracking response of closéabp system to multiple stepped reference

inputs in the x and y directions. The average error for this response is 0.028mm in x and y
with an average rise time of 0.63s. The reference inputadioated by dashed lines.
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Position (mm)

Figure 2.23 Tracking response of closdobp system to a circular reference trajectory
The average error magnitude for this response was 0.23mm. The reference trajectory is
indicated by dashed lines. The bottom plot showsr#jectory in the »/ plane.

2.4.3 Particle injection results
The outlet vessel frequency distributions for the microsphere injections are shown in
Table 2.2 along with marginal frequencies and column percentages. Additionally, the column

percentagesardpot t ed i n t he bar “gtatsipforthedatamiTaplea2.2 2. 2 4

was calculated to be 1037 wittCaamér'sv of 0.32.

37



Table 2.2 Contingency table of vessel outcome by catheter position

Observed frequencies (and column

percentages)

Outcome Position A Position B Position C Row Total

Vessel 1 129(7.4%)  439(19.3%) 467 (41.6%) 1035

Vessel 2 151 (8.7%) 641(28.3%)  346(30.8%) 1138

Vessel 3 634(36.5%) 634(27.9%) 133(11.9%) 1401

Vessel 4 822(47.4%) 555(24.5%) 176(15.7%) 1553
Column Total 1736(100.0%) 2269(100.0%) 1122(100.0%) 5127
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Figure 2.24 Microsphere distributions corresponding to injections fRwsition A,
Position B, and Position Glicrosphere counts have been normalized for comparison

purposes.

2.5 Discussion

The SMC tracked the curved hourglass trajectory well, with an average error of

0.0/mm. In Figure2.19 the tracking performance was roughly equivalent above and below the
origin as well as to #hleft and right of the origirdowever, the grticakmost region suffered

from greater tracking error than the rest of the trajectory. This was likely due to larger
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differences between the modeled and actual dynamics in this region compared to others. The
simulation results in Figur2.18demonstrateobustness to model inaccuracies by increasing the
switching surface gain. While the switching surface provides added robustness, it can excite
lightly-damped dynamics. The switching gain was chosen to minimize tracking errors while still
maintaining sthility. One source of model uncertainty was in the polymer roatteetemwhich
exhibits both hysteretic and creep behavitiraias found that the polymer microcatheter was

only capable of 80% strain recovery wiaaformed resulting in a hysteretic typebavior. In
addition, & the catheter rested under its own weight, it tended to plastically deform, thereby
shifting its elastic equilibrium point in the downward direction. This resulted in increased elastic
force in the positive vertical direction andvadsely affected tracking performance in these areas.
For the injection experiments, these issues were ameliorated by using the custom catheter (Figure
2.10—whose silicone tubing exhibits little to no plastic deformati@md by rotating the
experimental stup so that the catheter is oriented vertically (Figure 2.15) to eliminate the weight
of the catheter.

The advantage of a robust, mothelsed contrégr is demonstrated by the Plibacking
performance in Figure 2.20ypical heuristic PID tuning procedures produced stable tracking
performance, but failed to significantly reduce tracking errors. The mean tracking error was
calculated at 0.217mm, almost three times the SMC tracking error. Attempts to increase
proportianal or integral gainsitheroffered little increase in tracking performance or lead to
instability. Another interesting difference between the two controllers is the tendency of the PID
controller to deviate towards the right of the reference signal i@&®&R0 bottom). This is not
apparent for the SMC (Figu19 bottom), and may be the result v$ enhanced robustness to

uncertainties in the elastic behavior of the catheter as previously mentioned.

39



While linear control strategies are used for mgpactal small air gap AMBs and
magnetic levitators, the large air gap and displacement of this levitator presents significant
nonlinearities. These are particularly pronounced as the catheter moves farther from the origin.
The data in Figur@.21emphasizethis point by comparing the response of the PID controller
and SMC to a 1.5mm step in the horizontal direction. Although both controllers had similar rise
times (Table2.1), the PID controller was unable to stabilize the system without significant
steadystate error. The SMC, on the other hand, displayed a stable underdamped response with a
steadystate error 0f0.018mm. Chattering observed around the 14s mark for the PID case was
the result of excessive derivative gain needed to minimize overshootadiepas much
damping as possible. In addition, SMC successfully regulated the vertical position at the origin
during the maneuver. This is an advantage of a multivariable SMC design over the PID design
which consisted of decoupled vertical and horizoRtal controllers running in parallel.

As demonstrated in Figu&22 thelarge air gap magnetic levitatproved capable of
preciselyregulating the microcatheter position with a sufficiently short rise time and low steady
state error in the perfused HAodel In addition, catheter tip motion in the x and y directions are
independent. In other words, a step in the x direction does not affect regulation in the y direction
and vice versa further demonstrating the decoupling behavior of the SMC. Figueds®.23
demonstrates command following over a large region within the HA model cross section. Here,
the speed of the controller limits the accuracy with which the catheter can track a moving
trajectory. The bottom plot in Figure 2.22 reveals auaoifiorm patern in the tracking error
which is not observed in Figure 2.19 or Figure 2.20. This is likely due to the relatively slow
compensation for uncertainties within the system, such as anisotropy in the stiffness of the

catheter and netaminar flow. While notequired for these microsphere targeting experiments,
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closer tracking performance can be achieved by adjusting controller parameters, such as the
switching control amplitude, to meet performance requirements. Overall, this tracking
performance in the faa# large air gap nonlinearities and model uncertainties is a key feature of
SMC and justifies the use of such a controller for this system

The experimental results shown in Table 2.2 and the assogfateliieindicate that the
vessel distributions anaicrocatheter positions are likely to be dependent in some| "~y (
8t | . Furthermore, th€ramér'sv value calculated indicates that there is a moderately strong
association between the distributions and positions; this association is obvious in Edure 2.
When the catheter is positioned 0.6mm to the right of center (Position A), microspheres
preferentially target vessels 3 and 4 with 47.4% of microspheres exiting vessel 4. Likewise,
when the catheter is positioned 0.6mm to the left (Position C), miwospfavor vessels 1 and
2, with 41.6% exiting vessel 1. When the catheter is located at the center of the HA model
(Position B), the vessel outcomes more closely resemble a uniform distridutese results
corroboratahe findingsof [5], indicating hat vessel targeting is achievable on a 1:1 scale
model.

In addition to potential sources of error encountered by previous work, these results could
potentially be affected by the microcatheter not being parallel with the flow, flow disturbances
caused by the microcatheter resting along the artery model walnavement of the
microcatheter during injection¥he addition of the rectangular cross section to allow for optical
position measurements (Figure 2.7) also affects flow within the HA medsultingturbulence
had the effect of dispersing the micros@sein the flow over longer distances (>20mifi)e
microcatheter entiole was positioned 5mm proximally to the first artery model bifurcation

(Figure 2.7), reducing the impact of such flow disturbances.
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This demonstration shows that noontact positioning@f amicrocatheter is indeed
possible and that targeting could be achieved with pasjgetificvascularmodeling. If a large
enoughlevitatorcould be constructed, the patient could be positioned insidetheewhile the
procedure is being performebhe largest challenges facing this type of procedure are scale and
position feedback. Reluctance force decreases with the square of distance, and therefore very
large currents and magnetic fields would be required to exert appreciable force on the
microcaheter. Additionally, théevitatorin this paper benefits from a simple high resolution
position feedback mechanism. Clinical trials would need a similarly high resolution transducer,
despite the additional challenges imposed by intravascular procedinesel challenges can be
overcome, using an active magnetic bearing for targeted RE treatments may prove to be an

effective procedure.

2.6 Conclusion

A sliding model controller was developed based on finite element modeling of a large air
gap AMB typemagnetic levitator. The performance of this controller was demonstrated
experimentally and compared to a PID controller. Experimental results affirm the superior
performance of nonlinear, multivariable control approaches for this large air gap application.
Additionally, the use of finite element analysis to model the significant mutual and leakage
fluxes was critical to the success of this meloleted controller design. Increased robustness and
tracking performance comes with developing more accurate modelst he syst em’ s
particularly the magnetic flux distributions and the elastic catheter characteristics. Specifically,
using devices such as a magnetometer or load cells to validate finite element results and adjust
the system model are recomrded to estimate the bounds on parametric uncertainties. These

strategies should be used to further improve SMC performance.
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Results from microsphere inject®oorroborated the results[6], demonstrating that
vessel targeting is possible using a mictbeter in a 1:1 scale HA model. Despite being only
1.2mm apartthe A and dnjection locations had significantly different terminal vessel
distributions. Flow disturbances were found to have a dispersing effelcé injected
microsphereshus the injetton location should be located elsseas possible to the target
vessel.

Using the modebased SMC enabled precise positioning of the microcatheter tip with
minimal steadystate error. The closddop system also exhibited acceptable command
following over a large region of the HA model cross section. This, along with the microsphere
injection results, demonstrates the ability for this system to meet the performance required for

targeted RE therapy.
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CHAPTER 3: Design and testing of a centrifugal fluidic device for populating microarrays
of spheroid cancer cell cultures
Parts of this chapter have been previously published in:
W. Weisley S. Mil |l er, S. Jernigan, G. Buckner, and

centrifugal fluidic device for populdoanaliohg mic
Biological Engineeringvol. 14, no. 1, p. 7, Mar. 2020, doi: 10.1186/s13036-02286.

3.1 Abstract

In current cancer spheroid culturing methods, the transfer and histological processing of
specimens grown in 9@ell plates is a time consuming process. A centrifugal fluidic device was
developed and tested for rapid extractiongsfesoids from a 96vell plate and subsequent
deposition into a molded agar receiver block. The deposited spheroids must be compact enough
to fit into a standard histology cassette while also maintaining a highly planar arrangement. This
size and planaritgnable histological processing and sectioning of spheroids in a single section.
The device attaches directly to a®8ll plate and uses a standard centrifuge to facilitate
spheroid transfer. The agar block is then separated from the device and pracestseg of the
device was conducted using six full-@@ll plates of fixed Pal4C pancreatic cancer spheroids.
On average, 80% of spheroids were successfully transferred irdagaheeceiver block.
Additionally, the planarity of the deposited spheroidswevaluated using confocal laser
scanning microscopy. This revealed that, on average, the optimal section plane bisected
individual spheroids within 27% of their mean radius. This shows that spheroids are largely
deposited in a planar fashion. For rareesawhere spheroids had a normalized distance to the
plane greater than 1, the section plane either ohtaseapture a small cross section of the
spheroid volume. These results indicate that the proposed device is capable of a high capture

success ratena high sample planarity, thus demonstrating the capabilities of the device to
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facilitate rapid histological evaluation of spheroids grown in standasdedifolates. Planarity
figures are likely to be improved by adjusting agar block handling prior tginmg&o minimize
deformation and better preserve the planarity of deposited spheroids. Additionally, investigation
into media additives to reduce spheroid adhesionwébplates would greatly increase the

capture success rate of this device.

3.2 Introd uction

Cell culturing is &ey experimental toah the study of solid tumor biology,
pharmacology, and the search for more effective cancer treatmentslifiensional (2D)n
vitro cell culturing,in whichcells are grown on flat glass or plastic sulisgérigure 3.1A),
gained widespread acceptardter its introduction in the early #@entury and remains the
most common choice for drug screening studies partly ditewell-developed compatibility
with high-throughput and automated methods. Unifioately, several factors limit the accuracy
with which 2D culturesnodelin vivotissuesleading to the development of phenotypes in 2D
cultures thavary significantlyfrom cellsin vivo[1, 2]. These factors includdifferences in
strain distributiondor cells grown on 2D rigid substrates versus 3D environn|8aj;
differences in mass transport, which limits cellular access to oxygen, nutrients, and soluble
factors and the lack of molecular gradiefits9]. For these reasonsiug screens based 2D
cell cultures can lead to misleading or nqmedictive result§10].

Threedimensional (3D)n vitro cell culturegFigures 3.1C and 3.1@e finding
increased application in pathobiological and
spheroid” cultures derived fr ogrowsusimgroued est abl
bottom 96well plates molded from ultrbow attachmensubstrates. Because these 3D cultures

more closely resembla vivotissues than their 2D counterparts, they may provide more accurate
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modeling ofin vivotissues. For example, spheroid cultiieve been demonstrated to more

accurately predict theagntude ofin vivotumorresponse in KRAS driven cancéid ].

