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Implantable biomedical devices have been widely used to treat a variety of diseases for many
decades. If allowed by the size and form factor, batteries have been the power source of choice in
implantable devices (e.g., cardiac pacemakers). Batteries are, however, still big and come in shapes
that are not ideal for minimally invasive deployment. Inductive powering is another commonly
used energy source in which two well-aligned coils allow a transmitter to power the implanted
receiver (e.g., cochlear implants). Once the receiver coil becomes small (mm-scale), the inductive
powering link becomes very inefficient and sensitive to slight misalignment between the coils.
Hence, it becomes increasingly difficult to power small devices implanted deep (>5 cm) within
the tissue using inductive powering. Ultrasonic powering is an attractive alternative for powering
miniature devices since it can penetrate deep into the tissue, it has greater efficiency at mm-scale
receiver size, it can be omni-directional, and it is more amenable to miniaturization.

In this dissertation, | describe the use of ultrasonic waves to power and control mm-scale
implantable devices. After a detailed look at ultrasonic transmission link, 1 will discuss factors
affecting the power transfer efficiency. These include the effect of receiver aspect ratio and size
on the resonant frequency and factors related to acoustic and electrical matching. A 3D printed
acoustic matching layer in then described. I will discuss two applications using ultrasound to power
and control implantable devices. The first is a low-power on-off acoustic control scheme to reduce
the standby power consumption in implantable devices. The second is an ultrasonically powered

electrolytic ablator with an on-board micro-light-source for the treatment of cancer.
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1. INTRODUCTION

1.1 Motivation and Background

Implantable medical devices (IMDs) that requires the involvement of surgical procedures have
been intensively investigated since late 1950s. Based on its definition, an implant is such device
that is invented to replace or assist any function of missing or damaged biological structure. Since
first reported electrical heart stimulator by P. Zoll in 1952 [1], various implants are utilized in
applications such as orthopedics, pacemakers, cardiovascular stents, defibrillators, neural
prosthetics, drug delivery system, and physiological sensors [2]-[10]. The development of first
pacemaker is an important and intriguing example. In this device, two 60 mAh nickel-cadmium
batteries are used to power a first-generation silicon integrated circuit with a size of 55 mm in
diameter by 16 mm in height [11]. More recently, with the development of transistor which was
commercialized by Texas Instruments Inc. in 1954, and miniaturization of silicon based integrated
electronics using planer process, implantable devices are made in small form factor, which
broadens the application to real-time vitals monitoring in smaller organs. For instance, EndoSure®
blood pressure sensor from CardioMEMS is inserted into aorta to detect any possible

intraoperative leaks of the stent graft.

With the increasing demand of active implantable medical devices (powered by on-board battery
or other power supply in other forms), the mismatch of the service life of the power source and the
longevity required by the patients come into focus. As reported, an average required lifetime of
implanted cardiac defibrillators (ICDs) can be nearly 10 years. Whereas the service life for most
ICDs is only 4.7 years [12]. After the service period of implanted device, patients will have to
suffer from the surgical intervention which increases the risk of being infected as well as the
economic burden for patients. As a fact, in most cases, the main factor which limits the service
time of implantable devices is the longevity of the power source. The power consumption for
different devices are different and can be generally summarized in Table 1.1 [12] [13]. As listed,
the electrical power requirement for such implant that requires a continuous power supply fall into
a range of micro to milliwatt. Thus, for example, if a device is powered by a 3V 120 mAh battery,

if it consumes an electrical power of 50 uW, the longevity of this device is calculated to be 300
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days which is less a year. Therefore, one can expect that it is critical to design an appropriate power

source and a controllable power management unit for different applications.

Table 1.1 Electrical power consumption for different applications [12] [13]

Implantable device Typical power requirement
Pacemaker 30-100 pW
Cardiac defibrillator 30-100 pW
Neurological stimulator 30 uW to several mw
Drug pump 100 pW to 2 mW
Cochlear implants 10 mW

For over decades, batteries have become the most popular energy sources for implantable medical
devices. The invention of lithium-metal batteries in the early 1970s [14] opened up the possibility
of powering implantable cardiac pacemakers and other active devices such as implantable
cardioverter defibrillators (ICDs) and deep brain stimulators (DBSs) for many years without
replacing the battery. The first pacemaker which is powered by lithium cell was invented by
Antonioli G. in 1973 which soon replaces zinc/mercuric oxide batteries as the major power source
for implantable devices. After the introduction of the first design, various lithium chemical
batteries have been developed, such as Li/lz, LiMnOz, and LiSO2[12]. These batteries can supply
MA (lithium/iodine) to mA (lithium/manganese oxide) level currents in small form factors [15].
Recently, a notable breakthrough has been brought up by Medtronic with the commercialization
of lead-less pacemakers (Micra®, 0.8 cc total capsule size with an embedded lithium-hybrid CFx
silver vanadium oxide battery) having cylindrical-shaped miniature batteries that can last for up to
12 years [16]. Another example of current implantable sensing system is Medtronic Reveal®
insertable cardiac monitoring system, which can continuously monitor heart rhythms for up to 3

years [17].

As an attractive alternative, wireless powering or inductive coupling link technology is proposed
for those power-hungry devices (e.g. cochlear implants), which will quickly drain the power of

battery. Such magnetic coupling resembles the recognition of radio frequency identification (RFID)
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[18]. Most inductive powering design uses a frequency lower than 20 MHz in order to avoid tissue
heating by the absorption of RF power [19]. For inductive powering, low power RF signal is
radiated and picked up by reader coil antenna to provide a stable sinusoidal wave. The transmitted
signal is normally stable and can be easily converted to DC voltage to power the implanted
electronics. For example, Figure 1.1 illustrates the deployment of an inductively powered left
ventricular assist device (LVAD) [20]. As shown, a coupling system consists of two coils with one
pick-up coil located inside body and the other primary coil outside the body. To maintain the
transferring efficiency, two coils are well designed to have the same resonant frequency. The
primary circuitry system or the transmitter is tuned to oscillate at a low load impedance for driving
the transmitter coil. Conventional inductive powering normally requires a good alignment between
primary and secondary coils and suffers from a drastic loss of powering efficiency when

transmission depth increases [21].

_—LVAD
Pick-up Coil

Power Conditioner
—

Battery

Figure 1.1 A high power closely coupled wireless powering system [20]

Other than cardiac pacemakers or monitoring devices that need to operate on continuously, many
emerging implantable diagnostic systems need to function intermittently. For instance, a bladder
pressure sensor can wake up several times a day, and sense and transmit measured physiological

parameters, and then switch back into a sleep-mode to conserve power. Such systems are
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sometimes implanted deep inside body which is not suitable for inductive powering and mostly
powered using on-board batteries. Therefore, the desirable approach to save the energy for such
systems is to be able to wirelessly turn the system on-off. Although low-power circuit design is
widely available with many manufacturers, Tl for example, standby (sleep mode) power
consumption in such systems is still high, impeding their application in long-term implants. For
example, a low-power wireless micro manometer is introduced by S. Majerus [10]. An ASIC
power-control unit is proposed to regulate the power consumption of the implant. While operating,
the average current consumption is 8.6 uA. A recent work reported by our group using a
CC1110F32 RF System-on-Chip (Texas Instrument, USA) module for an implantable bladder
pressure sensor, consumes 1.5 pA (3V power supply) in the sleep mode. By employing a CR2032
(3V, 225mANh, Panasonic, Japan) battery, the implanted system can be powered for 5.6 years in an
hourly transmitting manner [22]. To reduce the standby power consumption further, an
independent power management circuitry is needed. For example, a discrete-component bi-stable
low-power radio-frequency triggered switch has been introduced which consumes 25 nA (1.35V)
in the off-state [23]. Another integrated RF wireless battery power management circuit has also
been developed by H. Allen [24]. A continuously operated RF detector (300nW, 2.7V, standby
power consumption) is implemented to activate a ring-oscillator which determines the on-time of
the controlled system. Once triggered by signal at certain frequency, the controlled system is
turned on. However, in abovementioned cases, a RF switch which is always in a standby mode
consumes power in an order of nano to microwatt due to the functionality and complexity of the
RF circuit.

As one solution to the aforementioned challenges, we present a remote powering link technology
via ultrasonic wave has several advantages over traditional methods. Compared to inductive
powering, ultrasonic wave can penetrate deeper (>10 cm) into the body. Not like inductive
powering which requires a secondary coil in large size, mm or sub-mm piezo element is adequate
for providing a voltage in several volts. Additionally, because of the reflection of sonic wave inside
body, ultrasonic powering is less sensitive to the misalignment or the position of implant [21].
Recently, several ultrasonic powered devices have been developed for different applications. For
example, a miniature ultrasonic powered nerve cuff stimulator is presented by P. Larson [25]. The
device is 8 mm long and capable of generating a current more than 1 mA. Another device is an

implantable micro oxygen generator (IMOG) which is designed by our group [26]. The IMOG
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mainly consists of a piezoelectric element (lead zirconate titanate, PZT), a rectifying circuit and
an ion exchange membrane to prevent the generation of chlorine. The implant (2 x 2 x 8 mm?3) can
generate 0.816 mW of electrical power, resulting in 0.525 pL/min oxygen generation. Moreover,
ultrasonic wave can also be used as a substitution to RF control to switch on and off the system
which offers low standby power consumption, smaller form factor of the receiver, and design

simplicity.

1.2 Organization of the Dissertation

The thesis focuses both on the optimization and application of ultrasonic coupling technology. In
the following chapters, an ultrasound powering model will be discussed with device
powered/controlled by ultrasound. In the Chapter 2, the basic theory behind ultrasonic powering
is explained which includes: the basic idea of wireless powering, converting principles of piezo-
materials, standard equivalent circuit and some characterization results. In Chapter 3, acoustic
impedance matching and frequency matching will be both discussed with several experiments for
optimization. Three different ultrasonic powered or controlled devices are presented in 1) Chapter
4, an ultrasonically controlled power management system/switch to save energy in battery-
powered systems; 2) Chapter 5, an ultrasonically-powered micro-light source for localized
photodynamic therapy; and 3) Chapter 6, an implantable device for combined photodynamic and
electrolytic tumor ablation.
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2. ULTRASOUND GENERATION AND COUPLING

2.1 Introduction

Wireless powering and communication technology has become one of the emerging technologies
which contribute to the prosperity of implantable devices [27]-[29]. Many different power transfer
methods are developed by people which featured with various advantages and disadvantages. In
this chapter, several main wireless power transfer methods will firstly be described, either
electrical or mechanical. In the following sections, ultrasonic powering will be introduced as one
possible method to some of the unsolved challenges. The properties of piezoelectric material are
discussed followed by a section about the equivalent transmission model of ultrasound powering.
In the last two sections, the powering efficiency and transmission pattern of ultrasonic powering
are characterized and discussed.