Figure 3.1 Pal4C pancreatic cancer ce{ls) Cellsin 2D culture (B) Cellsseeded into

a round bottom plate and centrifuged to aggre@@yeCellsformed into a spheroid 2

days after seedingD) Spheroidl4 days after seedin§c al e bar represents 100
all images.

Microscopic analysis of 3D cell cultures ispdrticular interest, as it enablepatial
characterization and mapping of biomarkers associated with biological functiométadpolic
activities) and responséo targeted therapies. A limiting factor is the histologic analysis of 3D
cultures usig existing tools and techniqueébe manubprocess is timeonsumingjnefficient,
and cannot compete with the throughput of robsygtems used in the screening of 2D micro
well plate formats.

In this work, gprototypedevice—the centrifugal funnel array- wasdevelopedhat

enables simultaneous transfer of 96 spheroid cultures from standesell 98ates to agar
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encapsulated microarrays for histological processing and andliggechnology has the

potential to expedite the preparation and analysis of 3D spheroid c@halekng high

throughput drug screens, better predictions of solid tissue responsesyranepid

development of therapeutics. Because the specimens maintain their relative position and registry
within the array during transfer, the effects of experimental conditions in ealcbandie

precisely tracked. Eaahicroarray can then be embeddegbaraffin and sectioned as a single
specimen, enabling simultaneous microscopic analysis of all 96 spheroids.

A simple concept of operatiofer the proposed device shown n Figure 3.2The
functionalobjectiveis to automate the transfer of sphesoitbm a 9éwell plate to an agar block
suitable for histological processing. The position of each spheroid within #velB&rray
should be preserved while the reducing the array dimensions as shown in Figure 3.2A. The agar
block can then be histologilty processed and sectioned, enabling simultaneous microscopic
imaging of all 96 spheroids on a single slifiee proposed process begins with a\@8l plate
containing formaldehydéxed spheroids (Figure 3.2BA micro-FunnelMa ni f ol)d ( p F M
consistingof 96 taperedonvergingunnels is attached to the 9&ll platealong with the
moldedagar blockcontaining 96 microwells (Figure 3.2Clhe device is themverted and
placed in sstandard benchtagentrifuge which facilitatesspheroidransferfrom the 96well
plate totheagar block (Figure 3.2DYhe populated agar block is then removed from the device
(Figure 3.2E)Next, the transferresipheroids are fully encapsulateyg backfillingthe agar block
with liquid agar The backfilled block then undergs standard paraffin embedding and
histologica procesmg (Figure 3.2F)Microtome sections of the block are mounted on glass

slides sich that all 96 spheroids can be examioed singleslide (Figure 3.2G)
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Figure 3.2 Conceptual design and operati¢h) Objective of proposed device showing
the relative sizing of the 9%ell plate and agar blockB) Spheroids (red) grown in a 96
well plate (light grey) with liquid medium (blug)C) Funnel manifold (green) with
attached agar block (dark grey) mounteda 96well plate (D) Centrifuge process using
centripetal acceleration to move spheroids into the agar.ilexRopulated agar block
removed from funnel manifoldF) Agar block encapsulated and paraffin embedded after
backfilling with liquid agar (ght green)(G) Top and side view of a histological section

of the agar block. Noteaiot to scale, spheroids enlarged for clarity.

Thiswork presents théesting and evaluatioof the centrifugal funnel arrayrhe device
was tested using full 9&ell plates of fixed Pal4C spheroids. The transfer success rate for each
plate and well was recorded following centrifugation. The resulting agar blocks were imaged
using confocal laser scanning microscopy (CLSM) to determine the 3D location of each spheroid
with the block. Finally, the spheroid location and size data from CLSM were used to

guantitatively assess the planarity of the deposited specimens.
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3.3 Methods

3.3.1 Materials

Corning Costar 7007 ulttaw attachment round bottom @¢ell plates and phosphate
buffered saline (PBS) were obtained from Corn
Medium (DMEM), penicillinstreptomycin, antHiCS CellMask Deep Red staivere acquired
from Thermo Fisher ScientifigValtham, MA). Laminin| was purchased from Treweg
(Gaithersburg, M For fixation, 8% paraformaldehyde (PFA) solution was obtained from
Electron Microscopy Scienc¢Blatfield, PA. Parafim* M” was obtained from B
WI). Fetal bovine serum (FBS), Agar power and Trited00 were purchased from Sigma
Aldrich (St. Louis, MO). Thedigh-Density PolyethyleneHDPE) insertswere acquired from
Hero Glue (Las Vegas, NV). The neoprenekggsabsorbent mat, and nylon mesh for the
containment base were obtained from McMasltarr EImhurst, 1D). All other device
components were fabricated wittsratasygRehovot, Israelpbjet 30 Polyjet 3D printausing
VeroWhitePlusacrylic photopolymeand support material. Centrifugation was conducted using
aSorvall Legend RDbtained from Thermo Fisher Scientific (Waltham, MBEor confocal

microscopy, a Zeis@®berkochen, GermahySM 880 was used.

3.3.2 Cell culture

The devicewvas tested with fixeé spheroids cultured from the Pal4C pancreatic
adenocarcinoma cell lif@2]. Pal4C cells were provided by A. Maitra (MD Anderson Cancer
Center).Cells were grown in a growth medium consistindPMEM supplemented with 10%
FBS and 1% penicillirstreptomyan. Cells were maintained at 32, 5% CQ. Cells were

maintained at low passage (less than 12).
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3.3.3 Spheroid generation and fixation
Cells were harvested and seeded into Corning Costarul®afow attachment round
bottom 96well platesat adensityof3 0 00 c el | s p diquid mediurh. Tlis mediGn® py L o f
consisted of growth medium supplemented with 5% Larviniraminin-| was used because it
has been shown to promotecBdherin expression which promotes-o@&ll contacts, rather than
contacts witlthe substrate. The addition of lamidito 3D culture systems has also been shown
to promote more cuboidal clustered cell morpholdd}. Plates were then centrifuged at 300xg
for 3 minutes and allowed to incubate at 37°C. After 3 days, an additionalll500 f gr owt h
medium was added to each wlledia was replenished dayspostseeding. Spheroids were
cultured for a total of 10 to 14 days priorfixation.
Spheroids were fixed by removing half of the culture medium from each well and
replacing with arequal amount 08% PFAsolution. The spheroids in PFA were then
refrigerated at 4°C @rnight. The following dayspheroids were washedRBSby transferring
each spheroid from the PFA solution to a®é | | pl ate containing 150plL
wasdecanted from each well leaviegchspheroid behind. Finall, 50 pL of fr esh PBS
added to each well. The fixed spheroid plates were wrapgeatafilmand stored at 4°C for

futureuse.

3.3.4 Agarose receiver block preparation
Work by Ivanovet al.[14] demonstratethat an array of 11 by 6 spheroids deposited in
anagar geblock could be made to fit in a histology cassétyemanual micropipetting. A similar
concept was used here to endiha a full plate of 96 (12 x &pheroids could be succadby
deposited by the puFM and encaps.Whkktheabari n an a

blocks in[14] used blind holes for spheroid capture, the agar blocks used here were cast with
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through holes and placed on top of a 100um nylon mesh (FiggR#¢. I his allowed captured
spheroids to be separated from solution prior to agar encapsulation (Figures 3.3B and 3.3C).
Agar receiver blocks were prepared by first mixing a 4% w/v solution of agar powder and
phosphate buffered saline in a conical centaeftigoe. The tube was then placed in a temperature
controlled water bath at 85°C until fully dissolved. Agar solutions were then kept in liquid form
at 40°C prior to casting. Blocks were cast by pouring approximately 5mL of liquid agar solution
into a cust 3D printed mold and allowed to rest for 10 to 15 minutes. After fully gelled, the

blocks were extracted from the mold and stored in PBS at 4°C until used.

Micro-funnel
manifold

Agar receiver
assembly

block

) Nylon mesh
Support grid .
Containment

base

B . . BN C s 2k

............

Figure 3.3 Agar receiver block used with micfannel manifold assemblyAj) CAD
rendering showig the bottom of the micrtunnel manifold assembly (blue), agar
receiver block (translucent), nylon mesh (grey), support grid (pink), containment base
(tan). 8) Dyed microspheres deposited in the agar receiver block after centrifugation.
Note only two rovg, one column, and four corners were populated in theedigolate.

(C) Dyed microspheres encapsulated in agar receiver block.

3.3.5 Device operation
The physical dimensions and mass of the prototype device were limitad tgsting
centrifugebucket vdume and mass capacity, respectivélydevice geometry was established

which met this geometric constrainhile adequatelynating with the 9éwvell plate. Indexing
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features were used on theF Nbp to ensure that &lignedprecisely with the 9&vell plate.
Next, the interior length and width dimensions standardistology cassette,&m and
2.5cm respectively, weresedto establisithe diameters andpacingof the funnel outlets ithe
M F Mottom.Based on an averagpheroidliameter of 500upthese dimensions resulted in an
outletdiameter o 2 On®wuth acenterto-centerspacing of 38 0 y m.

Thecomponents of the fabricated prototygre listed from the top dowrard (Figure
3.4A). 96-well plate, mating plate, HDPiGserts,u F Magar receiver block, nylon mesupport
grid, containment base, an absorbent mat, and a gasieemating platgy FM, support gri
containment base were all 3D printd@pered HDPE inserts used between the mating plate and
thepy F M ovided a smooth continuous passage to mitigate friction acting on spheroids during
device operationThepy F Mquippedvith HDPE insertand epoxied to the mating pldtems
the micro-funnelmanifold assembly(y F M Awhich is used in operation as a singbenponent.
Figure 3.4B shows a cross section view of the assembled device. Here, the geometry and feature
size of each funnel necessitates the use of high resolution additive manufacturing techniques.

Deviceoperation begins by positioninige agablock, nylon meshsupport grid,
absorbent pad, and gasket in the containment base. The manifold assembly is then mated with
the containment base. Next, the entire assefiufyre 3.4C)s inverted andlippedonto the
upright96-well platecontaining fixed Pal4C spheroidehe devicenow mated to the 9@ell
plate,is thenslowly inverted and placed in the centrifulgecket utilizing acounterweighas
neededAfter centrifuging aB0Oxgfor 5 minutes, the device is removed and the méhifo
assembly isletachedrom the containment base. Liquid a§4%o w/v previously prepared) at
40°Cis poured over the agar receiver blpfiking the through holesndencapsulating the

transferred spheroidéfter cooling for 10 to 15 minutes, the agaceiver block was removed
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from the containment base and placed in a petri dish containing PBS. From heyéiihaesh
was removed from the blo@nd replaced with a thin layer of liquid agar. Once the final layer of
agargelled thefinished receiver lock with encapsulated spheroidss stored in PBS at 4°C in

preparation for downstream processing.

Inverted 96-well plate ‘

Mating Plate iz
Micto- unnel | ope e
manifold \
assembly | Micro-funnel /
manifold &

Agar receiver block \ ——— Support grid with
nylon mesh

Centrifuge bucket
Containment base
with gasket and
absorbent mat

Figure 3.4 Overview of uFMA constructionA) Exploded view of device in a
centrifuge bucket (gasket and absorbent mat not shoBNnErpss section vie of fully
assembled device in centrifuge bucket (gasket and absorbent mat not sBywmpto
of assembled device ready to mate with av@dl plate.

3.3.6 Optical sectioning and imaging
Because the paraffin embedding and microtome sectioning prodessely dependent
on the skill of the histotechnologist, optical sectionivas utilizedto assess the placement of
spheroids within the agar receivielock. In this way, the receiving block is not physically, cut
but rather an image is generated by faogia very thin plane of lighwvithin the sample. Images
acquired as this plane is moved tdmemsiongth t he
i mage. This technigue also has the advantage

block so thatvery spheroid can bmagedregardless of planarity.
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Optical sectioning was done using a fomal laser scanning microscopée use of agar
for the receiving block had the added convenience of being opticatiyparentwhich is
essential for imaging thick samples. Agar reeeblocks were imaged by using a 10x/0.45 plan
apochromat objective to scan an approximately 2.8dnbcmx 1mm region of the block in a
series of 30pm thick optaetweenlthe speecoids aadtle agarftbe pr o
spheroids were stained withhe HCS CellMask stain which was excited with a 633nm laser and
detected over 63435nm. This stain was chosen becausetdken up byhe entire cell
cytoplasm as well as the nucleusighlight the entire volume of the spheroidssan be used
with standard C¥ filter sets, ands longerabsorption/emissiowavelength penetrag¢issue
more deeply thatheshorter wavelengthsf other available stains.

Spheroids were stained after mgidepositedrad embedded in the agar receifstck to
increase staining throughput, reduce loss of spheroids during the staining process, and minimize
variations in staining between spheradiasn the same plate. The HCS CellMashining
solutonwaspared as per the manufacturer’s instru
each agar recegvblock were permeabilized in a solutioh0.1%v/v Triton X-100in PBSfor 1
hour. Next, theagarreceive blocks were washed twice in PBS for 30 minigash and then
soaked irthe HCS CellMaslistaining solution for 1 hour. Finally, tlagarreceiver blocks were
washed twice in PBS for 1 hour each and stored in PBS until imaging. All solutions and stains
were applied irtcustomCoplin staining jar style cdainers which were designed to hold the
receiver blocks upright so as to allow for adequate diffusion through the top and bottom surfaces

of the agar.
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3.3.7 Data analysis and statistics
Image stacks acquired using CLSMre processed using Hiji5], anopen source
distribution of the popular image analysis program ImageJ. Using this softaax@l SM data
was visualizedn 3D, sectioedon arbitrary planes, and analgzier spheroid position and size.
The pheroid distribution planarity wasssessely first computingpoints onthe external
surface of all spheroids in a sample. Then for@hepheroid, the average distance from the
surface of the spheroid to its centrdiff,was calculated. Next,laast squareglane was fit to
the centroids anthe distance from th€ centroid to the lane,Q, was calculated. This value
was then normalized hy[yielding the normalized distance to the fit plEQdi [ If the fit plane
passes directly throuwdgt a lfshisakeiogredtéerthandeghen r oi d
it is likely that the fit plane misses the spheroid altogetfiguure 3.5 provides illustrations of
distance to fit plane and average radius measurements (top) and failed spheroid sectioning
(bottom).Statistical gjnificance for spheroid success rates averaged over plate rows and
columns was established using a-@aenple itest against the total mean success rate (@3t p
unless otherwise stated). Mean values presented with standard deviation (SD) are shown as mean

+ SD.
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o Fit Plane

Figure 3.5 Spheroid planarity measurements. The average spheroid i fafgs

distance to the optimal fit plarQ(top) are shown superimposed on the sketch of a

spheroid (magenta). Spheroids whose distance to the fit plane is greatbethawerage

radius are unlikely to be sectioned by the fit pladb@tbm) and ar e i ndicated by

3.4 Results
Thecentrifugal funnel arraywastested withatotal of six full 96-well platesof fixed
Pal4C spheroid$-our of thessix plates were ab optically sectioned usir@LSM. For these
six plates, the average sphertiansfersuccess rate was &011%. In other wordson average
80% of all spheroids were successfuignsferred from the 9&ell plate anccaptured in the
agar receigr block for each test. Theansfersuccess rate was also recorded for each well on the
96-well plate. These results are summarizeBigure 3.6which indicates the avage success

rate for each welll  ¢).
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% Successful Spheroid Capture by Well (N = 6)
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Figure 3.6 Spheroid capture success rate. $hecess rate out of 100% is shown for
each well of a Costar 7007 uli@w attachment round bottom 9€ell plate 0 ©).
The average successie over all 6 plates was &Q011%.

Figures 3.7 and 3.8 show spheroid capture success rates averaged acrasd rows
columns, respectively. In these figures, error bars indicate the standard error of the mean. Bars
marked with an asterisk indicate the rows/columns that have mean capture success rates which

are significantly different from the total mean capture ssscate over all wells.
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Figure 3.7 Mean captursuccess rate for each row. Error bars indicitedard error.
(*) the mean success rate of this row is significadifferent fj 18t p from themean
success rate for all rows.

Mean Capture Success Rate (%)

1 2 3 4 5 6 7 8 9 10 11 12
Column

Figure 3.8 Mean capturesuccess rate for each column. Error bars indicate standard
error. (*) the mean success ratetagtcolumn is significantlgifferent i @&t p from
the mean success rate for all colun{t9. ) T8t dor this column

The spheroid distribution planarity was evaluateddar of the six plate by using
CLSM as stated befor€igure 3.9shows an optical section from a reagillock containing 91
out of 96 spheroidd&Vhen imaging a plane passing through the far sidespharoid (with
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respect to the objective), the fluorescent signal must pass through a large portion of spheroid
tissue.This results in signal degradatiarausing a reduction in image intensity as seen in Figure
3.9.This figure shows that 3Qu m t hadtian komshes sample contaiascross section from

all 91 spheroid# the agar receiver block

1500 pm

Figure3.9 Opti cal section from CLSM. This 30um thioc
of each spheroid captured (91 out of 96 spheroids were capturedsartipte).

Variations in the fjht intensity of the spheroids atae to their depth relative to the

section plane. Higher intensity spheroids are deeper relative to the section plane than

lower intensity spheroids.

The fit plane andhormalized distance dgistics for each sample are showrilable 3.1.
The centroid fit plane is defined by the coefficieitsr) , andr) . Here,f represents-height
of the fit plane from the bottom surface of the agar blgckndicates the slope of the plane in
the x-direction, and) indicates the slope of the plane in thdisection. The slope of the plane

can be interpreted as a measure of how parallel the spheroid plane is to the bottom surface of the
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agar block. The mean normalized distance to the plasraged over all four samples was 0.27

+ 0.064.
Table 3.1 Spheroid distribution planarity statistics
Centroid Plane Fit Normalized Distance
) mm mye me (HD) mle
Sample — - — Mean Median Max
1 812 -0.0083 -0.017 0.21 0.18 0.69
2 888 -0.0076  -0.017 0.3 0.28 11
3 799 -0.012 -0.0033 0.23 0.21 0.66
4 512 -0.00091 -0.011 0.28 0.2 13

Figure 3.10llustrates how well the fit plane sections the receiving blocks. In this figure,
(A) shows a selection ddur spheroiddrom Sample 2 while B) shows a selection fro®ample
3. The selection inX) was chosen to show the most-otiplane spheroid through which the
plane only sections a small piece. This is reflected in the maximum normalized distance of 1.1
for this sample.

To show spheroid distribution trends for an entire sample, spheroid centroids were fit
with a locally weighted regression. FiglBd. 1shows the spheroid centroids (magenta circles)
and their corresponding regression ( 1@ ) for Sample 2. He, the zaxis scale was zoomed
in to better show variations in spheroid position. Note that the circular markers in Figure 3.11 do

not represent spheroid shape or size.
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Figure 3.10 Plane passing through a selection of spheroids from Sampleahd

Sample 3 B). This figure shows a selection of 4 spheroids and the corresponding fit

plane calculated for the entire array. The spheroid surfaces (magenta) are generated from

the CLSM image stacks.
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Figure 3.11 Spheroid centroid distributidior sample 2 using the same coordinate

system as that used in Figl#d 0A. The magenta markers represent centroid locations
and do not indicate spheroid volume. While not indicative of sectionability, a locally
weighted regression was added to highlitjet nonplanar trends in the distribution
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3.5 Discussion

Somenotabletrends can be inferred froRigures 3.63.8, the most obvious being the
relatively low success rate for wells H3 through iWich includes the well with the lowest
averagesuccess rate: HEigure 3.7shows that on average, the success rate of row H is
significantly lower {§ T8t pthan the mean success rate of 80%. This effect is possibly
explained by the technique used to invert the device prior to centrifugation. Fqulexdrthe
device is rotated around a particular column or row then the effects of the motion on the samples
in those wells may be differerih contrast, Figure 3.8 indicates tmat columnsad a
significantly lowersuccess ratdan the mean, howev€olumn10 was significantly higher than
the meanr{ 18t .

After each test, the device was inspected for uncaptured spheroids. An overwhelming
majority of the spheroids which were not captured inr¢eeiverblock remainednsidethe 96
well plate. Thisalso shows that the device itself is providing a reliable passage from-thel|96
plate to theeceiverblock. As stated before, this effect may be the result of the technique used to
invert the device. While fine tuning this technideey. by increasingr decreasin@gitatior)
could be done to improve the transfer between the well plate and the device, robustness to
variations in ed-user technique is a priority.

One proposed method of addressing this issue is by using media additives. It is unclear as
to the exact reason some spheraidsereo the plate, however some possible explanations
include surface tension effects, surface adsorption of biomolecules, friction, and electrostatic
forces. There is a considerable amount of research in the arefacksunodifications for
reducing cell and tissue adhesions to engineered mafé6als7] Thisinformation can help in

thedesignos ur f ace c oat i rhagsdimitedoapplichtiors to thé ide db standare off
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the-shelf 96well plateswhich woul not have this coatind his makes media additisan
attractive option for modifying spheroid surface interactions. Possible additives for future
research include biological lubricants such as those found the synovidllBljidvaterbased
lubricants sich as methylcellulose, ionic and anionic detergentsyanduspoloxamerg19].

For spheroids that were successfully transferred, the results in TaBlgo8:Xhathe
optimal sectiorplane passes through the spheroids widipiproximately27% of ther mean
radius.The standard deviation in the normalized distance to plane over all four samples was
0.064 which suggests repeatable planarity results between safplssit appears that the
spheroidsaaremostly distributed in a planar fashion. However, the maximum normalized distance
for Samples 2 and 4 are greater than 1. This indicates that there is at least one spheroid that may
not be sectioned by the fit plarkhis alsopoints toa limitation of thes statistics: the
“sphericity of the spheroids affects the strength of the conclusion. It is not entirely true to say
that a normalized distance of greater than 1 means that a spheroid was not sectioned by the fit
plane. As demonstrated Bygure 3.10A the spheroid sitting welldiow the plane is more of an
ellipsoid. Ths showsthat the mean radius underestimates the size of the spheroid along its major
axis. Along its minor axes, the mean radius overestimates thé&gaee 3.10Bshows spheroids
from a sample with a maximum normalized distance of well under 1. This selection shows more
uniformity in the size of the cross sections generated by the fit plane.

Upon further investigation of the CLSM resuitdyecame apparettat some of the
samples hadpheroid distributions thateremore parabolic than planarhe regression in
Figure 3.11shows a depression running through the sample parallel teakis.yin fact, the
selection fronfFigure 3.10Ashows how spheroids in this depression relate tattb&he.In

Figure 3.11w p mm corresponds the bottom of the depression in this range-pbgitions
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This anomaly in the distribution could be caused by bending of the sample during preparation or
handling that remained through imaging. In additauring imaging the agar recerblock was
placed on a glass coverslip. Thus, if the surface contacting the coverslip was not perfectly flat the
block woulddeform from its original shap@&he planarity statistics are likely to be improved by
adjusting tle sample preparation and handling procedures, such as using a vibratome to plane the
surface of the agar block prior to mounting on the glass coverslip

Thesetesting results helpadentify a specific area of thmethodologywvhich needs
improvement: trarfer of spheroids out of the 98ell plate. In some cases, spheradéemg to
the inside of their wells accounted for over 85% of failed captures. This prompts further
investigation into the use of media additives as previously discussed or usingraldeesf a
different material. The planarity results indicate that the spheroids are largely being deposited in
a plane, however some outliers still exist. Further analysis of the CLSM results shows that some
samples have spheroid distributiomish parabak trends As mentioned earlier, this is likely the
result of an uneven agar surface or bending of the receiving block. Embedding alignment
features in a plane in the agar could allow for correction of sample deformation during CLSM,
however more refinedasnple preparation and handling should abate this problem without the

need for more complex image analysis techniques.