2.1.1 Inductive Powering

Inductive powering or inductive energy harvesting has become one of the most attractive powering
technologies for short range wireless power transfer. Like other RF communication technology,
the antenna coil radiates a low-power RF signal which is often designed to offer a fixed-frequency
carrier sinusoidal wave. Because of the stability of the RF signal while transmitting through the
human body. Figure 2.1 illustrates a schematic of inductive powering system via electro-magnetic
field [30]. The powering transfer system consists of two coils. A primary coil is attached onto the
body from the outside while the receiving coil implanted inside the body. Two coils usually share
a common resonant frequency. In practice, the number of turns can be added until specified
inductance is reached. Theoretically, the resonant frequency of primary and secondary coils can

be calculated using Equation 2.1 [31]:

1
fO _an/ﬁ

where L is the inductance of coils and C is, the capacitor connected in the resonant circuit. While

(2.1)

other parameters are considered, such as mutual inductance (M), which determine the powering

efficiency (K) by Equation 2.2:

M

where L1 and L2 are the inductance of transmitting and receiving coils respectively.
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Figure 2.1 Wireless powering system with magnitude control from external primary side [30]

2.1.2 Capacitive Powering

Similar to inductive powering and data transfer, capacitive powering or coupling link is also used
in the case of short-range wireless communication. In such system, two parallel aligned conductive
plates are acting as a plate capacitor. The first plate is attached to the body from outside while the
second plate is implanted inside the body. Such method can be used both for transmitting power
and data [32]. The simplified circuit model of capacitive powering system is revealed in Figure
2.2 [31]. As shown, Vin is the input voltage. Two capacitors, C1 and Cz, are the major pads for
energy transfer. Thus, a voltage transfer efficiency over a load resistance can be given by Equation
2.3:

Vour _ (_RE
Vin <R§+X§eq> (2:3)
where Ceq is the sum of Ci and Caz. Thus, the Vout is increased to maximum when Xceq is much

smaller than the load resistance.
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Figure 2.2 The simplified capacitive coupling link equivalent circuit [31]

The disadvantage of such coupling technology is also obvious and arises some concerns. The
implanted plates may significantly increase the temperature of surrounding tissues. Moreover, due
to the non-magnetic property of human body, the electric field will be absorbed by the body.

2.1.3 Optical Wireless Powering

Some optical methods have also been developed to recharge the on-board battery [33], [34]. In this
design, a rechargeable lithium battery is connected with a series of photodiodes. Near-infrared
(NIR) light is adopted for a better transmission through the tissue. As claimed, at a light intensity
of 22 mW/cm? with 17 min of irradiation, the stored energy is 480 pAh which is enough for a
cardiac pacemaker to operate for 24 hours [34]. Ex vivo studies also suggested that a large lighting
area can significantly reduce the heat generation by NIR irradiation.

However, such technology still suffers from the intrinsic converting efficiency of semiconductor
photocells. Due to the transmission depth of NIR light, such system is not operational for deeply
seated implantable devices. Due to the low power generation from light, the need of electricity
storage, e.g. a capacitor or battery, increases the overall size of the implant which also impedes the

application of optical recharging system.
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Figure 2.3 The schematic of near-infrared laser enabled wireless recharging system [33]

2.1.4 Ultrasonic Coupling

Besides three aforementioned power coupling technologies, ultrasonic powering is a modern
technology aimed for deeper power transfer for implantable devices. The method offers several
advantages over inductive powering such as less electronic interference with other electromagnetic
devices [35], omni-directional transmission [36] and deeper penetration depth [21]. In 2004, an
ultrasonic powered neuro stimulator which provides a current in milliamperes level was developed
by Phillips et al [37]. Figure 2.3 shows a general schematic for ultrasonic powering system [33].
The ultrasonic wave is generated by a transducer on the skin which converts the electrical AC
input into mechanical vibration. Most, piezoelectric materials are used as transducer. On the other
side, inside body, another piezoelectric element receives the ultrasound and converts it back to
electrical power. In 2010, Zhu et al. designed a biosensor which is powered by ultrasonic wave at
21.4 nW [38]. In this work, a MEMS resonator is used to energy conversion for its small size. In
another work by our group, a micro implantable oxygen generator is developed using a mm-scale
PZT cuboid as receiver which can generate power in a level of milliwatts [26]. In 2015, a
ultrasonically powered implantable light source (uLight) was also introduced by our group to
generate light intratumorally for photo-dynamic therapy [39]. On-board LEDs were integrated

with PZT to convert acoustic vibration in deep tumors.
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Figure 2.4 Schematic of ultrasonic powering system for implantable devices.

2.2 Piezoelectricity and Piezo-Materials

Piezoelectricity is a phenomenon which describes a correlation between applied force and induced
electric charges or the applied voltages and generated deformation. With these basic phenomenon,
piezoelectric materials are always used for energy conversion and physical sensing.

The first correlation is called the direct piezoelectric effect that explain the case when a mechanical
force or strain is applied to the material, some electrical charges and voltage are generated across
the surfaces of material. Conversely, if an electric voltage is applied to a piece of piezoelectric
material, a mechanical strain will be generated.

In the theory, the linear piezoelectric constitutive equations are derived [40]:

E=3°D-hS
T =cPS —h'D (2.4)
and
D = ¢TE — dT
S=sET —d'E (2.5)

where T, E, S and D are the vectors of stress, electric field, strain and electric displacement (charge
per unit area) respectively. c® denotes the elastic matrix, S is the dielectric impermeability matrix,
sE is the elastic compliance matrix, &' represents the transpose of the dielectric matrix. In the
equations, a quasi-static approximation is often assumed so that the system is not time-variant with

no changes over time.
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Despite the fact that there are many types of piezoelectric materials can be used as a sensor, most
studies are focused on the use of two types of piezoelectric materials for biomedical powering

applications, namely piezoelectric ceramics and polymeric materials.

2.2.1 Lead Zirconate Titanate (PZT)

PZT is the most commonly used piezoelectric materials for energy conversion. Other elements are
often doped into PZT for a better performance. These ceramics are sintered at a temperature of
800-1000 °C by mixing lead, zirconium and titanium oxide powders to form perovskite PZT. After
proper milling, the power is mixed with adhesive binder and sintered in a mold for designed shape.
The poling process happens before the ceramic completely cools down. The material is placed
under a high electric field to induce the paraelectric to ferroelectric phase transition. Under such
electric field, most of the dipoles are aligned to be parallel to the applied field. At atoms level, the
cubic lattice structure becomes tetragonal. Unlike the unpoled piezoelectric materials, the poled
material has a net polarization. The material after poling shows aforementioned piezoelectric
properties.

As a member of ceramic family, PZT exhibits most of the characteristics of ceramics. The material

is mechanically isotropic which contributes to the omnidirectionality of ultrasonic powering.

2.2.2 Polyvinylidene Fluoride (PVDF)

PVDF is a polymeric material with a long chain of repeating monomer. The piezoelectric property
is introduced by its inherent dipole moment that in each monomer. Positively charged hydrogen
atoms and negatively charged fluorine atoms induce the electric charges. The fabrication of PVDF
film starts with the solidification of the melted polymer, followed by stretching and poling along
certain direction. After cooling and molding, the polymer chains can be aligned by stretching. Thus,
polarized dipole moment can be found in the film which contributes to its piezoelectric
characteristics. Due to its fabrication process, the material is only considered to be mechanically
isotropic under small strains. The Young’s modulus of PVDF is relatively low and approximately
1/12 that of aluminum [41]. It is therefore much more suitable for flexible design. It is important
to mention that, however, PVDF is pyroelectric, and this high dependence on temperature affects

the performance of sensing as compared to PZT sensors.
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2.2.3 New Materials

Other than the aforementioned PZT and PVDF, other new piezoelectric materials have been found
and systemized by researchers [42]. A piezoelectric ceramic with microstructure texture has been
investigated and experimentally prepared by Jeong et al. using tape-cast SrTiO3 (STO). They
concluded that samples with addition of STO showed an excellent piezoelectric coefficient over
the STO-free sample [43]. Elfrink et al. analyzed aluminum nitride (AIN) as a piezoelectric energy
harvesting material. As reported, a output power of 60 uW was monitored at an acceleration of 2.0
G [44]. A stacked piezocomposite structure of carbon/epoxy layers, PZT ceramic and glass/epoxy
has also been studied by Tien and Goo [45]. As a promising biocompatible piezoelectric material,
BaTiOs is also compared by people with other biocompatible materials for implantable ultrasonic
transducers [46]. Its coupling coefficient is about 60% of PZT and currently commercially

available.

2.3 Output Voltage and Omnidirectionality of Acoustic Powering

With known coupling coefficient, the output voltage along poling direction can be derived from

input acoustic pressure.

Di

—

—_ « I Axis 3, poling direction

Figure 2.5 Input acoustic waves induce charge generation along poling direction.

As shown in the Figure 2.5, assume a cubic piezoelectric element, when being submerged in
acoustic field, incoming waves squeeze the material from 6 facets. Generated charge density

o5 can be quantified as:

03 = Zi6=1 d3ip; (2.6)
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where d5; is the coupling coefficient corresponding to poling direction and p; denotes the input

acoustic pressure. Therefore, the electric field across the dielectric material is given by:

E;=2Z (2.7)

€33

where &55 is the permittivity. By taking the integral along the axis 3, induced voltage is:
where t is the thickness along the axis 3. Since electrodes are often plated on the top and bottom

surface, this element can be modeled as a parallel plate capacitor with store energy given by:

1 14 Yo daipi 1_ At
Ug =5 CVF = 272 (£ x 222002 =~ == x (B8 d3py)? (2.9)
33 33

where A is the surface area. The equivalent mechanical to electrical conversion ratio is then defined

as generated potential difference over total received acoustic pressure:

=

(2.10)

i=1Pi
As we derived, the generated energy stored in piezoelectric material is proportional to the surface
area, thickness and acoustic input power. Due to the isotropic mechanical property of the material,
acoustic input on different surface can all contribute to the net charges. By deploying device in the
transmission media, omni-directionality can be observed with reflection from various boundaries

(air/soft tissue, hard tissue/soft tissue), as shown in Figure 2.6 [36].
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Figure 2.6 Illustration for omni-directional powering using ultrasonic wave [36]
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Figure 2.7 Normalized power output at various axial angular misalignments, a power output versus
axial angle misalignment for PZT receivers in water tank with suppressed acoustic
reflection; b power output versus axial angle misalignment for PZT receivers in water tank with
wall reflection [47]

In some previous work done in our group, output power was measured with and without reflection
[47]. In the condition shown in Figure 2.7(a), absorption layer was attached on the sidewall of
water tank during the measurement. A decreased output power was detected at different angles
while rotating along axis perpendicular to poling direction. However, once absorption layer was
removed, the output power was maintained at different angles which implies the omnidirectionality
of ultrasonic powering under a reflective boundary condition. In a situation of such device being
implanted in soft tissue, reflection is expected which provide an ideal scenario for wireless

powering.
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2.4 Transmission Model and Equivalent Circuit

Ultrasonic coupling system consists of a pair of transducers acting as transmitter and receiver. Fig.
2. shows the equivalent circuit for piezoelectric transmission model developed by Krimholtz,
Leedom and Mattaei (KLM model) [48]. In this model, the whole system is divided into three
different sections, namely, the transmitter, tissue, and the receiver. Transmitter includes the
external transducer and attached matching layers. An AC signal (Vin) is usually created for the
piezoelectric transducer to vibrate at a frequency (> 20 kHz). The transducer undergoes a vibration
mode called thickness-expansion mode. C: and Cr are the equivalent capacitance of piezoelectric
material while X:rand X represent frequency dependent impedances that vanish at the resonant
frequency of the elements. The electromechanical coupling is modelled as a transformer (1:®), as
derived in the previous chapter. The mass on the two faces of piezoelectric plate and intermedia
are modeled as transmission lines with certain impedances (Zt, Zs). Lastly, the received electrical

signal is represented as VL.