3.6 Conclusion

This paper has presented the development and testing of a novel device for the transfer of
spheroid cultures from a 98ell plate to a histology cassette, while maintaining the same
relative location of the spheroids before and after the transfer. The device uses a centrifuge to
move the spheroids from the-9&ll plate through funnels and into an agar receiver block,

forming an agar gel embedded microarray which can then be processed and imaged. Device
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testing revealed that on average 80% of fixed Pal4C spheroids were successfully deposited in

the agar receiver block. The planarity of the spheroids in the agar block wadexakiag a

confocal laser scanning microscopkich demonstrated that, on average, spheroids were

sectioned within 27% of their mean radius. This shows that the vast majority of deposited

spheroids could be examined in a single section. While the deagswecessful at capturing

most spheroids, the success rate could be improved by focusing on the issue of spheroid adhesion

to the 96well plate. This prompts future studies into media additives to aid in spheroid handling.
This device could rede the time required to evaluate spheroids fromveb plates by

not only reducing the labor intensive task of extracting spheroids individually from plates, but

also by allowing the spheroids to be processed in a single histology cassette and imaged as a

single specimen. Additionally, this parallel processing has the potential to reduee-slide

and spheroido-spheroid variation introduced by manual serial processing and imaging. Future

work in this area should be conducted to characterize théitseared effects of various 3D

culture handling methods on the outcome of downstream processes.
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CHAPTER 4: Development and testing of multiscale vascular models for evaluating the

performance of embolicagents

4.1 Abstract

Recent clinical studies have investigated the safety and efficacy of various embolic
agents used in the treatment of prostatic artery embolization (PAE). This treatment is emerging
as a safe and effective alternative to surgical interventions used redhaént of benign
prostate hyperplasia. While these studies have evaluated commonly used polyvinyl alcohol
(PVA) particles and trimcryl gelatin microspheres (EmboSpheres), there is very little literature
investigating the use of glass microspheres dsoémagents for PAE. In addition, current
studies focus on the clinical outcomes associated with these particle types while there is still
relatively little known about their physical mechanisms. In this work, a multiscale vascular
model was developed teplicate the anatomical and physiological flow characteristic of the
prostatic vasculature. This model was dynamically perfused to match published pressures and
flow rates for the target vasculatutésing clinical microcathetegass microspheres, PVA
particles, and EmboSpheres in a variety of sizes were injected into the vascular model to
simulate PAE. The transparent planar vascular model was imaged using a digital microscope and
the resultingmage arrays were analyzed to determine embolic partisielditions within the
prostate microvasculature. This analysis revealed differences in the particle distributions between
glass microspheres, PVA particles, and EmboSpheres. In particule80@a@ and 306600>m
EmboSpheres showed similar performancg&i@180>m Glass microspheres in terms of distal
penetration and reduction of Rlbw rate (>50%). Glass microspheres showed the highest

reduction in PAflow rate(over 80%); however the smallest glass microspheres displayed

71



reductions in IPA flow rate asell, indicating some amount of reflux out of the PA. Particle
distributions also showed differences between the left and right halves of the microvasculature
for PVA particles and EmboSpheres while glass microspheres showed more uniform
distributions. Thause of this type of model has been shown to help elucidate the differences
between embolics of different types and sizes used for PAE which may be used to improve

patient outcomes.

4.2 Introduction

Prostaic artery embolization (PAE) is an emerging altéreto surgery in the treatment
of benign prostatic hyperplasia (BPH). Despite the increasing utilization of PAE, its clinical
outcomes lag those of standard surgical procedures, with38¥oof patients reporting
moderate to severe lower urinary traaingyoms following treatment (Wang, et al. 2018).
Although a variety of embolic agents (including polyvinyl alcohol (PVA) patrticles, PVA
microspheredyis-acryl gelatin microspheres, and polyzer@ated hydrogel microspheres) and
Ssizes(58B 00 pm f o ticlePaviddlOp @0 pm f or nhave beensstpdiethe e s )
relationships between embolic material properties (specific gravity, compressibility, etc.),
morphology (irregular granules vs. microspheres), and size on patient outcomes remain unclear.
The plysical characteristics of select commercially available embolic agents for PAE are

summarized in Tablé.1.
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Table 4.1 Physicalcharacteristics of commercialiwailable embolic agents for PAE

Name Manufacturer Material Morphology Size (um) Elastic Modulus (kPa) Density
Bearing Merit Medical, PVA Non-spherical, irregular 45-150 (yellow)  Low Neutral
Jordan, UT granular 150-250 (purple)
250-355 (blue)
Foam Cook Medical, PVA Non-spherical, irregular 90-180 (black) Low Neutral
Embolization Bloomington, granular 180-300 (green)
Particles IN 300500 (purple)
Bead Block Boston PVA Spherical bead 100-300 (yellow) Low: 18.8 +4.00 Neutral
Scientific, 300500 (blue)
Marlborough,
MA
LC Bead Boston PVA Spherical bead 70-150(black) Medium: 110 + 20 Neutral
Scientific, 100-300 (yellow)
Marlborough, 300500 (blue)
MA
EmboSphere Merit Medical, Tris-acryl Spherical bead 40-120 (orange) Low: 19.33 +4.97 Neutral
Jordan, UT gelatin 100-300 (yellow)
300500 (blue)
Embozene Boston Polyzene Spherical bead 30-50 (black) Low: 13.6 £ 1.98 Neutral
Scientific, coated 60-90 (brown)
Marlborough, hydrogel 75-125 (orange)
MA 200-300 (yellow)

350-450 (blue)
480-580 (red)
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Recent studies have investigated various aspects of microsphere deposition in PAE
procedures. Torres, et fl] compared the safety and efficacy of PlhEarandomzed
controlled clinical trial ofL38 patientsising trisacryl gelatin micrgpheres of different
diameters (Bup Apatients were treated with microspheres-300 0 Groyp B with 300
500y mGroup €dith1063 00 um f ol |-5 @& @ )dThdyyound hdl patient
outcomes were not significantly different among microspheredfefelnt sizesthough the
Group A patients (168004 nmicrospheres) haan increased risk of minor adverse events.
Goncalved?2] similarly compare the efficacyof PAE for BPH usind00-30Qu nversus 300
50Qu ntris-acryl gelatinmicrospheresvith 15 patiens in each grouprhey found both sizes to
be safe and effective embolic agemsth imaging outcomesot significantlydifferentfrom one
another They did note greater incidence afdverse events with 18004 nmicrospheres
Wang, et al[3] conducteda similar clinical study by comparingcambination of 50 nmand
10Qu m P paricles versus 1QOnPVA particles aloneThis fiveyear, 120 patient study found
thatPAE with 5Q1 nplus 10Qu nPVA particles resulted in improvedinical and imaging
outcomesand nosignificant differences in adverse eveassompared td0Qu nPVA particles
alone.Absent from these recently published studies is an assessment of embolic performance in
PAE using glass microspheres, which have densitiesl@iodmabilitiesvery differentfrom the
options inTable 1.

This workseeks to understand how the unique propertiggast microsphereompare
experimentally using a novel microvascular prostatic artery matelfirst part of this work
focused on the developmentamultiscale vascular model (VM) based on polydimethylsiloxane
(PDMS) soft lithography. This model was cast from liquid PDMS over a two part mold: one part

consisting of a microscale photoresistsilicon mold and the other consisting of a mesoscale
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mold machined out of aluminum. The second part of this work aimed to determine embolic
performance by injecting various microspheres into the vascular model under physiological
dynamic perfusion. Poshjection image arrays were collected for each model aalyzed
using MATLAB' s I mage Processing Tool box to
combined with pressure and flow rate data recorded during injections, is used to quantify and

compare the performance of various embolic agents used for PAE.

4.3 Methods

4.3.1 Vascular model design

The2D planatvM was developed to captukey anatomical features of the human
vascuature includingarteries, arterioles, and capillarighile matchingoublished physiological
pressures and flow rates for pulsatileiflof whole blood approximate (e waterglycerin
mixture that matches the density and viscosity of whole blood). Table 4.2 shows physical
guantities for the systemic circulatory systeth This table classifies the blood vessels
comprising the systemurculation into discrete groups based on their diameter and proximity to
the heart. A key feature of this data is the multiscale nature of the gysiszulation. The
diameters, lengths, quantities, crsgstional areas, and velocities span multiptees of
magnitude as the circulation progresses from aorta to venae cava. In particular, the diameters
range from 22mm at the aorta to justtDat the capillaries. Additionally, the number and area
increase fromcnt at the aorta to nearly 2600€spreadver 3 billion capillaries. This is due to
the branching structure of the systemic circulation which ensures that blood can be supplied
effectively to the tissues of the bodyor PAE, embolizatia occurs at the arteriole lewglth

particles ranging frord0>m in size to over 508m. To accurately capture the behavior of these
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embolics, the VM must also have branching channels that recapitulate the multiscale branching
structure of the arterial vasculature. Another key feature of the systemic circuldbien is

decrease in mean pressure from 95mmHg at the aorta to 25mmHg at the capillaries with the
pressure significantly decreasing after the smaller arteries. The pressure in the venae cava is
essentially OmmHg where the circulation returns to the heart. Pnesgures are a key factor in

the design of the VM for multiple reasons: 1) higher pressures can exert excessive force on
embolic particles causing uncharacteristic behavior such as deforming particles and forcing
particles into smaller vessels; 2) excespressures may damage the VM causing leaks or
unintended shunts between adjacent vessels; and 3) high pressures can cause unintended VM

channel deformation, changing the characteristic dimensions of the vessels.

Table 4.2 Physical quantities for the ggsnic circulation4]

Diam. Length Vol. Area Velocity Press

Vessel (mm) (mm) Number (mL) (cm® (m/s) (mmHg)
Aorta 22 600 1 228 4 0.25 95
Large Arteries 6 300 40 339 11 0.083 93
Small Arteries 2 50 2400 377 75 0.012 87
Arterioles 0.02 3 1100000 104 346 0.003 54
Capillaries 0.01 1 3.3E+09 259 2592 0.0004 25
Venules 0.04 3 2.2E+08 829 2765 0.0003 7
Small Veins 2 50 2400 377 75 0.012 4
Large Veins 10 300 40 943 31 0.03 3
Venae Cava 22 500 2 228 4 0.25 0

The prostatic arteries (PA) asabbranches of the anterior iliac trunk, which is a branch
of the internal iliac artery (llA) (see Figure 4[%). Comprehensive knowledge of the prostatic

artery vasculature and its feeding branches is necessary for catheter navigation in PAE;,therefore
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these anatomical features have been well studied and published in the li{fér8liréhese
publications reveal that the vasculature is highly variable from pdtigdtient; however,

certain configurations are prevalent in multiple publications. touts prevalence, the VM was
designed to represent the prostatic artery originating from the internal pudendal artery (IPA),

commonly referred to as a “Type | V” anatomica

Figure 4.1 Anatomical variations of the prostatic artery (HB8). (AD) anterior
division of the internal iliac artery, (OA) obturator artery, (GPT) glupeedendal trunk,
(IPA) internal pudendal artery, (MRA) middle rectal artery, (SGA) superior gluteal
artery, (IGA) inferior gluteal artery.

The diameter of the PA is alsell studied in the literature. Published mean diameters
include 0.9, 1.6, 1.7, and 0.9mm, with the latter being two different groups within a single study

[6, 8, 10, 11] A nominal PA diameter of 1.0mm was chosen for the VM. Flow rates for the PA
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have been published as functions of prostate volirstatic blood flow for BPH patients can
vary considerably. From a study aimed at predicting treatment response after PAE using
computed tomography, the median prostatic blood flow rate was 73.5mLO@mL1(per
100mL prostate volume) and the median prostate volume was 70.2mL before tr¢aBhent
Assuming a single PA (either the left or right PA) supplies 70% of prostatid@loyields a
unilateralvolumetric flow rate o86mL/min. A preliminary liteature review did not yield
clinical pressure data for tA; however,Table 4.2provides a mean pressure for smakkaes
(~2mm in diameter) of 8@mHg. Foralumped parameter model, tterget PA flow resistance
for the VM was calculated using Equatidri below. HereY is the hydraulic resistance
(calculated from the HagePoiseuille law) 0 Ois the time averaged pressure, &néis the time
averaged volumetric flow rate. For the typical 70% unilateral PA flow, this equation yields a
target hydraut resistance of 145PRU (peripheral resistance units, msiidg).

o
o

831

(4.1)

821

The structure of the VM was inspired by a prostate angiogram from a PAE patient. Figure
4.2a shows an angiogram of the prostate vasculature before embolization while Figure 4.2b
shows an angiogram after embolization in the same p#&tightThe blood vesds are darkened
by contrast which is injected during imaging. The lack of contrast showing in Figure 4.2b is due
to the reduced blood flow following embolization. The inlet of the VM (Figure 4.2c) represents
the IPA, from which the PA branches (lower bofarof first bifurcation). The fluid outlets

represent the capillaries feeding the prostate gland and surrounding tissue.
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Figure 4.2 Vascular model design inspired by patient angiograinAfigiogram of a

PAE patien{13]. A guide catheter is inserted aithe inner left pelvic artery (star), and a
micro-catheter is guided into the arteries supplying the prostate gland (thin arrow). The
blood vessels within the prostate are indicated by large artbjsSollowing

embolization, the small vessels within fhr@state are no longer visible (large arrow),
though the main vessels remain supplied with blood (small arrows), ensuring blood
supply to the other orgaf§]. (c) TheVM design capturing the prostatic artery geometry
observed clinically. Fluid outputgpresent capillaries feeding the prostate ghardi
surrounding tissue

Thegeometry of tk VM was designed to faithfully recreate the sizes of the arterioles and
capillaries (down to 10pm) while also presery
a seltsimilar branching tree structure was used (FiguBgas a template. By modelinge tree
as an analogous circuit of “hydraulic resisto
height) can be tuned to achieve appropriate pressiyesdflow rates (0) according to
Equation 4.1. The hydraulic resistance of each channdkislai@d from the HageRoiseuille
Equation for a rectangular channel (Equation fL2). Here,' is the dynamic viscosity of the
fluid, 0 is the length of the channdl, is the width of the channel, aifds the height of the
channel. In this equatiothe flow is assumed to be laminar and fully developed, the channel

width is assumed to be much greater than the height, and the channel is assumed to be straight.
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moan® ! (4.2)

R hyd

Figure 4.3 Modeling of the microscale chip mold. This shows how flow channels
forming a branching tree structure are modeled using an analogous hydraulic resistor
circuit. (0) inlet volumetric flow rate,{j) channel lengthQ channel height)Y) channel
width, (Y ) hydraulic resistancel ) inlet pressure,0” ) pressure after the'N

generation.

Based on the branching structure in Figure 4.3, a recursive algorithm was developed to
compute the total resistance of the tree. This algorithm uses Equation 4.3¥vhepeesents
the resistance at th& generatior}, is the number of branches p#vannel,, is the scaling
factor for each generation, ail  is the hydraulic resistance as calculated by Equation 4.2.
This algorithm allows for the freedom to arbitrarily adjust the geometry from generation to
generation while benefitting fronhé simplicity of the regular branching tree structibexative
tuning of the model parameters (length, width, height, generational scaling factor, and
generational branching factor) was conducted to achieve the desired geometry and flow

characteristics.
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This modelbased design tuning resulted in a design which is summarized by the plot in
Figure 4.4. The design consists of a 5 generation treertdnathes 4 times per generation and
scales the channel width and length by % per generation except for the last generation which
only scales by %. The channel heights range fron»30& the first generation to 120 at the
second to last generation. Thetlgeneration has a height of 50 Channel lengths range from
12.8mm to 108m. This geometry results in a hydraulic resistance of 124PRU which is within
15% of the target resistance and as such, this design closely replicates pressures published in the
literature for various blood vessel sizes when perfused at a typid&dw Aate (36mL/min
unilateral). These pressures are summarized in Table 4.3 below along with the corresponding
pressures from Table 4.2. Good agreement between these pressureslisccatioid over or
under pressurization at Flw rates which could affect embolization behavior or even damage

the vascular model.

Table 4.3 Mean blood pressures compared between literature and model

Hydraulic Pressure (mmHg)
Diameter
Vessel Type (mm) Literature Model
Small Arteries 2 87 78
Arterioles 0.02 54 57
Capillaries 0.01 25 26
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Figure 44 Final microscale model design. The length, width, and height correspond
with the channel dimensions illustrated by Figure 4.4. Each channel brantimes $er
generation. The total hydraulic resistance of this design was 124PRU which is within
15% of the target resistance of 145PRU.

To ensure the validity of this design method, the assumptions required to apply Equation
4.2 were checked. First, theatinels were designed so that the majority of the length can be
reasonably approximated by a straight channel. In other words, designs which had sharp curves
were avoided so that for the final design, the channel width divided by the minimum radius of
curvaure was approximately 0.2. The Womersley numbégEquation 4.4-sometimes called
the unsteady Reynolds Numbeis a nondimensional measure of the ratio between inertial and
viscous forces in a pulsatile flow. Hefteis the fluid densityg is thecharacteristic length of the
channel, and is the angular frequency of the pulses (assumed pulse of 60bpm). Womersley
numbers less than 1.0 correspond with flows that are dominated by viscous forces and become

fully developed during a pulse cycle. Additially, these flows can be considered qiséaiic
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with parabolic velocity profiles which is a requirement for the Halgeiseuille Equation. The

boundary layer thickness ) of the flow can be calculated from the Womersley number by using
Equation 4.5 whrewis the distance along the channel from its entrance. If the entrance length is
defined as the point along the channel’ s | eng
the channel, then the entrance length can be calculated as®a| . To ensure that entrance

effects can be neglected, the channel should be much longer than the entrance length. Lastly, the
channel width should be much greater than the channel height. In the case where the height is

much greater than the width, the twande swapped thereby satisfying this requirement.

However, even in the worst case scenario where the height and width are equal, Equation 4.2

yields a theoretical error of only 13f4].

o a = (4.4)

(4.5)

The Womersleywumber for each generation was calculated using the hydraulic diameter.
This resulted in a maximal Womersley number of 0.7, indicating that a-sfadisi parabolic
velocity profile is achieved. Additionally, the channel length was at least 5 timestthecen
length for each generation as calculated using the channel width or height, whichever was
smallest. This means that while some error can be expected from entrance length effects, it is not
likely to significantly impact hydraulic resistance calcidas. Overall, the assumptions required
to apply Equation 4.2 are reasonably satisfied.

Upon preliminary testingf this model, it was observed that embolic particles tended

form clusters and embolize the regions between generations where there waptachabige in
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the channel height (Figure 4.5a/b). Because of the fabrication techniques used, channel widths
and lengths are much more precise than channel heights. Additionally, only discrete channel
heights can be achieved whereas widths can be variéidwowmsly. Because of these limitations,

the design was revised to split main branches into several narrower channels (Figure 4.5c). Main
branches of generation 1 and 2 were split into 4 parallel channels approximately 20% of the
original channel width. Geeration 3 was split into 2 channels approximately 50% of the original
channel width. The last two generations were not split. This revision ensured that channels were
consistently taller than they were wide allowing for a controlled taper in the snaithesision.

This enables a more characteristic embolization rather than the unrealistic embolization depicted
by Figure 4.5a. Recalculation of the hydraulic resistance for this revision resulted in a resistance

of 166PRU, which is still within 15% of theigmal 145PRU target.
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Figure 4.5 Revision to vascular model geometry to better capture embolization
behavior. § Test embolization of original channel geometry showt)n(€) Revised
geometry which splits main branches into several narrower chaallosigng for
controlled taper and more characteristic embolization as opposad Birfensiors
shown are in microns.

4.3.2 Model fabrication
Because of the multiscale nature of the circulatory system demonstrated by Table 4.2, the
VM mold was fabricateih two parts: 1) the mesoscale mold containing features larger than

0.6mm and 2) the microscale mold containing features smaller than 0.6mm. This was done
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because of a lack of fabrication techniques that can resolve features on the micron scale while
alsocreating features on the millimeter scale. The mesoscale mold was machined from 7075
aluminum for its durability and precision machinability. The surfaces in contact with the PDMS
were sanded with progressively finer grit sandpaper to achieve a mirsbr. fiigure 4.6 shows

the complete mesoscale mold with a rectangular pocket machined for microscale molds to be
inserted so that the mesoscale and microscale features can be cast together in a single device.
Here, the inlet to the VM represents the IPA wité right two branches supplying blood to the

prostate.

Figure 4.6 Mesoscale mold machined from aluminum. The angiogram from Figure
4.2b was used to design the geometry of the mold. The right two branches represent flow
from the PA and the left two brehnes represent the remaining flow from the IPA.

The microscale mold was fabricated using a multilayer photom@sisilicon technique,

which begins with photomask creation. Here, the microvascular geometry was transferred to
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quartz photomask ates using @aPG-101direct write lithography systenidgidelberg

Instruments Mikrotechnik GmbHHeidelberg, Germany). Next, a 4in test grade single side
polished silicon wafer (UniversityWafer, Boston) was prepared by dehydrating on a hotplate at
115°C for 5 minutes, allowing to cool to room temperature, and then rinsing on a spin coater at
3000rpm with a stream of acetone for 5 seconds follow&tigrppanolfor 5 seconds. The

wafer was then spin coated with 5 layers of&P035 negative photoresist (K&ysAdvanced
Materials, Westborough, MA). For each layer, approximately 4mL of photoresists was dispensed
in the center of the wafer using a syringe immediately before spinning. Photoresist layers were
baked, exposed, and developed according to the recipabie 4.4. Soft bakes and post

exposure bakes (PEB) were conducted on two hotplates: one s&Ctaribthe other set to

95°C. Edgebead removal (EBR) was done using a S¥GCoat Track (Silicon Valley Group,

San Jose) to remove excess photoresist 6mto from the outer edge of the wafer using a

stream of popylene glycol methyl ether acetdBGMEA). Layers were exposed with their
corresponding photomasks using a MA6 contact alighésg MicrotecGarching, Germany).

The contact aligner uses a broadd light source calibrated to atiie (365nm) energy output

of 10 + 0.2mW/cri A PL-360LP longpass (LP) filter (Omega Opticdrattieboro, VT with a
nominal cuton wavelength of 360nm was used to eliminate artifacts sucl@sping and

improve featire resolution. Soft contact was used between the wafer and mask plate to prevent
deformation and sticking of the thick photoresist layers to the mask. Following the final
exposure, the wafers were developed in a PGMEA bath under constant agitatioteoy a ro
shaker until all visible unexposed photoresist was removed (approximately 20 minutes). Wafers

were then developed for 5 minutes longer to ensure complete development.
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Table 4.4 SU-8 2035 multilayer recipe for VM microscale mold

Layer Thick Spin Coat Soft Bake EBR Exposure PEB Develop
1 60um D: Orpm 65°C, 2min N/A N/A N/A N/A
S: 500rpm, 8s, 100rpm/s 95°C, 5min
C: 1900rpm, 30s, 300rpm/s 65°C, 2min
R: 3-5min I RT
2 60um D: Orpm 65°C, 5min 6mm, 20s with LP filter, 65°C, 5min N/A
S: 500rpm, 8s, 100rpm/s 95°C, 10min PGMEA Soft contact 95°C, 10min
C: 1900rpm, 30s, 300rpm/s 65°C, 5min 65°C, 5min
R: 3-5min I RT I RT
3 30um D: Orpm 65°C, 3min 6mm, 20s with LPfilter, 65°C, 3min N/A
S: 500rpm, 8s, 100rpm/s 95°C, 6min PGMEA Soft contact 95°C, 8min
C: 4000 rpm, 30s, 300rpm/s 65°C, 3min 65°C, 3min
R: 3-5min I RT I RT
4 75um D: Orpm 65°C, 3min N/A N/A N/A N/A
S: 500rpm, 8s, 100rpm/s 95°C, 9min
C: 1625rpm, 30s, 300rpm/s 65°C, 3min
R: 3-5min I RT
5 75um D: Orpm 65°C, 5min 6mm, 25s with LP filter, 65°C, 5min 20-30min
S: 500rpm, 8s, 100rpm/s 95°C, 15min PGMEA Soft contact 95°C, 20min PGMEA,
C: 1625rpm, 30s300rpm/s  65°C, 5min 65°C, 5min rinse w/2-
R: 3-5min I RT I RT propanol

D: dispenseS: spreadC: cast,R: relax,Z: cooldown,RT: room temperaturé-25 °C)
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Finished wafers were diced into two rectangular chips which were inserted into the
mesoscale mold. The completed VM mold is shown in Figure 4.7. Syl§drdDow, Midland,
Michigan) twepart PDMS elastomer was usked casting. The two components were mixed
together as per the manufacturer -3minutes.t ructi o
The mixture was then poured onto the VM mold and a rectangular sheet mold. Both molds were
placed into a vacuum ovenHt0°C, degassed under vacuum 3aninutes, and then baked at
ambient pressure for 22 minutes. After baking, the molds were removed from the oven and the
silicone was separated from the molds. Excesses flash was removed from the PDMS using a
razor blade. Inleand outlet holes were punched into the silicone using stainless stegjagee

syringe applicator tips.