Transmitter | Tissue | Receiver
| |
Zt back Zt front ZML I I Zr front  Zr_back
° _— +— 1+ ° - 1 °
| ’“,\\; |

Cr
o—] | | . —o
Vin & 1:0 ®:1 ' Vi
o | | o

Figure 2.8 Schematic of the KLM model for the ultrasonic communication link.

To increase the transmission efficiency, the operational frequency is often set to the resonance of
piezo-elements (Xr becomes zero at resonance). To simplify the equivalent circuit, the receiver is
modeled as a voltage source which transform the voltage at a ratio of ®. Crrepresents the parallel
capacitance in the material. Table 2.1 summarizes some properties of PZT-5A material used in our
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system. For the thickness-expansion mode, the resonant frequency (fr) is usually defined by its

thickness t and frequency of the sound wave in the material, given by:
fr== (2.11)

T o2xt

where vp is the traveling velocity in the piezoelectric material. This quick estimation is more
applicable to a case of piezoelectric disk with a width to thickness ratio lager than 10. In a shape
close to cube, which is common in most implantable devices, the resonant frequency changes

because of the materials Poisson’s ratio and other edge mode coupling [49].

Table 2.1 Mechanical properties of PZT-5A

p (kg/m3) 7800
el (NIm2) 5.2 x 1010
&5, 1800
dss (pC/N) 390 x 10°Y
gas (MV-m/N) 24 x 10°

In order to calculate the transferred power, we firstly introduce the acoustic impedance of the
piezoelectric material which is given by [36]:

Zo=\/pch (2.12)
where p is the density and c2; is the open circuit complex elastic stiffness of the material. At
transducer side, the conversion of input electrical power to mechanical output can be represented
by (1:®):

—_1 Bt
P —Z(Z%i)csc(z) (2.13)

where S is the wave number given by (8 = 2m/A) and hss is the piezoelectric pressure constant:

CD
® =k, <= (2.14)

833‘80
where k: is the electromechanical coupling coefficient which greatly determine the converting
efficiency of one piezoelectric material and &35 is the clamped relative complex permittivity.
When the piezoelectric material operates at its resonance, Xrvanishes and the voltage output of the

transducer at receiver end can be expressed as:

Zy
ZeqtZy,

Vi, = Pinpwe@ T @ - (2.15)
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WhEre pinpy. is the input acoustic pressure, T is the acoustic matching transmission (%). « is the
attenuation through the tissue which is modeled as:

a = e X (2.16)
with p as attenuation coefficient and x being the penetration depth.

Pout
Pin

where @, and @y, are the transmitter and receiver conversion efficiency respectively.

2.5 The Acoustic Field in Near-Field Region

Since a rectangular disk-shape PZT source was used for most of our experiments, we start from

discussing the transmission filed for circular disk source in this section.
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Figure 2.9 Near-field boundary calculation of a circular transducer [50]
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By taking the integral of acoustic intensity along center axis, the accumulated intensity on z axis

can be expressed as [50]:

1 .
= sin® E{(az + z3)1/2 — z}] (2.18)
where | and lo are the acoustic intensity at z (distance along central axis) and original generated
acoustic intensity respectively. A is the wavelength of sound wave and a is the radius of the

transducer. As expected, several maxima and minima will appear with the location of maxima is

given by:
4a%-2%2(2m+1)>?
Zmax = W m = 0, 1, 2, (219)
and location of minima is given by:
2_92,2
Zmin =" n=1,23.. (2.20)

Thus, close to the maxima and minima points, the acoustic intensity changes rapidly and such field
is not feasible for ultrasonic imaging, Figure 2.9 [50]. When m is equal to zero and if the source

diameter is much larger than the wavelength, the last maximum point is approximately equal to:

a2
z (2.21)

Zyp =
This Zyr is then defined as near-field boundary/limit. For a case of water transducer with a radius

of 3.5 cm width, at 1.15 MHz frequency, the near-field limit is calculated to be around 0.97m.
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Figure 2.10 Near-field boundary calculation of a rectangular transducer [51]

Another study suggests the transmission pattern of a rectangular transducer is very similar. The
near-field boundary is slightly larger than Znr when the size of the transducer is much larger than
the width of the transducer. However, the acoustic intensity didn’t reach zero at minimum point
and oscillates between 0.3loand loinstead, as shown in the Figure 2.10 [51]. An average intensity
of around 0.5lo can be achieved within near-field when there is no reflection. More specifically,
the intensity is overall high and varies fast within 0.1Z .

In a more realistic scenario, the acoustic intensity in this region can be changed by echo because
of the discontinuities of medium, especially at the boundary of tissues. However, for powering
purpose, operation within the near field range generates an overall higher voltage. Therefore, to
understand the powering mechanism better, relative powering efficiency is then measured in the

near-field region.
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Figure 2.11 Non-reflective condition transmission measurement: (a) side view; (b) top view.

The non-reflective transmission pattern is measured using the setup as shown in Figure 2.10. In
such measurement, water is mostly selected as media for its similarity of the acoustic properties to
that of the soft tissue. A function generator (33220A, Agilent) is connected to a wideband power
amplifier (ENI A300, Electronics & Innovation, Ltd. NY, USA) to create AC electrical signal to
drive a PZT transducer which is embedded on the water tank. For avoiding possible electrical noise
coupled by connections, at the receiver, generated AC signal is firstly rectified by a rectifying
circuit integrated with the PZT element in the water tank. The output of the rectifier in the circuit
was connected to a voltage meter for measuring. Figure 2.12 is the water tank being used for the
non-reflective measurement. The hydrophone was attached to an adjustable beam which enables
the automatic control of measuring distance. The acoustic pressure was evaluated with a fiber
optics hydrophone. Rubber absorption layer was fixed on the sidewall to remove the echoes.
Hydrophone was placed with tip pointing to the PZT transducer in order to catch the change of

acoustic intensity in the coming direction.
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Figure 2.12 Picture of water tank setup used for acoustic transmission measurement.
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Figure 2.13 Measured acoustic intensity at various locations away from the transducer.

As shown in Figure 2.13, acoustic intensity changes rapidly within the near-field range. In the
aspect of visualization, the transducer was placed at the center of “x distance” which is at around
40 mm point on x axis. Along the center axis, as expected, several minima and maxima points are

measured with a baseline of around 50 mW/cm?, as illustrated in Figure 2.14. Since the data was

31
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measured every 1 mm, some peak values were missed, and the wavelength was around 1.3 mm.
Under such circumstances, a higher resolution was required for a more accurate measurement. A
lower frequency can also be used to validate the transmission pattern of ultrasound.

In addition to the change along central axis, acoustic intensity attenuates while misalignment exists
between transmitter and receiver. The blue/purple region denotes a relatively low intensity which
is beyond the coverage of ultrasound transducer. When x distance increases, the measured acoustic
intensity decreases dramatically as reported by other groups [52].
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Figure 2.14 Measured acoustic intensity along central axis with distance between 0-60 mm

Thus, in a non-reflective condition, like inductive coupling, transmitter and receiver must be
concentrically aligned to produce enough conversion. And according to other characterizations
done by our group, the powering efficiency also decreases if poling direction is not parallel to the
central axis [36].

To compare and verify the transmission pattern, 100 kHz signal was used for the same
measurement. By moving the 2x4x2 mm? PZT sensor away from the transducer along the center
axis, a change of the output voltage can be observed with a larger period of around 15 mm which
is close to the theoretical value. Since a rectangular transducer was implemented, the intensity
didn’t drop to zero and an averaged intensity was maintained.

However, to operate the device under the FDA limit which is 720 mW/cm? peak value at any
location with in the near-field range, a reflective condition must be measured to guarantee avoid

the safety concern [53].
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Figure 2.15 Measured output voltage along central axis with distance between 30-95 mm

An acoustic power meter was used with a setup as shown in Figure 2.16. Reflective boundary
condition can be imagined as the PZT transmitter was submerged in a small water tank with around
3 cm away from the power reading surface. An averaged intensity was then measured by the

transducer at the bottom. To drive the PZT, same signal generator and radio frequency amplifier

was used.

Function generator

Wideband power amplifier PZT Transmitter

3cm

Power meter

Figure 2.16 Measured acoustic intensity with reflection
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The measured result was then extrapolated in Figure 2.17. As shown, the output acoustic intensity
from transducer increases with an increasing input electrical voltage. The input voltage was
amplified by 55dB and then connected with the PZT. To ensure the safety of operation in human
body, the input peak to peak voltage from the signal generator should be kept below 180 mV which
is the FDA limit.
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Figure 2.17 Measured output voltage along central axis with distance between 30-95 mm
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3. FREQUENCY MATCHING AND ACOUSTIC MATCHING FOR
TRANSDUCERS

3.1 Introduction

To maximize the powering efficiency, it is important to match both the resonant frequency of PZT
and acoustic impedance of soft tissue. In this chapter, finite element analysis and direct
measurement of PZT frequency response will be discussed. A theoretical model for acoustic
transmission through layered structure will then be utilized to derive the material thickness for
acoustic matching layer. Part of the text is taken from the publication by the author [47].

3.2 Electrical Impedance of PZT

As mentioned in the previous chapter, the thickness-expander (TE) mode resonant frequency of
PZT transducer greatly depends on the dimension of PZT. When the width to thickness ratio of
PZT is larger than 10, its thickness-expansion resonant frequency depends largely on the thickness,
as represented in Equation 2.11. Since most of the external PZT transducers are designed with a
shape of disk or plate, this conventional equation can be applied for determining the optimum
operational frequency.

To verify the equation and resonant frequency of PZT plate with different thickness (1 mm and 2
mm), one method is to measure the electrical impedance of transducer. The lowest impedance
point in the spectrum represents the resonance mode. For a PZT disk, the overall lowest impedance
point often points the TE mode vibration as the dominant resonance.

The electrical impedance for large PZT disk with two different thickness were firstly measured
using a RF network analyzer (Agilent 4396B). The measured impedance plots for 1 mm sample
and 2 mm sample are shown in Figure 3.1 and Figure 3.2 respectively. In the plot, some small
resonance mode (small peaks) represent the radial vibration mode and bending mode. There some
other vibration modes corresponding to larger dimensions along width. As measured, the
frequency of lowest impedance appears to be 2 MHz and 1.07 MHz for 1 mm and 2 mm PZT disc
respectively which are close to the theoretical value (2.3 MHz for 1 mm disc and 1.15 MHz for 2
mm disk).
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Figure 3.1 Impedance spectrum analysis of 1 mm PZT disk
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Figure 3.2 Impedance spectrum analysis of 2 mm PZT disk

In terms of piezoelectric receiver, since its dimensions are close to a cube or cuboid, the major
resonant frequency is not simply thickness-dependent as it is also affected by the vibration mode
along other directions and some coupling mode at the edges and corners. As a result, the resonance
becomes more complicated and needs other method to derive the resonance along with the actual

measurement. To simulate the electrical impedance of the material, finite element analysis tool
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(COMSOL) was utilized to estimate the impedance. To model the physics, material property

matrix was acquired from PZT manufacturer and entered in strain-charge form:

S11 S12 S13 O 0 01" r154 —4.8 -84 0 0 0o 1f
S;1 S22 Sz 0 0 O —48 154 -84 0 0 0
S31 S32 S33 0 0 0] _|-84 -84 212 O 0 0 122
0 0 0 S, 0 o] ~|o 0 0o 478 o o | LOm/N
0 0 0 0 S O 0 0 0 0 478 0
L0 0 0 0 0 Sl L 0 0 0 0 0 408
(3.1)
0 0 0 0 ds O 0 0 0 0 590 0
0 0 0 dy, 0 O0|l=]| o0 0 0 590 0 0]|107*2Cc/N
dyy dz; dsz O 0 0 —191 —191 430 0 0 0
(3.2)
gr 0 071" 11780 0 01"
0 522 O = 0 1780 0
0 0 &3 0 0 1950
(3.3)

where (3.1) is the elastic compliance matrix; (3.2) is the piezoelectric coupling coefficient and (3.3)
represents the free dielectric constant. Solid mechanics and electrostatics model were used to
simulate the multi-physics. In the model, boundary condition was set to free movement, a voltage
was being applied along the poling direction of PZT. The impedance was then simulated as the

result.
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Figure 3.3 Impedance spectrum of 1 x 10 x 10 mm? thick PZT
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Figure 3.3 illustrates the result of simulation of a 1 (thickness)x10x10 mm? PZT, the y axis is the
impedance with unit of Ohm, and x axis is the frequency. As expected, the fundamental TE
resonance dominants and induces the lowest impedance point around 2 MHz with some weakly
coupled vibration mode. Other radial and bending vibrational mode can still be seen at lower
frequencies. Different from the actual measurement, more vibration mode can be obtained due to
the fact that PZT was being clamped during the measurement so that some vibrations are restrained.
However, in the simulation, free boundary condition gives more freedom to the motion of elements.
To study the effect of dimension to the resonant frequency, the length of two sides of previous

PZT disk was gradually reduced to a cube.
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Figure 3.4 Impedance spectrum of 1 x 1 x 5 mm? thick PZT
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Figure 3.5 Impedance spectrum of 1 x 1 x 1 mm? thick PZT
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The impedance simulation results for PZT in two dimensions, 1x1x5 mm?® and 1x1x1 mm?3 are
shown in Figure 3.4 and Figure 3.5 respectively. The resonant frequency along the small sides
becomes more significant as the length being reduced to be comparable with the thickness. A
vibration mode at 1.15 MHz creates the minimum point for the electrical impedance. This is due
to the effect of that small width. In a more cubic design as Figure 3.5, the symmetric dimensions
of the PZT embodies less vibration modes be coupled. Many vibration modes converge, and large
vibration mode is detected at the frequency of around 1.15 MHz. This resonance has the same
frequency as the 2 mm-thick PZT disk transducer which means this transducer-receiver pack and

maximize the power transmission at 1.15 MHz.
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Figure 3.6 Impedance spectrum of 1 x 1 x 1 mm? thick PZT

Two other simulations are also conducted for two different dimensions, 2x2x2 mm? and 2x4x2
mm?3. These two configurations have been used for some of the devices being described in the
following chapters. The impedance result for 2x2x2 mm?® and 2x4x2 mm? are shown in Figure 3.6
and Figure 3.7 respectively. For 2x2x2 mm?® PZT, the resonant frequency was simulated to be
around 570 kHz and the resonance for 2x4x2 mm?PZT was simulated to be around 610 kHz.
These two frequencies are close to the resonance of 2 mm-thick PZT and thus can be selected to

produce large electrical output voltage.
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Figure 3.7 Impedance spectrum of 1x1x1 mm? thick PZT

To verify the design and simulation result. The PZT disk at 1 mm and 2 mm thickness were then
diced into three different sizes, 1 x 1 x 5 mm?3, 2 x 2 x 2 mm?, and 2 x 2 x 4 mm?, using a wafer
dicing saw (Disco DAD-2H/6 Dicing Saw). We measured impedance spectrum of three different
PZT samples with the impedance analyzer. The measured results are shown in Figure 3.8, Figure
3.9, and Figure 3.10.
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Figure 3.8 Impedance spectrum analysis of 1 x 1 x 5 mm® PZT
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Figure 3.9 Impedance spectrum analysis of 2 x 2 x 2 mm?® PZT
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Figure 3.10 Impedance spectrum analysis of 2 x 4 x 2 mm® PZT

As compared to disk samples, more resonant modes are observed, and the first thickness-mode
resonance alters to lower frequencies: 1) 1.27 MHz for 1 x 1 x 5 mm3 PZT; 2) 566 kHz for 2 x 2
x 2 mm? PZT; 3) 651 kHz for 2 x 4 x 2 mm® PZT. Thus, for the highest powering efficiency, the
resonant frequency of the transmitter should match the resonance of receiver. However, such

requirement results in an increase of the transmitter thickness which increase the difficulty of
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fabrication. In order to increase the converted voltage, the operation frequency should be firstly

matching the resonance of PZT receiver.

3.3 Acoustic Impedance of Materials

For implantable medical device, like implantable micro oxygen generator (IMOG) which has been
developed by our group [26], more concerns are drawn onto the issues with biocompatibility and
acoustic matching of the device. Due to the potential toxic agents in the device, especially from
piezoelectric material, some encapsulation technologies have been developed for ultrasonic
transducers. A hermetic epoxy (353ND, Epoxy Technology) is used as encapsulation for
ultrasonically powered nerve cuff stimulator [25]. The thickness of the coating and other related
powering efficiency test is not provided. For capacitive micromachined ultrasonic transducer
(cMUT), PDMS has been used for encapsulation for its good mechanical properties, low glass
transition temperature as well as good biocompatibility [54]. The simulation results of 150 pum
thick PDMS coating demonstrates that the pull-in voltage of cMUT can be preserved with a small
offset to the resonant frequency. In another design by D. Seo, a thin layer of UV-curable epoxy
was also used for the isolation for a ultrasonic powered neural stimulator [55]. There is no evidence
of lead leakage for a packaging using UV-curable epoxy. Thus, new packaging technology and
materials need to be studied for a better isolation for both lead and charges which can maintain the
powering efficiency at the same time.
In a simplified configuration, a mismatch of acoustic impedance can cause a large reflection of
acoustic power. One property of media can be defined as acoustic impedance evaluate the ability
of carrying acoustic power like electric impedance:

Z =pv (3.4)
where Z is the acoustic impedance (unit: MRayls or Rayls), p is the density of the material and v
is the travelling velocity of sound. If a situation of sound transmission from air to water is
considered as shown in Figure 3.11. The power reflection ration is given by:

_ . )2
R = Gwater—Zair)” (3.5)

(Zwater+Zair)?

where Z,qter 1S 1.5 MRayls and Z,;, is 420 Rayls. It can be easily calculated that 99.9% of

incident power will be reflected. Similarly, if we consider PZT and soft tissue transmission, Zp,
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of PZT-5A is 33.7 MRayls and Z, r¢_¢issye 1S around 1.5 MRayls. Then the reflection can be as
high as 84%.

Thus, instead of using thin layer of coating for isolation and packaging, for most ultrasonic
transducers, Figure 3.12 [50], to maximize the transmission efficiency, an impedance matching
layer is needed since most of the piezoelectric materials are hard materials such as PZT with a
higher acoustic impedance resulting in a lower transmission at the interface. Thus, a single or

multiple-layer structure can serve both as isolation and impedance matching layer at the same time.

Air Water
- |
Zair Zwater

Figure 3.11 Acoustic reflection at air-water interface

Piezoelectric layer

Transmitted /received
Waves

((=)))

Impedance
Matching Layer

Backing Layer

Figure 3.12 Configuration of ultrasonic transducer consisting of three layers: a piezoelectric layer,
an impedance matching layer and a backing layer which absorbs the ultrasound on the backside
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Z3

Figure 3.13 Three-layer structure for the case of impedance matching layer (center layer)

To understand the importance of impedance matching layer for increasing the transferring
efficiency, we consider a sandwich structure as shown in Figure 3.13 [50]. The acoustic impedance
of two interfaced materials are presented as Z1 and Z3 and the transmission coefficient y is given
by [50]:

_ Iz 4Z1Z3
11 (Z3+Zl)2COSZ(K2L2)+(Z2+%)25in2(Ksz)

(3.4)

where I1 and I3 are transmitted acoustic intensity in two materials. Kz is the wave number for the
intermediate layer. If we consider a special case that L. = (2n-1)42/4, then the above equation can

be simplified to:
I 47, Z

- i - (zz+zlé—§3)2 (3.5)
andif Z, = \/TZ?, the transmission coefficient will be 1 which means that all the energy can be
delivered to the tissue.
If we consider the acoustic impedance of tissue and PZT, the ideal acoustic impedance for
matching layer can be calculated to be around 7 MRayls. However, only very a few biocompatible
materials have such acoustic property. Therefore, multiple layer matching is more practical for
implantable devices. A simulated result showing that two-layer matching with a layer of
cyanoacrylic glue (0.02 mm) and graphite (1.3 mm) can provide a good impedance matching for
PZT [52]. Nevertheless, the thickness of graphite layer is close to the PZT element we used (1-2
mm) which will greatly increase the size of our device.
To accommaodate the idea of matching layer to millimeter scale device, the optimized thickness of

matching material needs to be re-calculated instead of assuming the quarter wavelength. To resolve
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the question, a transmission matrix model can be applied to find out the most appropriate thickness

for different materials.

L.

Water PZT receiver
Zwater Zm

-

Zeq
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Figure 3.14 Matching layer structure for PZT enabled ultrasonic powering

If the case in Figure 3.14 is considered, the transmission matrix for each layer can be interpreted
as [56]:

Fosem JjZ,Sinl,, Tt Tonta
T = Zisinem cosOy, | \Tma1 Tmzz (3.6)
O = 212 (3.7)

where Zm is the acoustic impedance of the material and tm and A,,, are the thickness of the material
and sound wavelength respectively. Then, one can calculate the equivalent acoustic impedance of

certain thickness by:

T, Z +T,
Zeq — mi114PZTT1imi12 (38)
Tm21Zpzr+Tm22

As defined previously, the power reflection ration can be derived by:

R = (water=2eq)” (3.9)
(Zwater‘|'Zeq)2 .
And the transmission is nothing but:
T=1-R (3.10)

As a result, once understand the acoustic property of a material, the optimized thickness for sound
wave transmission at certain frequencies can be easily calculated.

Thus, | propose a 3D printed impedance matching packaging scheme which can increase the
powering efficiency without sacrificing the form factor of implantable devices. Another study has

some preliminary biocompatibility test on UV curable 3D printing materials [57].Moreover, such
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impedance matching layer can also serve as encapsulation for the PZT receiver. To achieve this,
3D printing technology has been employed to fabricate a well-designed structure which has certain
thickness at the sound impinging surface serving as matching layer. For the other surfaces, 3D
printing material is used as packaging material for isolation and biocompatibility improvement. A
fabricated structure is illustrated in Figure 3.15. For the 3D printed being used (Formlab Form 2),
the minimum controlled wall-feature thickness can be down to 300 um which is enough for the
matching purpose for the design of our device. A more complicated design can also be well-
supported as the nature of 3D printing itself. A complete study of enhancement for
biocompatibility still needs to be conducted to verify the design. The acoustic property of the
material and the measurement have been done using a water tank setup. An improvement of the

acoustic power transmission can also be visualized.

Sidewall thickness adjustable for  Slot reserved for PZT
acoustic matching

Figure 3.15 Fabricated ultrasonic powered device packaging with acoustic matching

To calculate the thickness needed for the design, the acoustic property of 3D printing material was
firstly measured. The sound traveling velocity was firstly measured with a configuration as shown

in Figure 3.16. The setup consists of a pair of ultrasound transmitter and receiver in the water. The
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transmitter was driven by a signal generator which generates a 1kHz pulse signal. The pulse signal
was then detected by a PZT receiver. The time delay was then recorded with and without sample
being placed in between. The velocity measurement was then calculated with the sound traveling

time difference using equation 3.11, where v, 40, 1S 1498 m/s.