Figure 4.7 Completed vascular model mold. This figure shows the mesoscale mold and
integrated microscale mold chips fabricated using photoresisd#icon (dark grey).
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The VM was completed by bding the two PDMS pieces together using oxygen plasma.
First, the two pieces were cleaned by applying and removing clear packing tape to their mating
surfaces. This removed the majority of particulates tlad accumulated on the surface.
Following this, the pieces were rinsed wadpropanoland dried with M. Both pieces were then
placed into the chamber of a PBO0 plasma asher (Nordson MARCH, Concord, CA). The
chamber was evacuated to 100mTorr, at Whpiint O, was added to the chamber at 600mTorr.
The chamber was energized by a microwave power source at 250W for 5 seconds. Next, the
chamber was evacuated to 100mTorr again and then purged withéplasma treated pieces

were then removed from tlohamber, pressed into contact, and baked on a hot plat&Catd85

10 minutes under the weight of an aluminum plate.

4.3.3 Embolic particle injections

A closedloop, dynamically pressumezl surrogate arterial system vessembled to
facilitate experimentdesting (Figure 4.8 A customfabricated positive displacement pump and
gear pump, connected in parallelpvidedpulsatile flow with pressure profiles replicating those
measured clinically. The gear pump maintairted steadystate (timeinvariant) canponent of
the pressure waveform, while the piovg displacement pump providélde pulsatile (time
varying) component. At the proximal end of the arterial ehoa fluid supply reservoir was
connected to two computeontrolled pumps configured in pardile custorafabricated positive
displacement pump and gear purAginch valveon the parallel arterial branch enabjedcise
adjustment of fluigpressure and flow at the VNRealtime mass measuramts of flow through
the VM allowed forthe calculation bflow rates Pumps wereonnected to the collection

reservoirs to intermittently recirculate fluid back to the supply reservoirviiyesalves at the
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pumpspreventedluid leakage from the collection reservoirs between intermittent pump

operations, ensimg accurate flow rate measurements.

(V) "

2¢ G

12a >

2d

2e

12b

Figure 4.8 Dynamically pressuridsurrogate arterial system. ¢1a) reservoirs, (2a

2e) oneway valves, (3) pulsatile pump, (4) gear pump, (5) syringe, (6) delivery catheter,
(7) pressure transducer, (8) rigid aidémodel, (9a, 9b) pinch valves, (10) filter, (11a,
11b) laboratory scales, (12a, 12b) centrifugal pumps

Three different types of embolics were tested: glass microspheres (Cospheric, Santa
Barbara, CA), PVA foam embolization particles (Cook, Bloomingthi), and EmboSpheres
(Merit Medical Systems, Jordan, UT). Table 4.5 lists the particle types and characteristic used for
testing along with the number of trials for each type of particle. Prior to catheter insertion, flow
rate measurements were takernhaf PA, IPA bypass, and IIA bypass. The IlIA bypass consists of
the flow through the system not entering the IPA. The IPA bypass consists of the flow through
the IPA not entering the PA. An efble microcatheter (2.5F Cook Cantata or 2.9F Cook

Cantata depeding on particle size) was inserted into the PA within the VM through the IPA and
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lIA (Figure 4.9). A custom computer controlled syringe pump was used to inject embolics

through the catheter.

Table 4.5 Embolic particles used for testing

Type Diameter (un) Density (g/cc) Trials
Glass 45-53 2.5 2
Microspheres 90-106 2.5 2
150170 2.5 2
PVA Particles 90-180 1.1-1.4 2
180-300 1.1-1.4 1
100-300 1.1-1.4 2
EmboSpheres
300500 1.1-1.4 1

—)

Figure 4.9 Vascular model connected to surrogatierial system. Here, a 2.9F catheter
has been inserted through the IPA and into the PA within the VM. A needle has been
inserted into the PA through the top of the VM to record PA pressure measurements. IPA
and PA outletare connected tilve tubingshown on the left.
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For the glass microspheres, a double syringe setup was used (Figure 4.10). For each
injection, 250mg of glass particles were mixed with 1.2mL of water. This mixture was loaded
into a 1mL syringe which wasitcapheetwbyed t hreeg
manifold. A 50mL syringe was connected to the manifold and then the manifold was connected
to the inlet of the catheter. Prior to injection, the stopcock is opened allowing the glass particles
to descend into thetdap. When injectig, both syringe plungers are depressed causing a
controlled stream of glass particles to enter the manifold which mix with the bulk fluid flow from
the larger syringe. This setup ensures that a consistent well dispersed stream of igarticles
delivered tihough the catheter. For the PVA patrticles, 50mg of dry particles were mixed with
1.55mL of norionic contrast (Novaplus Omnipaque 350, GE Healthcare, Chicago). This
solution was mixed by pipetting between two 1mL syringes followed by loading into a single
1mL syringe for injection. A similar procedure was used for EmboSpheres which come packaged
in a syringe with saline. Here, 0.65mL of EmboSphere stock solution was drawn into a 1mL
syringe. Another 1mL syringe was loaded with 0.65mL of-iworic contrastThese two 1mL
syringes were mixed together in the same manner as the PVA particles and loaded into a single
1mL syringe for injection. Glass particles were injected at a rate of 0.004mL/s in a series of
0.0125mL pulses with 20 seconds between pulses. Rvi#cles and EmboSpheres were
injected at a rate of 0.025mL/s in a series of 0.025mL pluses with 20 seconds between pulses.
Pulses were stopped when slowed PA flow caused reflux back into the PA or when a significant
amount of particles had accumulatedhia PA. Typically, 2680 pulses were administered per
test. IIA and PA pressures were recorded during injection along with PA flow rate. After
injection, the catheter was removed &iodv rates were allowed to stabilize. When flow rates no

longer changedhe final PA, IPA bypass, and IIA bypafdsw rates were recorded.
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Figure 4.10 Computer controlled syringe pump with double syringe for injection of
glass particles. When the stopcock is opened, the glass particles descend iiri@pthe J
When injectimg, both syringe plungers are depressed releasing a controlled stream of
particles into the manifoldith the larger syringe providg the bulk fluid flow.

4.3.4 Image collection and analysis

After injectiors were completed, the VM was transferred to animaging stage
consisting of a USB microscope camera (Celestron, Torrance, CA) attached to a two axis gantry
system driven by stepper motors. This system enabled collection of high resolution image arrays
that capture the entire PA microvasculature. Imagays were analyzed using MATLABs
(MathWorks, Natick, MA) Image Processing Toolbox. Images were thresholded to produce a

binary mask containing the particles. The thresholding algorithm was specifically tuned to
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identify glass microspheres, PVA particles, and EmboSpheres. From this, regions containing

embolic particles were identified with their size and location being recorded.

4.4 Results

Mean pressures for the 11A and PA were 88 and 78 mmHg respectively, agret well
with the target pressures for small arteries in Table 4.3. Additionally, the average PA flow rate
was measured to be 31mL/min which is close to the 36mL/min unilateral target used to design
the VM. The resulting measured resistance of the Bauwlature was 151PRU which is
comparable to the 145PRU target. These figures indicate that the VM design method was
successful at predicting actual flow characteristics.

Selected composite particle masks for each particle type and size are shown in Figure
4.11. These images show particles (black) wit
microvasculature is at the top of the image while the outlets are at the bottom. Additionally, the
horizontal (top) and vertical (right) particle density higeoms are shown. While the
thresholding algorithms were effective at detecting particles, sompartiole image artifacts
are present. In particular, all image arrays contain a vertical line at toentgr of each image
caused by the presence ofangiln ment mar k used to prepare VM s
common area for noise is the bottom edge of the image where the outlets are located. These
outlets often allow ingress of air after testing resulting in the presence of air bubbles in the
lowest regios of the image. The bubbles are typically below the deepest embolic particles
however. Lastly, the righihost edge of the image occasionally presents image noise because of
its proximity to the margin of the PDMS where incomplete bonding sometimes 0¢iss.
were checked to ensure that the microvascular channels were fully bonded (so that they do not

leak) even if the margins of the PDMS were not perfectly bonded.
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The total density of particles contained within the image arrays of each patrticle type and
size is shown in Figure 4.12. This plot indicates the relative volume of particles delivered to the
VM during injection. Particle densities are computed by counting the number of masked pixels
in the composite image array. To help identify trends betwedeftrend right halves of the

VM, Figure 4.13 shows the particle densities for the left and right half of the image arrays.
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Figure 4.11 Selected image arrays for each particle type. These plots show composite
images constructed froembolic particle binary masks. The histograms show the
horizontal fop) and vertical (ight) particle densities (arbitrary units).
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Particle Density (arbitrary)

Figure 4.12 Total particle density by particle type and size. This plot indicates
comparativey the volume of particles injected into the VM.
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Figure 4.13 Particle densities for the left and right halves of the VM by particle type and
size. This plot indicates comparatively the volume of particles deposited into the left and
right halves of the VM

Distal penetration was evaluated by analyzing the vertical particle density (Figure 4.14).

Here, the particle density represents the number of masked particles located at the indicated

distance from the top edge of the image array. The maximum distgtgigon was quantified as

the distance from the top edge of the image array where the particle density first decreases to

50% of the maximum density after the maximum. This was done to make maximum penetration
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guantification robust to image noise andfadis. The computed maximum distal penetration by
particle type and size is shown in Figure 4.15.

The mean PA pressure, mean v rate and injection volume were recorded during
each injection. These quantities are plotted in Figure 4.16 by partiel@tygpsize. Due to the
catheter lumen volume, an initial number of injection pulses were required before particles were
delivered to the VM. The average PAw ratebefore the catheter was inserted and after the
catheter was removed following injectioreahown in Figure 4.17. The average IPA bypass
flow rates are shown in Figure 4.18. lIA bypdkswy rates were very consistent between trials
with an average of 69.5 + 2.6mL/min (mean + standard deviationhjection and 70.3 +

2.4mL/min postinjection.
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Figure 4.14 Vertical particle density as a function of the distance from the top edge of
the image array. This plot corresponds with the bottomst region of the image arrays
(most distal with respect to the microvasculature inlet).
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Figure 4.15 Maximum distal penetration by particle type and size. The maximum distal
penetration was quantified as the distance from the top edge of the image array where the
particle density first decreases to 50% of the maximum density after the maximum.
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Figure 416 Embolic particle injection time histoglots. (red) Total injection volume
(mL), (blue) mean PA pressure (mmHg), (dotted blue) mean PA flow rate (mL/min).
Thesemeasurements were made following catheter placeamstyrior to catteter
removal.
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Figure 4.17 Mean PAflow ratebefore and after injection by particle type and size.
Meanflow rates were recorded befooatheter insertion and after catheter removal
following particle injection.
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Figure 4.18 Mean IPAbypasdlow ratebefore and after injection by particle type and
size.Meanflow rates were recordedeforecatheter insertion and after cathetemoval
following particle injection.
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4.5 Discussion

The composite images in Figure 4.11 show that the channel splitting revision to the VM
successfully eliminated clogging at locations where the channel height changes. Rather,
embolization was observed to occur either at the entrance or within the graapeisd sub
channels. While image noise and artifacts are present, quantifications from the thresholded
images were still possible. When necessary, image arrays were reviewed during data analysis to
identify features of particle density plots as eithas@@r embolic particles. These images
reveal that there typically exists a frontier of embolic particles that are followed by an
accumulation of excess particles. This effect is most pronounced for glass microspheres where
nearly all of the excess partd have traveled as distally as possible behind the embolic frontier.
Although, it should be noted that the-83>m glass microspheres showed an accumulation of
particles near the inlet (top) of the VM microvasculature. This is likely due to the dramatic
decrease in the PRow ratethat was observed for this size of glass microspheres as shown by
Figure 4.17. When these particles are injected during such slow flow, they tend to settle on the
floor of the VM whereheyeither move slowly or stop moving alfether. The PVA particles
and EmboSpheres displayed secondary embolisms proximal to the embolic frontier, resulting in
a higher number of distinct accumulations of particles than observed for glass microspheres. This
suggests that PVA particles and Embo&ek have a higher propensity for clustering resulting
in embolization of channels that are wider than any individual particle. Examples of clustering
are shown in Figure 4.19. This effect may be more pronounced after PA flow slows in response

to the form#éon of the most distal embolisms first.
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Figure 4.19 Clustering of 106B00>m EmboSpheredgft) and 96180>m PVA particles
(right). These clustered embolisms occurred in channels that weren40Qvidth.