Vwater
vsample - 1_Atvwater (3 11)
d

The measured sound traveling speed of 3D printing material is 2694 m/s and the density of the
material was also measured to be 1.17 g/cm?. Thus, the acoustic impedance of the material can be
calculated using equation 3.4 which is 3.17 MRayls.

Tested sample

10 kHz Pulse signal Sound wave in water I | Receiver

Transmitter

Figure 3.16 Sound travelling velocity measurement

With this information, the acoustic power transmission at various thickness was then calculated
using equation 3.6-3.10. The calculation was conducted at 2.3 MHz. The numerical result is plotted
in Figure 3.17. Due to the periodic property of wave transmission, there is a repeated pattern for
power transmission at different thickness. As we predicted using the simplified equation 3.5, the
transmission without matching layer is only 16%. Another lowest transmission point is at around
580 um. At 290 um and 880 um, the power transmission reaches its maximum at 55% which is
more than 3 times than the original transmission. Thus, to increase the power transmission through

3D printing material, a optimum thickness would be around 300 pm and 900 pm.
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Figure 3.17 Power transmission calculation at 2.3 MHz with 3D printing material

To verify the feasibility of using this material as matching layer, several plastic tiles were printed
and attached onto a PZT plate. A fiber optic hydrophone scanned through each sample to measure
the power being delivered through the PZT to show a relative transmission. The whole setup was
placed under water, as shown in Figure 3.18. Sound absorption layers were attached to the sidewall,
the movement of the hydrophone was controlled precisely by the step motor. Acoustic pressure

was measured multiple times for average and standard deviation.

Figure 3.18 Power transmission water tank setup for matching layer
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Figure 3.19 Measured transmitted acoustic intensity at 2.3 MHz

The measured results were summarized in Figure 3.19. The input voltage on signal generator was
100 mV peak-to-peak voltage amplified by 55dB. The PZT used was a 70 mm by 70 mm and 2
mm thick PZT transducer. Sample was placed 25 cm away from the transducer. Since the 3D
printer used didn’t provide a high-resolution printing, the printed sample had unevenly distributed
thickness.

As a result, an improvement of 17% has been achieved at 137 pum and 40% increase for 710 pm.
However, we saw low acoustic intensity at 300 um and 500 um. Such reduced intensity is probably
because of the air being trapped between layers while bonding. Moreover, a low-quality printing
with thin layer could also contribute to the difference between fabricated samples and theory.

As a proof of concept, some improvement has been achieved with 3D printed matching layer. Even
though some defects and bonding issue still need to be addressed and more test on biocompatibility

needs to be done, the result is promising and reveal the potential of applying 3D printing
technology to implantable medical devices.
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4. ULTRASONICALLY CONTROLLED POWER MANAGEMENT
SYSTEM

4.1 Introduction

In this chapter, an implantable device is presented as my previous work regarding ultrasonic
control. An ultrasonically controlled power management circuit has been design, fabricated and
tested, which can significantly preserve the energy of on-board battery in implantable electronic
devices. Part of the text is taken from the publication by the author [47][58].

4.2 Background and System Overview

Batteries have been selected and favored for power source for implantable medical devices for
over four decades. Lithium ion based batteries were invented in the 1970s [14]. This invention
later became the major method of powering for implantable electronics such as cardiac pacemakers.
Some implantable medical devices such as deep brain stimulators and cardioverter defibrillators
need to be powered for up to 10 years without replacement of on-board power source. These
batteries can provide an electric current level from micro-amperes to mili-amperes in a relatively
small form factor [15]. After the invention of a lead-less pacemaker, Micra by Medtronic, its
miniaturized battery, an embedded lithium-hybrid battery in less than 0.8 cm® form factor, has
drawn a lot attention to the improvement of longevity of implantable devices. Medtronic invented
these cylindrical-shaped miniature batteries that can last for up to 12 years [16]. Another good
example of implantable sensing system is Medtronic insertable Reveal® ECG system that can
readily monitor heart beat and rhythms for several year (up to three years) without the need to
change the battery [59].

Implantable diagnostic and therapeutic systems usually drain power quickly (depending on the
number of operations and power-hungry electronics) and a continuous operation in drastically
reduce the lifetime of battery. Energy can be easily conserved by turning the system on and off
intermittently following a determined manner. As a typical instance, a wireless microsystem for
medical application was designed by S. Majerus. This system uses an integrated circuit to reduce
and control the operational time to save the battery power [10]. Another system uses a commercial
System-on-Chip system (SOC) (CC1110F32, Texas Instrument, USA) as the main approach to
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achieve the power control. Such device only has a current consumption of around 1.5 pA current
in the sleep mode [22]. The power consumption was mainly reduced by the low-power design of
the SOC itself.

An alternative approach to save the on-board power is to employ a remote control, such as RF
transmitter, to turn the system on and off. Although direct usage of off-the-shelf system can be
controlled wirelessly, RF transceiver still consumes current (LA) in the standby mode. Therefore,
such scheme is not suitable for long-term devices. An independent power management system or
a passive control system/wireless powered system is ideal for long-term power-saving purpose.
Santic and his team have developed a RF switch which consumes only 25 nA at 1.35V power
supply voltage in its bi-stable mode while it is in idle [23]. Another radio frequency power
management circuit has also been designed to save battery power [24]. Following this design, a
RF detector in standby mode which consumes only 100 nA at 2.7 V supply voltage was designed
in a pre-determined process to active the device on demand to save the power.

In this work, an ultrasonically controlled power management system is presented to save the
energy of on-board battery. The system is powered by the battery from the host and can be
controlled individually using the ultrasound signal from external side. One of the potential
application of this system will be the implantable urinary bladder pressure monitoring system [22]
which is also designed by our group. The on and off state can be easily altered as explained in our
previous work [58]. Ultrasonic powering or coupling has attracted considerable attention [26], [52],
[60], [61]. This technology offers low or almost zero standby power consumption, and design
simplicity. The receiver size can also be reduced for the consideration of overall form factor of the
device. In addition, ultrasound has other advantages such as high penetration depth and higher

tolerance to the angular misalignment [36].

4.2.1 Device Operation

To save the electric energy in battery-powered implantable devices, an ultrasonic controlled power
management circuit has been developed. Figure 4.1 depicts the schematic of the proposed system,
an ultrasonically controlled power management system (UCPMS) integrated with a battery-
powered device to switch the state of the system. The UCPMS has its power supply connected to
the battery or other main power source. The switching system can be controlled by the signal in a

specific pattern which is transmitted by ultrasound from the outside. A piezoelectric transducer
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follows the ultrasound intensity pattern which is interpreted in a form of generated electric signal.
The signal pattern of the controlling signal can be well-designed to increase the reliability of the
system control and avoid mis-operation which might be induced by the noise.

The controlling signal is only required the switching for the system. When the state is changed,
ultrasonic wave can be turned off. Only a certain pattern of ultrasonic signal (from high to low)
can trigger the switch. When the ultrasound in a certain wave form strikes the receiver, the wave
pattern will be recognized. Once the operation of the main system is completed, another signal
toggle the implant electronics off. Since the only power consumption comes from only a couple
of components, this design minimizes the current consumption which offers a much longer battery
longevity. Such module can be easily integrated into most current applications without a large
change of the circuit in the main system.

Battery power supply

Function ) ) ) H — — Vour
generator

UCPMS
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Figure 4.1 System block diagram of (a) UCPMS system (ultrasound transmitter and implanted
receiver), and (b) equivalent circuit PZT as an energy converter.

4.2.2 Circuit Schematic

The block diagram of the is illustrated in Figure 4.2. Four nodes are labeled on the figure to reveal
the signal pattern at each point. A piezoelectric (PZT-5A) receiver, in a size of 2x4x2 mm?®, was
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selected as the main energy converter. This PZT element was designed to operate at its first
thickness-expander mode resonant frequency (665 kHz). Followed by the receiver, the signal
conditioning circuit consists of a full-bridge rectifier, a Schottky diode and a filter capacitor (100
pF) were connected afterwards. As the main logic part, a Schmitt trigger chip (SN74LVC1G14,
Texas Instrument), and a D flip-flop chip (SN74LVC1G80, Texas Instrument) were connected in
the correct order to achieve the switching functionality. At last, a low-dropout regulator (LDO)
was used to stabilize the output voltage. When the system is not on and the stand-by power
consumption comes from only the Schmitt trigger and D flip-flip.

Four nodes of the circuit have been chosen to explain the signal flow of the system, Figure 4.2 (b).
Firstly, ultrasound induced voltage (at node 1) is rectified and filtered by a full-bridge rectifier
before entering the Schmitt trigger (at node 2). To further reduce the signal fluctuation at each
node, a Schmitt trigger is selected which sets a threshold voltage to screen the fuzzy signals. As a
result, a plosive edge is created at the output of the Schmitt trigger and such signal can be used as
a clock signal for D flip-flop. To change the status of the system, the acoustic intensity input should
be firstly lowered, which is later translated into a positive edge at the clock input of D flip-flop.
The threshold voltage of transition for the Schmitt trigger was set to 1.5-1.87 V to avoid
unintentional switching with 3 VV power supply. Such threshold varies for different V. level and
D flip-flop type. Once the Q output is connected to the D input, the Q output toggles on every
positive edge at the clock input. Note that for most commercially available D flip-flop, there is a
voltage drop between the power supply voltage (V<) and the output voltage. For example, under
3 V power supply, the maximum output voltage of D flip-flop we used is measured to be 2.9 V
(with high load resistance). It is important to note that the maximum output current also needs to
be sufficient for the controlled system. For example, the output current should achieve certain

current level (mA) for most RF modules.
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Figure 4.2 Circuit diagram of the UCPMS and signal patterns at four points: 1. electric output of
PZT receiver; 2. rectified electric signal; 3. output of the Schmitt trigger; 4. output signal of D flip-

flop.

4.3 Fabrication

The prototyping process of the UCPMS is illustrated in Figure 4.3. Instead of using printed circuit

board (PCB), a copper clad polyimide substrate is chosen to reduce the cost for prototyping. The

circuit trace is design and transferred to the substrate through toner transfer method. The designed

layout is directly laser-patterned and cut using COz2 laser (PLS6MW, Universal Laser System).

After the removal of redundant copper tape, a 2 x 4 x 2 mm?3PZT-5A receiver (PZT-5A4E, Peizeo

Systems Inc., MA, USA) and all other components are sequentially soldered onto the substrate,

Figure 4.3 (b).
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Figure 4.3 Fabrication process: (a) Pattern the circuit on copper clad polyimide substrate; (b) solder
components onto the substrate; (c) polymeric packaging and passivation with parylene-C; (d)
fabricated UCPMS circuit.

After soldering, a passivation layer is needed to provide the isolation and bio-compatibility for the
electronics. Finally, a 5 um thick Parylene-C was deposited onto the system for the final
passivation. The Parylene-C coating has been widely used to create a good isolation from other
electrical interference. The fabricated system is shown in Figure 4.3 (d).

In addition of the fabrication of UCPMS, in order to test the driving capability for a basic RF
communication system, an ultrasound-controlled RF transmitter is designed using Attiny 85
micro-controller (Atmel Corporation, USA) and a 2.4 GHz wireless module (nRF24L01, Nordic
Semiconductor, Norway). A 3 V battery (CR2032, Panasonic, Japan) is integrated as the power
source. The whole system can be packaged in 1.5 mm-thick acrylic shell. The dimension of this
device is measured to be 3.1 x 2.6 x 1.4 cm®. It is important to note that the PZT receiver is place
outside the acrylic shell (red circle in the photograph) since the acrylic shell has a higher acoustic
impedance which significantly impedes the ultrasound transmission. In this device, the PZT is
connected to the reserved pads of UCPMS with wires. The size of such device can be smaller if
the circuit is integrated into an ASIC design.
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4.4 Experimental Results

4.4.1 In Vitro Results
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Figure 4.4 Rectified output voltage at various distance along central axis in a non-reflective
condition
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Figure 4.5 Rectified output voltage at various lateral distance in a non-reflective condition

The output voltage at node 2 was firstly measured to verify the output power of PZT. The test was
done in a non-reflective condition with absorption layers placed on the side-wall. The experiment
setup was similar to Figure 2.12 with UCPMS being placed at the center. Since echo is eliminated
from the experiment, similar to the acoustic results in the previous chapters, the converted voltage
changes rapidly within the near-field range. During the measurement, the poling direction of the
receive PZT is parallel to the central axis of the transmitter. Figure 4.4 plots the output voltage

along the central axis (x) while the acoustic input acoustic intensity was set at 3.5 mW/cm?. The
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output voltage is generated by a 2 x 4 x 2 cm® PZT element. Several maximum and minimum
points are observed along the central axis. The transducer, 3.5 cm in diameter, can provide an
operational range up to 9 cm distance away from the transmitter. By increasing the size of the
transmitter and the input acoustic intensity, the operational range can be increased. Figure 4.5 is a
3D plot indicating the output voltage measurements at different central-axial and lateral distances
away from the central axis. As shown, the output power varies and drops drastically when lateral
distance increases. Thus, the transducer needs to be large enough to guarantee the functionality.

The switching and power characteristics of UCPMS were also measured. By decreasing the
acoustic input, a drop of the converted voltage is observed at node 2. Such signal can trigger an
output change which consequentially changes the status of the system. As measured, the falling
time of rectified voltage decreases from 0.5 ms at the rectifier to around 2 ns at the output of D
flip-flop, Figure 4.6. This switching time is short enough to satisfy the timing constraints for most

embedded systems.

1.6+

2
S
g 12
=
o
>
T 08
=
=
=
Q 04
2 oap
0.0 0.5 1.0 1.5 20
(a) / Time (ms) \
3 3
=) s
2] L)
2 2 2 2t
= =
o e e
> | > |
= 5
= =3
A~ et
=1 3
O o O or
00 05 10 15 20 00 05 1.0 15 20
(b) Time (ms) (C) Time (ms)

Figure 4.6 Switching time of UCPMS: (a) voltage drop at node 2 as input acoustic intensity
decreases; (b) output (at node 4) change from low to high; (c) output (at node 4) change from high
to low.
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The output of D flip-flop is also depicted as an I-V curve plot when different load resistors were
applied, as shown in Figure 4.7(a). The ultrasonic wave was kept off all the time to simulate the
real situation. As shown in the IV curve, the output current decreases at higher output voltages.
The maximum output power can be detected at a load of 92 Q where the output power is around
48 mW. Thus, battery type, and electrical requirements must be appropriately designed to maintain
a reliable operation of controlled electronics.

The output power of a 2.5V LDO regulator (Toshiba, Japan) was then measured, Figure 4.7(b).
The output voltage can be tuned by using different LDO and D flip-flops. As expected from a
standard LDO, the output voltage can be maintained at 2.55 V with a current lower than 10 mA.

The maximum output power can be observed with a load of 76 Q.
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Figure 4.7 (a) I-V output characterization of UCPMS; (b) I-V output characterization of 2.5 V
LDO regulator.
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Since the output driving capability depends largely on the D flip-flops being used. Several D flip-
flops on the market are compared in Table 3.1. As shown, in this work, the maximum output
voltage can be 2.12 while maintaining an output current at 23 mA. The current consumption in the
off-state is also measured as one of the critical specifics. A source meter has been used to measure
the current consumption in the off state. Table 3.2 is a list comparing several commercially
available SoCs with their standby current consumption in a micro-amperes level. As compared,
the off state current consumption of proposed UCPMS is only 14.5 nA. Additionally, these
numbers excluded power consumption by any possible peripheral components (e.g., clock

generators).

Table 4.1 Output characteristics of some common D flip-flops [47]

D Flip-flop Type High level High level
output output
voltage (v) current
(mA)
SN74LVC1G80 (Texas 212 23
Instruments, this work) (measured) (measured)
T74LVC1G74 (Nexperia) 2.62 24
NC7S2175 (Fairchild) 2.68 24

Table 4.2 UCPMS current consumption as compared to several commercial RF SoC systems
[47]

RF-SoC Type Current in sleep mode (nA)
UCPMS (this work) 0.0145 (measured)
CC1110 (Texas Instruments) 1.5 (measured)[22]
CC430 (Texas Instruments) 17
RF430 (Texas Instruments) <20
Si4010 (Silicon Labs) 0.7

nRF905 (Nordic Semiconductor) 125
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Figure 4.8 Notification signal for successful switching operations and photograph of ex vivo
experiment setup.

4.4.2 Ex Vivo Results

Lastly, an ex vivo validation was performed with porcine tissues. The fabricated UCPMS with a
RD system were tested cross a 2 cm-thick tissue. To visualize the change of the system, a received
signal was shown on an oscilloscope when the system is on.

The ultrasound transducer was placed under the tissue for the operation. On the RF receiver end,
as demonstrated on Figure 4.8, within a 100-second period, the device can be turned on and off

three times successfully.

4.5 Conclusion

The author has developed an ultrasonically controlled power management system (UCPMS) for
electronic implantable devices. The in vitro characterization on ultrasound transmission and power

specifications of this system verifies the change of state with a low acoustic intensity operation.
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An ultra-low standby power consumption was monitored which is lower than most RF controlled
System-on-Chip systems. We believe this ultrasonic coupling technique can be applied to conserve
the battery power and control the state of the implantable system which dose not require a
continuous mode operation.
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5. AN IMPLANTABLE MINITUARIZED LIGHT SOURCE FOR
LOCALIZED PHOTODYNAMIC THERAPY

5.1 Introduction

Photodynamic therapy (PDT) is one of promising cancer treatments that has spatial control and
can select the affected area to kill cancerous cells. It consists of two, otherwise non-toxic
components: a photosensitizer (PS) and light. The photosensitizer generates cytotoxic agents only
under light illumination with a specific wavelength. Although PDT’s localized cancer treatment
reduces many side effects, its adoption has been hampered by limited light penetration into most
biological tissues. In this chapter, we introduce an ultrasonically powered implantable microlight
source, puLight, which enables in-situ localized light delivery to deep-seated solid tumors. Part of
the text is taken from the publication by the author [39][62].

5.2 Background and System Overview

Three major cancer treatments, chemotherapy, radiation therapy and surgery have been adopted in
modern clinical practice for decades [63]. For most of the tumor therapies, a lack of selectivity and
the potential of attacking normal cells around the tumor simultaneously. Such spread of cytotoxic
chemicals can cause some side effects such as constipation, nausea, fatigue, blood disorders, pain
and hair loss. Researchers have developed several modalities to minimize the side effect which
may take place aiming to increase the drug efficacy and interaction with target, without causing
severe damage to healthy tissue. As one of the examples, immunotherapy has been intensively
studied in both academy and clinic [64], [65]. Another example is photodynamic therapy (PDT),
which delivers selective drug activation triggered by certain light [66], [67]. This therapy starts
using a chemically coupled combination, which is photosensitizer (PS) and light. The
photosensitizer is an agent which generates cytotoxic group due to light at certain wavelength.
Energy-transfer playing an important role in generating toxic species. PS absorbs photons and can
be activated from the ground energy state (So) to an excited state (S1), as shown in Figure 5.1a.
When it release energy and relaxes to ground state, two reactions undergo along with the energy
transfer [68], [69]. The first reaction can form radicals that can transform oxygen into some singlet
state products (*O2). The other reaction directly transfer energy to oxygen. These two reactions
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can both create reactive oxygen species (ROS) which is local toxic for malignant cells [70].
Although there are several obvious advantages over the conventional chemotherapy, the limited
light penetration depth inside body has impeded the applications of PDT to deeply seeded tumors
[71]. A possible approach to overcome this limitation is the use of wireless light source to locally
deliver the light within the tumor [72], [73]. An inductively coupled implantable light source has
been presented by Bansal [74]. A wireless powered LED chip which is encapsulated with
biocompatible polymeric material, poly-dimethylsiloxane (PDMS), has been invented for
metronomic PDT, which is a low-intensity long-term modality [75]. Some superficial or non-
deeply seated organs could be accessed by fiber optic light source [76]-[79].

In this work, an ultrasonically powered micro light source, pLight, has been proposed to overcome
the aforementioned limitation for the application of PDT in other types of cancers. The device can
be powered through ultrasound. The use of ultrasonic powering has the advantage of using small
receiver for easy implantation. In addition, ultrasonic powering offers long range powering, which
IS not achievable by most inductive powering methods [26]. The uLight is primarily targeted for
non-metastatic unresectable solid tumors. An example is pancreatic cancer, which is unresectable
for 80% of the cases. The uLight can be implanted and used to shrink the size of the pancreatic
tumor tissue which allows for the surgical removal [80]. Moreover, some recent studies in
transmitting ultrasound across the bone structures to treat tumors has created the potential to use
uLight in more tumor types without the need for invasive removal of bones [81].
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Figure 5.1 a. Photosensitizer: Light at certain wavelength excites the molecule from ground singlet
state to an excited state. b. pLight in a tumor: ultrasound activates the device to generate light
resulting in a generation of reactive oxygen species (ROS) which is cytotoxic to the cells. c.
Equivalent transmission diagram for ultrasonic powering [82]. d. Fabrication process: (a) PZT was
firstly cut into 2x2x2 mm? and 2x4x2 mm? dimensions, (b-d) solder LEDs on PZT, deposit
parylene-C for passivation, (e) fabricated prototypes.

5.3 Fabrication

The fabrication process of the prototype is illustrated in Figure 5.1d. The lead zirconate titanate
disk (PSI-5A4E, Piezo Systems Inc., MA, USA) was micro-machined into two dimensions, 2x2x2
mm? (uLight222) and 2x4x2 mm? (uLight242), were selected based on previous characterizations.
Two red LEDs (peak wavelength A = 640 nm, Kingbright Ltd.) or two blue LEDs (peak wavelength
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A =470 nm, Lite-On Technology Corp.) were soldered across the nickel electrodes of the PZT in
a flipped polarization, Figure 1d(b). A more detailed information of components used were
summarized in Table 5.1. The emission angles of the red LED and the blue LED are 120° and 130°
respectively. Thus, the implantation of multiple LEDs can provide a viewing angle of nearly 360°.
Lastly, 5 um-thick parylene-C was deposited onto the device for passivation and biocompatibility,

Figure 5.1d(d). Prototyped devices are shown in Figure 5.1d(e).