Figure 4.12 shows that there is reasonablesistency (within £10%) in the number of
particles delivered to the VM for glass microspheres over all sizes. However, the VM received as
much as 30% fewer 9080>m PVA patrticles and 10800>m EmboSpheres. For the 2800>m
PVA particles and 30800>m EmboSpheres, clogging of the catheter limited the number of
particles delivered to the VM resulting in a lower overall particle density. This issue may be
alleviated by using a catheter with an inner diameter larger than 2.9F and by reducing the
concentratia of the particle suspension to avoid clustering within the catheter. Figure 4.13
shows that glass particles were delivered evenly between the left and right sizes of the PA
microvasculature. For the PVA particles and EmboSpheres, the left half recavest &0% of
all particles delivered to the PA. The most extreme difference was observed wBOE80
PVA particles in which the left half received only 20% of all particles delivered to the PA. This
could be explained by the difference in density ofglass microspheres from water. Having a
higher density than water means that the inertia of a glass microsphere will have a greater effect
on its motion than for particles that have a specific gravity closer to 1. In other words, PVA
particles and EmboSphes may be more likely to follow fluid streamlines than glass
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microspheres which may disperse more evenly through the flow. Another explanation for this
difference is that more glass microspheres were delivered overall. If embolization tends to begin
on the right half of the PA vasculature first, then delivering more particles will eventually fill the
left half after flow to the right half has slowed. Figure 4.17 indicates that while there was
typically at least a 50% reduction in the Réw rateafter ifjection for PVA and EmboSphere
trials, glass trials showed a reduction of over 80% irflBv ratefollowing injection. This could
indicate incomplete embolization for PVA and EmboSphere trials resulting in more particles
being delivered to the right halfo fully test this hypothesiflow rates should be measured for
the left and right halves of the prostate vasculature separately. This would indicate which half
tends to embolize more quickly. Additionally, Figure 4.18 shows that the glass trials @ere th
only to also decrease IPA bypdksv ratewhereas the other trials resulted in an increase in IPA
bypasdlow rate This shows that enough glass particles were delivered to result in reflux into
the IPA bypass branch.

Figures 4.14 and 4.15 show that®%m glass microspheres had the greatest distal
penetration, reliably making passage through channels as narrowrasvbi@re no other
particle could access. The second greatest distal penetration was seerMithra@lass
microspheres which consistgnpenetrated channels whose width was less tharmi @8
shown in Figure 4.20 (left)rhe remaining particles all performed similarly in terms of distal
penetration. Of particular note are the EID>m EmboSpheres which were capable of
deforming to pasthrough restrictions as small as 260 However, no 10300>m
EmboSpheres were observed embedding in channels whose width was less hanrhgd
difference is likely the result of branching channels into 4 paralletkahnels. This presents

discontinuties in the gradual overall tapering of the vasculature where particles tend to

110



accumulate if they cannot pass through the sudden restriction. An example of this occurring with
100-300>m EmboSpheres is shown in Figure 4(@ght). A VM with more graduathannel
divisions and tapering would likely improve differentiation of different particle types and sizes in

terms of distal penetration.

3 400 um 200 um

Figure 4.20 90-106>m glass microspherekeft) and 106300>m EmboSpheresifht)
accumulating irm500>m channeivhere it divides into four 1066n channels.

The time histories plotted in Figure 4.16 show the gradual progression of the embolic
state. In these plots, the beginning of embolization is signified by an increase in the mean PA
pressure. Trials typically reqed a minimum number of injection pulses &gmdelivering
particles to the VM. As previously stated, this is largely due to filling the catheter dead volume
with particle suspension prior to particle delivery. The number of pulses before particles are
delivered is also affected by the dead volume of syringe fittings and couplings. This added
volume must first be filled with particle suspension before the catheter can begin filling.
Furthermore, inhomogeneity in the particle suspension can result ingavtieles being
dispensed in the first several pulses after the total dead volume has been filled with suspension.

Another inconsistency in the particles delivered per pulse is caused by temporary clogging of the
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catheter. When this occurs, no partickes delivered for a period of time after which a large
number of particles are delivered as the catheter becomes unclogged. This can cause abrupt
changes in the PA pressure dlodv rate In general, as particles are delivered to the VM, the PA
flow resisaince increases causing an increase in PA pressure and a decreafievinr&@ This
behavior appears more rapidly at first and then begins to level off as presstiosvanatie

approach their respective values at complete PA embolization.

Because ofriconsistencies between the nunsadrparticles delivered per pulse, it is
difficult to identify meaningful differences in the embolization dynamics between patrticle types
and sizesHowever, a interesting observation is that-83>m glass microspheres@ied a
decrease in the PA flow rate following catheter removal; the opposite being observed for the
other particles. Generally, when the catheter is removed the IPA and PA resistance decreases as
the catheter is no longer obstructing flow. However, theltiag increase in pressure and flow
further compacted loose microspheres subsequently reducing the average PA flow rate for the
glass 45%53>m case. Thisndicateshat some embolics may show more complete stasis after the
catheter is removed. If contrasjections are used clinically to determine stasis, there may be a
tendency to deliver a larger dose than is needed for complete or near complete stasis.
Furthermore, the plots in Figure 4.16 show thaditu PA pressure measurements may provide
an accurte indicator of embolization without disrupting the flow by injecting contrast or
removing the cathetefypically, when a 7mmHg or geter increase in the PA pressure was
observed, there was a corresponding decrease in the PA flow rate of over 50Pe aéiaraval
of the catheter. Additionally, the shape of the pressure time series may indicate information
about quality of the embolization. Figure 4.21 shows snapshots of the most distal embolization

for each particle type and size. Here, two distinctgygieembolizations occurred: 1) a firm
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embolization where particles have become lodged within a channel whose width is less than the
size of the particle and 2) a loose embolization resulting from the accumulation of particles at the
entrance of channelkdt are too narrow to allow entfyirm embolization was observed for

glass 901 0 épEmboSphere 16800um, and PVA 96180um. Here, dass 901 0 ép

microspheres are observed penetrating infjor®@ide channels occluding a vast majority of the
channel crossection.EmboSphere 16800um and PVA 96180um particles were capable of
deforming enough to penetrate approximatelyb@@nto the entrance of the @ channels

again, providing occlusion of a significant portion of the channel cross sdétiothese

particles, the pressure curves in Figure 4.16 show a steep rise in the PA pressure initially which
then levels out over time as more particles are injected. This is in contrast to gdS91H0
EmboSphere 36600um, and PVA 180Qum particles whichwere unable to penetrate irttee

90um channels at allThe 4553um glass particles were capable of penetrating througm50
channels but were unable to entepi®0channelsThese four particle types and sizes formed

loose embolizations where flonate reduction was caused by accumulation of many particles in
larger channels. In Figure 4.16, these particle types and sizes produced pressure curves that were
approximately linearThis is likely due to the fact that for a loose embolism, further inen¢ah
injections of particles tended to add similar amounts of flow resistance to the PA
microvasculature as previous injections. This indicates that the main factor affecting the flow
resistancdor loose embolizatiors not vessel occlusion as wite irm case but rather viscous
losses as fluid must flow through accumulations of loosely packed parfibissalso explains

why the slope levels out for cases of firm embolization: additional accunnkter themost
distalembolizaton provides only @ded viscous losses through packed particles with no

additionalvessel occlusianThese pressure measurements not only provide information about
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flow rate reduction, but also the qualityirm or loose—of the embolizationThis has the
potential to providenore information to clinicians who can then better determine when the
desired levelnd qualityof stasis has been reached preventing incomplete embolization or

excessive reflux of particles out of the PA.
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Figure 4.21 Snapshots ahemost distal embaodim for each particle type and sig&rm
embolization was observed fgiass 961 0 6 pEmboSpheréES)100-300um, and PVA
90-180um where particles became lodged within channels that are narrower than the
particle’”s nominal size.

4.6 Conclusion
This work resulted in the successful development of a multiscale vascular model for
replicating physiological flow conditions seen in the prostatic vasculature. The design and

fabrication techniques were not only capable of producing a vascular modalpprtipriately
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sized channels, but were also capable of accurately matching the target flow resistance of the
prostatic vasculature. When tested with various embolics, the VM enabled detailed analysis of
particle distributions within the prostatic microvakdure. The results revealed differences in

the particle distributions between glass microspheres, PVA patrticles, and EmboSpheres. In
particular, 106800>m and 306600>m EmboSpheres showed similar performance to1IEBm
Glass microspheres in terms o$@il penetration and reduction of H8w rate(>50%). Glass
microspheres showed the highest reduction irfl&Mx rate (over 80%); however the smallest

glass microspheres displayed reductions in IPA flow rate as well, indicating some amount of
reflux out d the PA.

Time histories of the particle injections showed a repeatable increase in the PA pressure
and a decrease in the PAw rateover the injection duration. While controlled injections
enabled observation of the embolic state development, intemsiss in the number of particles
delivered per injection pulse limited the ability to directly compare between particle types and
sizes. This is an issue inherent to the delivery of particles with different properties where a single
injection method is ot likely to yield identical injections across all particle types. Issues related
to catheter clogging may be alleviated by using a larger internal diameter catheter and by using a
lower concentration particle suspension for PVA particles and EmboSpheres.

The VM design can be improved by more smoothly tapering the branching channels to
eliminate sudden changes in channel width. This type of improvement would allow for better
differentiation in the distal penetration between particles types. Additionatigrding thélow
rates of the left and right halves of the prostatic vasculature separately would help identify the
nature of the disparity between the left and right particle densities for PVA particles and

EmboSpheres.
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Overall, the results provided liye VM and these experiments can help identify
differences between embolic particle types and sizes used to treat BPH. The new information
that can be provided by this type of model wi#ld a more through context for clinical studies
that evaluate theagety and efficacy of embolics for PAE. These results, alongiwiivo
studies, may provide more accurate indications for embolic type and size and may lead to
advancements in PAE tmprove its safety and effectivess, such as usimg situ pressure

measurements to evaluate stasis.
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CHAPTER 5: Future work

5.1 A large air gap magnetic levitator for precise pogioning of a clinical microcatheter

The work presented in Chapter 2 demonstrated the feasibility of controlling a
microcatheter within 4:1 scalemodel hepatic artery (HA) system using a novel large air gap
magnetic levitator. This systemsstructured likea radial active magnetic bearing (AMBWwas
capable of regulating the position of the microcathettrin the HAcross sectiomwith a
precision ofa r o u n d Fugh@rmane, this system was used to deliver microspheres to the HA
model at various locationsithin the cross section. These delivery experiments resulted in a
strongrelationbetweerthe catheter position and the vessel outcome. These results and the
results from Richards et 4lL] show that this devigalong with patient specific hepatic vascular
modeling has thepotential to improve clinical outcomes in patients receiving radioembolization
(RE) therapy for hepatocellular carcinoma (HCC) by enabling targeted deposition of RE
particles.

One of the maibarriers preventing this technology from translating to clinical practice is
the scale of the AMBFigure 5.1 shows how the AMB must be situated with respect to the HA to
provide norcontact position regulation of the delivery catheter. This illustraggiipracticality
of this device: the magnetic levitator could never be in such close proximity to the HA. To
prevent the use of this device from being excessively invasive, practical realizations are limited
to extracorporeal magnetic field generatiSoch devices could be conceived whereby the

patient’s torso and abdomen could be situated
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Figure 5.1 Sketch showing the large air gap magnetic levitator in relation to the hepatic
artery.The operation of this device rdoes the electromagnet bearing to be situated
around the circumference of the hepatic arteay impractical requirement.

While positioning a patient within the bore of an AMB may itself seem impractical, there
has been some success wi&mote navigatiosystems on the market for magnetically steering
catheters. The most prolific of these systems idNibbe robotic navigation syste(Btereotaxis,

St. Louis).This system consists of two robotically actuated permanent magnets capable of
producing a magnetitux density of approximately 05T [2]. The magnitude and direction of

the force generated by these magnets can be adjusted by moving the permanent magnet around
the patientThis system has been used to good effect in arrhythmia ablation procedures,
esreciallyto treat atrial fibrillation3].