Table 5.1 Specifications of the components used in the pLight [62]

Characteristics of the PZT-5A receiver Electrical and optical characteristics of LEDs
Longitudinal velocity of sound in PZT-5A 4350 m/s | Peak wavelength for thered LED 655 nm
Thickness of the uLight PZT 2mm Peak wavelength for the blue LED 470 nm

Resonant frequency for the PZT, pLight242 672 kHz Turn-on voltage for the red LED 155V
Resonant frequency for the PZT, uLight242 720 kHz | Turn-on voltage for the blue LED 28V

5.4 Experimental Results

Experimental validation of the device was firstly conducted using in vitro water tank experiment.
Light generation and ultrasound transmission were measured to treatment evaluation. After power
validation, cytotoxicity generated by the photosensitizer was validated with cell culture experiment.
With promising in vitro results, in vivo test in animal model was then conducted to prove the

efficacy of the pLight coupled photodynamic therapy.

5.4.1 Validation of Ultrasonic Powered Light Source

The light intensity is critical for activating photosensitizer. The light intensity characterization has
been done using the setup similar to the setup as shown in Figure 2.12. The device was placed in
water tank. The light irradiance was detected by PIN photodiode. The measurement was done with
device being powered under different intensities and at various locations away from the transducer.
The experimental result was extrapolated and plotted, Figure 5.2. Two plots on the left-hand side
shows the output light irradiance at different acoustic input levels, ranging from 0 to 720 mW/cm?.
Three curves were measured at 0 mm, 5 mm and 10 mm distance away from the LED. Red LED
was selected for this measurement. During the test, the frequency was set to 650 kHz which is
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close to the resonance as measured. In the case of pLight242, at 720 mW/cm? acoustic input, the
light irradiance was diminished from around 80 p\W/cm? to around 3 pW/cm? at 10 mm separation,
Figure 5.2 (b). A degradation of 84% light intensity was measured from pLight222 at a distance
of 5 mm. Thus, to increase the overall delivered light intensity, multiple implants are expected to
acquire a higher irradiance.

As discussed in Chapter 2, the irradiances at different x separations also follow the acoustic
intensity transmitting pattern in the near-field region, i.e., a series of maxima and minima along
the axial direction. The corresponding light intensity generated by pLight along the central axis
was also measured, as shown in Figure 5.2 on the right-hand side. The acoustic input was set to
185 mwW/cm? during the measurement. As shown in the plot, the light intensity varies from 0.16
uW/cm?to around 0.01 pW/cm? for uLight222. The intensity also varies between 20 uW/cm? and
around zero for pLight242. The light intensity dropped to zero probably due to the voltage
threshold of LED. In clinic, FDA has regulated the maximum peak-to-peak acoustic intensity in
anywhere within the range to be 720 mW/cm? for diagnostic system [53]. Thermal and heating
issues can be caused under a long-term high intensity ultrasonic treatment. The light intensity with
reflective boundary condition was also evaluated with a hemi-sphere water tank (5 cm in diameter,
2.5 cm away from the transducer). No acoustic absorption layer was placed during this experiment.
The pLight242 was selected and measured during the experiment. PIN photodiode was attached
onto the surface of the LED during the experiment. The acoustic input for these experiments were
changed between 0 and 720 mW/cm?. As shown in Figure 5.3, the generated light irradiance was
much higher than the previous condition. The resultant light irradiance from pLight242 was

measured to be around 1.0 mW/cm? at 720 mW/cm?2.
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According to the measured light intensity and reported light dosage for several photosensitizers, a
treatment time can be estimated [62], [68], [71], [83]. Table 5.2 summarizes the required treatment
time when pLight242 is implanted and assume they can be powered up at same level. After the
injection of the administrated photosensitizer, different light dosages were tested to treat different
types of tumors. Conventional light source has been used for most studies, such as lamp and laser
optics. Another study also suggested that there is no direct relevance between efficacy and high
light intensity [83]. As a result, considering one device with two red LEDs, with 20 minutes of
treatment, an energy delivery of 1.3 J/cm? can be achieved. Thus, the treatment time using this
device is not significantly longer than other conventional external light source. More importantly,
the final treatment time could be shorter since the light penetration could be much lower with the
external light sources. For a large tumor tissue, an implantation of multiple devices can also
significantly reduce the total treatment time. A recent study has also demonstrated the feasibility
of using a similar low light intensity device which can be applied for metronomic photodynamic
therapy [84].

Table 5.2 Photosensitizers and estimated treatment time using pLight [62], [68], [71], [83]

Light Treatment time (hours)
Wavelength Concentration
Platform Substance Energy Target organ
(nm) (mg/kg) (em)  MLigh22  uligh42  pLight242
red red blue
. 1157.4 - Lung, Head, Neck,
Porphyrin HpD 408, 630 0.8-2.0 200-300 50.5-75.8 9.1-137
1736.1 Bladder
. 34.7 - Head, Neck, Bladder,
Porphyrin ALA 410, 635 100 umol/L 3-4 15-6.1 0.13-13.7
138.9 Prostate
i X Lip, Oral, Lung,
Chlorine Temoporfin 652 0.1-0.2 20 115.7 5.1 0.9 .
Stomach, Pancreatic
i Talaporfin
Chlorine . 408, 664 >2.5 100 578.7 253 4.3 Head, Neck
sodium
_ 44.4- 256.9 -
Chlorine HPPH 408, 665 2.5-6 11.2-253 19-57 Lung
133.2 770.8
. . Lip, Pharynx, Larynx,
Padoporfin Phthalocyanine 670-763 - 100 578.7 25.3 43
Tongue
Porphyrin Verteporfin 690 - 100 578.7 253 4.3 Eye

Texaohyrins Lutexaphyrin 732 05-2 2.5-150 - - - Breast
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5.4.2 Ex Vivo Results

Since the previous studies used water as media for light transmission, ex vivo validation has also
been performed using soft bovine tissue for the penetration depth of the light from pLight, Figure
5.4. The transmitted light intensity was measured across different thicknesses of soft tissue. When
penetrating 1.3 mm-thick tissue, the light was attenuated to 67% for red LED. And the degradation
can be more than 50% for blue LED. This result is reasonable since the light absorption is more
significant for light with lower wavelength. Thus, multiple light sources are required for a target

area.
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Figure 5.4 Ex vivo light penetration through bovine tissue

5.4.3 In Vitro Results

The pLight devices were tested with cell culture experiments. The functionality of the device was
firstly examined in an in vitro setup. Verteporfin has been selected as photosensitizer for the cell
culture experiment. Its efficacy and characteristics has been studied [80]. Verteporfin has a wide
range of absorption with two significant absorptions peaks at 400-450 nm and 665-685 nm [85].
Based on the previous device powering characterizations (e.g., light intensity and threshold voltage
of LED), uLight242 with red LED was tested for cytotoxicity generation test.

The cell culture media for the experiment was prepared before freshly. Since the verteporfin was

not water soluble, the administration of photosensitizer was assisted with dimethyl-sulfoxide
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(DMSO, Sigma Aldrich). Verteporfin (0.5 mg, Sigma Aldrich) was firstly dissolved in DMSO.
The solution was then further diluted to a save concentration for the experiment.

The concentration at which the photosensitizer was not cytotoxic was firstly determined for the
HeLa cells in the experiment. A critical lethal dose, 50% value (LD50) was evaluated. Cells were
mixed with a gradient of concentration (2.7mM to 0.084 mM). To quantify the toxicity, CellTiter
96® Aqueous One Solution Cell Proliferation Assay (MTS) has been used following the protocol.
The LD50 result was illustrated as shown in Figure 5.5. As the result, at a concentration of 4 uM,
the transition happened which labeled as the LD50 concentration for verteporfin. Thus, for all the
groups with photosensitizer, 1.44 uL of verteporfin solution was added the cell culture media to

create a mixture of 1 mL, which results in a concentration of 4 uM for verteporfin.
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Figure 5.5 LD50 value measurement: Relative cell viability vs. verteporfin concentration

Agarose gel was prepared as tissue phantom to hold the device during the treatment. Due to the
amount of water in the agarose, agarose gel has a similar acoustic property to soft tissue. Ultrasonic
wave can easily travel through agarose gel and it is ideal for imitating the real tissue.
TRIS/Borate/EDTA buffer solution (Fluka Analytical) was used to prepare 10% v/v. base solution.
Agarose (Sigma Aldrich) was dissolved into the base solution to a concentration of 0.5% w/v. The

agarose gel is molded and cooled under the room temperature.
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The in vitro experiment setup was designed as shown in Figure 5.6a. The agarose gel phantom was
placed on a PZT transducer. Two red pLight242s (655nm) were embedded in gel under each well
and powered through a distance of 3 cm-thick agarose gel.

For in vitro test, five different groups with different conditions were tested. For the control group,
cells were mixed with only cell culture media. For the second group, cells were mixed with 1 mL
cell culture media and DMSO water solution (concentration of 0.14% v/v.). For the groups with
photosensitizers, 4 uM verteporfin was added. There were two groups with photosensitizer where
one of the groups will be treated with ultrasound. To show the most cytotoxic effect, Triton® X100
was added to the last group to kill the cells. During the experiments, all the well plates were
carefully handled to avoid accidentally exposure to the ambient light. The ultrasound treatment
continues for 30 minutes with an acoustic power of 185 mW/cm?. The functionality of the device
can be confirmed once the light was observed. Considering the treatment time and measured light
intensity, the light dose for each well was calculated to be around 4 J/cm?. Figure 5.6b plots the
relative cell viability for all five groups. As compared to non-treated group, the photodynamic
therapy with pLight has reduce the average cell viability by around 70%. And a decrease of 82%
in viability as compared to the control group. The result of in vitro experiment verified the

feasibility of using proposed device to trigger the toxicity of the drug.

5.4.4 In Vivo Results

To move forward with the promising result with in vitro experiment, in vivo experiment was
designed and conducted in mouse model.

For in vivo validation, female BALB/cJ mice (Jackson Laboratory) were selected. For each group,
there were six to eight animals. As for the cancer cell lines, 4T1 cell line was selected due to its
easier handling and spherical shape of the tumor. Before the implantation, one million tumor cells
were implanted for each mouse. The hind flank region was selected as the target. Before the
implantation surgery, the device was sterilized in 70% ethanol for 30 minutes. One pLight242 was

implanted into the tumor once the size reaches approximately 200 mm?®,
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After a week of healing, ultrasound treatment was conducted. The administration of
photosensitizer starts from a dissolution of 1mg verteporfin into 0.25 mL DMSO. The DMSO
solution was then diluted by 10 times. For each mouse, 25uL of diluted verteporfin solution was
injected resulting in a dosage of 0.5mg/kg per mouse. The body temperature of the mouse was
maintained on a heating pad during the treatment. After the treatment, the size of the tumors was
measured for each mouse and an averaged size of the tumor was then calculated.

The process of the treatment was pictured in Figure 5.6c¢. For a better ultrasound transmission, hair
on the treated area was shaved. Ultrasound gel was applied which can both increase the powering
efficiency and reduce the heat generation associated with ultrasound vibration. Since the device
was implanted near or inside the tumor, some of the device have been completely deployed inside
tumor tissue due to the continuous growth of the tumor cells after the surgery. The PDT treatment
was conducted on the 7" day after the surgery. Mice were divided into three groups, control group
without implant and treatment, a group with implant but no treatment, and the last group with
implant and treatment. To calculate the average volume of the tumor, we excluded the mice which
suffered from an early death and underwent a natural healing of the cancer.