The research presented in Chapter 2 showed that magnetic flux densities of
approximately 0.01T were adequate for microcatheter position regul@lignis notably less
than produced by the permanemignets of th&liobe system which requires flux densities an

order of magnitude higher. The higher flux density of the Niobe system is in part due to the need
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for magneticallysteering catheters where the desired tip deflection could be as high &kiS0°
is in contrat to the modest deflection of less thafi @juired of the AMBype magnetic
levitator.While the 0.01T flux density was not a challenge forlittim diameter AMB requiring
a coil current of only 150mpAscaling the system up to the bore size of typioadical imaging
systemgas low as 60cmgould presenadditional difficulties By using the flux density within a
solenoidas a rough estimate, Equation BllLshows that the magnetic flux density
approximately scales with the numberahp-turns 0 "Qvhile scaling with the inverse of
length & Equation 5.2 shows an approximate relation between the 1cm AMB parameters
(subscript 0) and 60c®MB parameters (no subscripts) that results in the same order of
magnitude flux densities. Using this, Equatiod idicates thathe 60cm diameter levitator

should have about 100 times more Atams as the 1cm levitator.
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For the same number of turns, Equation@&ictsthat 0.01T can be achieved by the
60cm levitator with an approximate coil current of 15A. Using the same finite element analysis
shown in Figure 2:5-scaled up by a factor of 60 howewvea coil current of 10A results in a
magnetic flux density of 0.01T imé centerThe results of thesscaling approximations should
beexperimentallyalidated at an intermediate schkfore investing in the construction of a full

scale prototype
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While this shows that this type of levitator could be operated as¢his, there are still
somemajorconsideratioathat must be addressed. The first is heat dissipation. Because Joule
heating is volumetric, it sdes with length cubed. On the other hand, cooling occurs over the
surface of a conductor implying length sgeaascaling. This means that the larger the
electromagnet is the more heat flux must be transferred out of the coils. For this reason, passive
convection is not likely to generate enough heat flux to maintain coil temperatures below their
rated ampacity taperature as it was for the 1cm AMButure research aimed at translating this
technology to clinical realization will need to carefully consider heat generation and dissipation
as a part of the overall electromagnet design. Second, the sensing metneeavilh be revised.
The levitator system eslin Chapter 2 benefited from the use of simple and inexpensive optical
sensors for position feedback. While optical sensing is not possible for clinical applications, x
ray fluoroscopy may be a viable optiorerd, continuous acquisition ofray images from
multiple angles may be used to compute the catheter position. However, the amount of ionizing
radiation delivered to the patient during the procedure must be mininiizisdnay limit the
feasibility of usirg fluoroscopy for position sensingurtherlimitations of fluoroscopy for
position feedback include bandwidth and resolution limits of commercially available imaging
systemsFor these reasons, additiosahsing modalities should be considered (electgmetic
tracking systems, electromagnetic ssdhsing, eddy current sensing, etéipally, a new
microcatheter must be designed which includes the ferromagimefifor actuation and the
support which supports the catheter within the center of they afteis catheter must be
deployable through standard access techniques to the HA and must be designediz flow
disturbances which can cause turbulent mixing of particles and ultimately reduce targeting

precision Interactions between the elastitbeior of the catheter tip and the surroumgdluid
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flow should also be considered. Limiting these effects will ensure that hydrodynamic fluttering
seen in Figures 2.22 and 2.23 is minimized.
Provided that these challenges can be overcome, the moddlingrainol of the 60cm
scale levitator would be fundamentally different from the system presented in Chapter 2. In
particular while the airgap becomeslargeme r egi on over which the ca
regulated becomes comparably smaller. Thisng up the potential for controller development
based on linearization of the system about the point where the catheter is initially prased.
could offer a relatively simple system moadiich would be more amenable to adaptive and
robustcontrol tecimiquesthat could compensate fancertainties andifferences between
patients and cases (such as tHAmeterflow rate and position)Investigating these challenges

at an intermediate scale will help establish the validity full scale levitator sysm.

5.2 Centrifugal fluidic devices for populating microarrays of spheroid cancer cell cultures
The evaluation of the microfunnel array raised some important questions about its
performance. The first was concerning the capture success rate whajaity of unsuccessful
captures were caused by spheroids remaining in tveefigplate. In response to this
observation, media additives were suggestett ais those found the synovial fljit], water
based lubricants such as methylcellulose, ionic and anionic detergentsyiand poloxamers
[6]. While these are good starting points, more needs to be known about the forces and
mechanisms involved when a spheroid fails to transfer from tveeb@late. If frictional forces
are the cause, then lubricating agents may be an effective solution. However, if surface tension is
inhibiting spheroid movement, detergents may be called for. Furthermore, traction between
spheroids the well plate materiabgnbe caused by adsorption of proteins and other

biomolecules. For this, poloxamers, detergents, and lubricants may all be effective for various
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reasons. lnce elucidating the underlying mechanism may be importaffile this is an
important area of resezh for the microfunnel array, this may also be of interest in the broad area
of biological sample handling, preparation, and processing.

Another important future research area for the validation of this device is in sample
morphology.While spheroids cahe transferred from a 98ell plate to a planar histology array,
the forces experienced during transfer may affect their morphology and thus the overall sample
quality. For example if spheroids are being deformed or fractured during transfer, conclusions
about spheroid morphology between sample groups may be weakssedsment of spheroid
morphology can be done througtdBnensional imaging modalities such as confocal laser
scanning microscopy (CLSM); however, as pointed out in Section 3.4, (CLSM)sstuéfer
high light attenuation in thick samples. A possible alternative to CLSM isdiggst
fluorescence microscopy (LSFMjere, the sample is placed in a liquid agar solution and drawn
into a glass capillary tube. By using cylindrical optics, LSFM tesciluorescence in a plane
passing throughthe samplehi s | i ght “sheet” can be projecte
sample thereby mitigating the attenuation losses associated with CLSM. An example of a Pal14C
spheroid imaged using Zeiss Lightsheet ZIISFM is shown in Figure 5.2Jsing LSFM,
deformation can be evaluated by comparing spheroid shape and size before and after transfer.

While these two areas focus on improving and further evaluating the microfunnel array, a
third area of future researchimsextending its capabilities by allowing the transfer of organoid
cultures. Simple spheroid culturesuch as the ones used in Chaptero®er several
advantages over conventionatitnensional cell cultures; however they still rely on established
cancercell lines that, due to lontgrmin vitro adaptation processes, do not accurately reflect the

genetic makeup of patient derived cancer cells. To address the limitations of current preclinical
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cancer models, researchers have moved towards primary caheertgerived organoid

cultures. In contrast to spheroids which form in a liquid medium, organoids are cultured within a
protein gel matrix which better reflects the true tissue microenvironment. Transferring organoids
from a gel presents a significant 8bage not associated with spheroid cultures. Fortunately,
some commonly used gel matrices transition to a viscous liquid at reduced temperatures.
Exploiting this effect may enable transfer of organoids. Further research into how liquid gel
medium behavioand viscosity affect the performance of the device should be conducted to
evaluate the limitations of this methods and ways in which the device can be redesigned to

mitigate these limitations.

Figure 5.2 Lightsheet fluorescence image of a Pal4C sphstw#ing three
orthogonal views of the spheroid volume.

These future research areas aim to improve and extend the capabilities of the microfunnel

array. In addition to thessreas performing a trial study using this devisamportant to its
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validationas a tool that can help advanceighensional cell culturbased studies he results of
such a study could be used to compare the quality of data between sets produced using the
microfunnel array and conventional processmgthods along witldifferencesetween the
amountsf research hounequired Combining this type of study with the aforementioned future
research areas will ultimately confirm the advantagele microfunnel array systeamdits

potential to expand the scope of cancer research studie

5.3 Multiscale vascular models for evaluating the performance of embolic agents

Future work in the area of developing vascular models for testing embolic agents will be
directed towards studyingE treatment foHCC. As stated in Chapter s treatmentas
proven effective in controlling liver tumors and improving patient outcomes as aadtaned
therapy and when used in combination with systemic chemotherapy across several disease states.
Presently, alRE treatments utilize manualgperatedsyringes and singleimen catheters to
deliver anticancer agents to the hepatic arterial supplly the intent of delivering the majority
of these to the tumoBize constraints within tHeA limit the axial catheter placement, typically
to regions jusbeyond the left and right hepatic branches, implying that only the left or right
lobes of the liver can be selected for therapeutic delivery.

The success ®REis dependent on tumor coverage, as insufficient coverage allows for
continued tumor growth. Etors affecting tumor coverage include the radiation activity levels
and penetration depths of each sphere, as well as the number of spheres that successfully implant
in the tumor periphery. Clearly, microspheres must be sized approprib&lynust bermall
enough to reach the tumor, but large enough not to pass through the terminal tumor arterioles.

Additionally, an optimal number of microspheres must be delivered, such that full radiation
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coverage of all tumor cells is achieved, but not so many tlebsgheres reflux to netarget
tissues and organs.

The physical characteristics of radioactive microspheres (density, diameter, and
radioactivity) are known to affect their deposition and tumor coverage in RE procedures. The
two radioactive microsphereqlucts approved for treatment of hepatic cancers in the US; resin
based SIRSpheres (Sirtex Medical Inc., WobuMA) and glasshased TheraSphere
microspheregBoston ScientificMarlborough, MA, have significantly different physical
properties. While hit use the same radioisotop&Y() and have the same target dose (100 Gy),
they differ indensity, diameter, and activit3IR-Spheres arEDA approved for the treatment of
metastatic colorectal cancer (liver metastaseBjle TheraSpherenicrospheres areDA
approvedor treatment of primary liver cancergpatocellular carcinom& CC). Both products
are radiolucent.

This future workseeks to experimentalassess the embolic performance of ABK
Bi omedi 98" migosdhgresising 1X scaleiCC models Eye-90 microspheres are
unique in that they are radiopaque (whereas TheraSpheres apls¢Res are radiolucent),
having the potential tprovide in-procedure prognostic dosimetr radioembolization
proceduresThe HCC model is currently be developed using the same methods as in Chapter 4.
Figure 5.3 shows an angiogram of a HCC tu(@gr the associated HCC model geomé€By,
and the machineshes®cale moldC). Results of injection experiments using this moaii be
analyzed in a similar way to those used in Chapter 4. Here, the overall distribution of
microspheres will be compared between radiolucent and radiopaque cases to elucidate any
differences between the twio. addition to microscopic analysis;rayimaging will be

conducted to correlate radiodensity maps with optical images (Figure 5.4). This will evaluate
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how well the radiodensity relates to actual particle distributions in the vascular model. These

results will help determine the ability for rageue RE particles to provide prognostic

dosimetry feedback during RE procedures.

Figure 5.3 Liver tumor vascular model desigi)(Liver tumor angiogram g)
vascular model geometry, and)(machined mesoscale mold.

CT images Optical images

Figure 5.4 X-ray computed tomogréy (CT) images and optical images of radiopaque
microspheres injected into the vascular model.

This ongoing work seeks to answer basic questions and provide unique observations
about vascular embolization therapies. This research has the potential ®istmbkeveral
different topics ranging from vascular model refinement to the development of new embolics.
One avenue of future research is the characterization of a pargldeembolization in a single
microchannel. Here, a relatively simple singlamhel model could be developed with a circular

or square cross section and a controlled taper. Additionally, the mechanical properties of the

128



materials used can be tailored to approximate the properties of the target tissue. This type of
model could provid a more comprehensive look at the mechanical interaction between the
embolic particle and the surrounding tissue, sudisageparticle contact mechanics and
embolization dynamicsAnother area of future research could involve the development of 3
dimersional vascular models that better replicate the vascular geometry. Work aimed at
discovering and applying new methdds model fabrication could make a large impact on
vascular mechanics studid®chnologies, such as electrospinning, may be applieeM&ap

dense 3D vascular networks whose vessel length and diameter could be tuned to better match
anatomical data. In fact, characterizing the anatomical parameters rédaheg

microvasculature in target organ tissue would be an interesting resesacsavell. Here,

imaging modalities such as micxeray computed tomography, confocal laser scanning
microscopy, and light sheet fluorescence microscopy could provide useful data for not only
model development but also embolic particle design. This oggesearch and the research
presented in Chapter 4 are just scratching the surface of the deep and multifaceted area
multiscale vascular modeling which shows the potential to continue providing impactful findings

to the medical community.
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