For the group with implant and ultrasound treatment, the treatment time was 30 minutes for each
mouse (expecting a delivered light dose of 2 J/cm? light). During the treatment, the red light has
been generated inside the mouse, Figure 5.6¢. The size of the tumors were plotted in Figure 5.6e.
As shown, the tumor size of the control group continuously increased over 8 days. For the group
with implant and ultrasound activation, a shrinkage of the averaged tumor size can be measured to
be around 20%. Along with the shrinkage, some necrotic regions were observed 24 hours after the
treatment, Figure 5.6d. Since it is a result of the PDT treatment, the necrosis area was adjacent to
the area where pLight was implanted. Although further complete study is expected for a
comprehensive analysis of the efficacy of the treatment, this preliminary in vivo result is promising
and indicates the feasibility of using a wireless powered implantable light source to trigger the

photo-reaction for PDT.

5.5 Conclusion

In conclusion, we reported an implantable ultrasonically powered micro light source for localized
photodynamic therapy applications. Ultrasonic powering offers several advantaged including

higher powering distance, less insensitive to angular alignment, and smaller form factor. The
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characterizations of light irradiance have proven that the generated light intensity is sufficient for
the photodynamic therapy. The small form factor of uLight enable to be fit inside of the biopsy
needle for an easy implantation. In vivo validation demonstrated a certain effect on the shrinkage
of the tumor while using verteporfin coupled PDT with proposed device. We believe the proposed
implantable micro light source, uLight, can broaden the application of PDT to more types of

cancers and even other type of disease.
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6. ULTRASONICALLY POWERED MICRO-IMPLANT FOR
COMBINED PHOTODYNAMIC AND ELECTROLYTIC TUMOR
ABLATION

6.1 Introduction

Oxygen generated during the electrolytic ablation can be utilized to enhance photodynamic therapy
efficacy through generation of reactive oxygen species (ROS). In this chapter, we have developed
an ultrasonically powered micro-implant combining electrolytic ablation with a micro-light source.

A rapid prototyped device and some preliminary characterizations are also presented in this chapter.

6.2 Background and System Overview

According to a recent report, over one million new cancer patients have been diagnosed in 2018,
and more than 600,000 deaths are expected in the United States [86]. A few solid tumors, such as
liver and pancreatic tumors, are deep-seated and cannot be safely removed surgically or called
non-resectable [87]. As reported, in 2018, nearly 12% of cancer deaths were related to liver and
pancreatic cancer [86]. The difficulty of surgical tumor removal mainly arises due to the concerns
such as inadequate healthy liver remains, or the deterioration of health [88], [89]. There are also
some other disadvantages of resection which includes the need for large insertion, risk of infections,
and possible morbidity due to surgery. A more advanced technique of surgery requires additional
surgery resulting in increased morbidity, mortality, and healthcare cost [90], [91].

As stated in previous chapter, other cancer treatment modalities are chemotherapy and
radiotherapy. Such treatments are suitable for the case where cancer cells spread, or uncontrolled
systematic symptoms happens. However, the treatment can also increase the liver burden [92],
[93]. Modern chemotherapy usually entails systemic or localized injection of the drug through a
catheter [92]. The localized delivery of cytotoxic agents minimizes side effects. Radiotherapy
features direct injection of radioactive beads into the arteries leading to the tumors [93]. Once
activated, the radioactive decay of the beads over time kills the tumor. Such targeted radiotherapy
decreases the side effect as compared to the conventional radiation therapy. However, these
treatments still suffer from some other side effects, such as pain, nausea, and reduced immune

system function.
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To resolve the mentioned situations, ablation therapy is an alternative emerging technique that
locally burns the tumors. Radiofrequency and microwave have been used to generate heat and kill
tumor thermally [94]. These techniques usually require the insertion of a special probe or electrode
into the target area using an image-guided procedure. However, some major concerns are related
to the possible harm due to the localized acute energy delivery. More recently, electrochemical
ablation (EA) became another promising non-thermal cancer ablation modality [95]-[99]. The
efficacy of electrolytic ablation can be explained by various mechanisms such as toxic chemical
species, such as ROS, direct electric current and local pH changes in the microenvironment of
cancerous cells. Instead of high energy, electrolysis delivers a moderate direct current through the
tissue and a production of various chemical compounds. Similarly, electrochemical therapy with
a series of short DC pulses has also been reported [100], [101]. Despite definite advantages offered
by electrochemical therapy, the need of inserting needle-like electrodes into the tumor hampers its
application where direct insertion of electrode is not easily accessible. An implantable micro-
ablator that is ultrasonically-powered can be a way to resolve this limitation. As demonstrated
previous, ultrasound can achieve higher power density as compared to inductive powering for the
receiver size [21], [61]. In addition, there are some other advantages including a deeper
transmission depth (a few cm) and higher tolerance to angular misalignment (requires accurate
alignment of the transmitter and the receiver) [26], [36], [39], [47], [102], [103].

In addition to electrolytic ablation, PDT, as introduced in the previous chapter, is another treatment
modality that uses a combination of cytotoxic drugs and light to kill the tumor cells through the
generation of cytotoxic agents and reactive oxygen species (ROS) as described in the previous
chapter. As the by-product of electrolytic ablation, e.g. electrolysis, oxygen can be used for the
reaction of photosensitizer, Figure 5.1a, to enhance the efficacy of PDT. In this paper, we combine
the electrolytic ablation with PDT in the form of an ultrasonically powered micro-implant an on-

board micro-light-source.

6.2.1 Circuit Schematic

The circuit system of the device is depicted in Figure 6.1. Lead titanate zirconate (PZT) is used as
the piezoelectric material for energy conversion. Ultrasonic waves are launched by the transmitter

to power the implant and generate enough energy to perform EA and PDT. A full-bridge rectifier
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is connected to a shunt capacitor for voltage conditioning. 2 LEDs (655nm) are connected in series

to escalate forward bias voltage above the threshold for electrolysis.

6.2.2 System Operation

Figure 6.1 shows a schematic of the device being implanted in a pancreatic tumor. During the
operation, ultrasonic wave is excited from the outside and being transmitted into the body with the
help of ultrasound gel. Prior to the ultrasound treatment, photosensitizer needs to be injected
systematically for intratumorally (green particle in Figure 6.1). Once ultrasound strikes the device,
PZT element can convert the vibration into electric voltage. The generated electricity is divided
into electrodes and LEDs. Due to the forward bias characteristics of LEDs, two LEDs are required
to maintain sufficient voltage drop for the electrolysis across the electrodes. The generated oxygen

is then converted into reactive oxygen species by the photosensitizer.
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Figure 6.1 Schematic of the combined EA-PDT system.
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6.3 Fabrication

The fabrication of the device started from patterning circuit trace on copper clad polyimide
(Pyralux®), followed by components assembly and soldering, Figure 6.2(a). The PZT disk was
diced into desired dimension (1x1x5 mm?®) before assembly. Next, all the components were
sequentially soldered onto the substrate. The surface mounted components and PZT were designed
to be placed on two different sides. Finally, the whole device was passivated with Sum thick
Parylene-C coating. The tip of the electrode (1-2 mm long) was not coating. The fabricated
prototype device is shown in Figure 6.2(b). More PZTs and LEDs can be integrated into the design
to increase the total power output.

Parylene-C
passivation

Copper clad
polyimide

Figure 6.2 (a) Fabrication process of micro-implant on a double-sided copper-clad flexible
substrate. (b)Photographs of front and back side of fabricated device.
6.4 Experimental Results

For the validation of the device, performance for electrolysis and light generation have been tested

in different conditions. To examine the functionality of electrolytic ablation, localized pH change
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was monitored by a needle type pH sensor in soft tissue phantom. In addition to the electrolysis
measurement, generated voltage, current and lighting intensity were also evaluated for
photodynamic therapy. At least, generated oxygen has also been observed as a proof-of-concept

result before any further studies in the future.

6.4.1 Induced pH Change

The change of pH during electrolysis was quantified with a needle-type pH probe while the device
was embedded within a 2.5cm-thick 1% wi/v agarose gel as tissue phantom, Figure 6.3(a).
Agarose gel was prepared firstly as tissue phantom to house the electrodes and served as media
with electrolyte for the electrolysis. Agarose gel was selected due to its similar mechanical
property to the soft tissue. Agarose was dissolved in the buffer solution at a temperature around
100 °C to acquire a concentration of 1.0% wi/v. The agarose gel can be degassed during the heating.
Thus, no more degassing was conducted for this experiment. The degassed pre-gel solution was
poured into well plates and cooled over time.

During the experiment, the current flowing through the electrodes was measured to be around
150pA. Figure 6.3(b) shows the change of pH in the phantom gel over time at distances of 3 mm
and 5 mm away from both cathode and anode. pH value increased at the cathode and decreased at
the anode within several minutes of treatment. As a result, on the cathode, the pH value can be
increased from 7 to 10 within 150s. And around anode, the pH value decreases from 7 to 3 within
200s. At 5 mm distance, the change of pH was delayed as compared to the case of 3 mm, which is
because of the diffusion of the ions to the probes. Moreover, the pH change was also delayed for
cathode due to the lower diffusion coefficient for OH ion.

Such localized pH change can be cytotoxic to cells. Increase number of ions could also possibly
increase the conductivity of the electricity which in turn increase the overall efficacy of the

electrolytic ablation.
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Figure 6.3 (a) Characterization setup for ultrasonic powering and pH measurement. (b) pH changes
over time at various locations around the electrodes.

6.4.2 Light and Electrical Output Evaluation

The voltage across electrolytic electrodes was then measured under different ultrasonic intensities,
Figure 6.4. A hydrophone was used to evaluate the acoustic intensity. The output voltage can be
maintained at a level of ~3.2V when the acoustic intensity was higher than 300mW/cm?. It is
important to note that the FDA limit for the ultrasound intensity for diagnostic system is 720
mW/cm?. The light intensity was measured by a PIN photodiode attached to the surface of the
LED. Two LEDs were measured at the same time for a total generated light intensity. The result
shows an increase in irradiance and voltage with the rise of input power. The irradiance was

33uW/cm? at an acoustic input of 438mW/cm?.
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Figure 6.5 Output voltage across electrodes under various acoustic inputs.

The generated voltage was also monitored with multimeter and plotted on Figure 6.5. As shown,
once the sound intensity increases above certain level (~100 mW/cm?), LEDs were turned on and
the output voltage jumped up to around 3 V and gradually increase to 3.2 V. Once the voltage
reaches 3.2 V, the output voltage slightly changes because of the property of LED p-n junction.
Thus, the output voltage can be stabilized regardless of the input acoustic intensity which is

desirable for safety concerns.
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6.4.3 Oxygen Generation

The change of the oxygen concentration was also measured using a setup similar to Figure 6.3a.
Oxygen generation was tested when electrodes were placed in 2mL 0.9% NaCl solution. During
the experiment, the treatment was conducted for 5 minutes and turned off for oxygen monitoring
for another 5 minutes. The dissolved oxygen concentration was measured using an optic oxygen
probe. The measured result was plotted in Figure 6.6. After every 5-minute treatment, the oxygen

concentration increased by around 0.25mg/L. The generated oxygen bubbles can also be observed
at the tip of the electrodes.
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Figure 6.6 Dissolved oxygen concentration increases over time in 0.9% wt. NaCl solution. A
continuous 5-minute monitoring of oxygen concentration was taken after every 5 minutes of
treatment.

6.5 Conclusion

In this chapter, a device with both light source and electrolytic ablator integrated has been
presented. The small form factor, multi-mechanism, and easy implantation are the advantages

offered by this design. To verify the functionality of the device, localized pH change, light
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irradiance rating and oxygen concentration change were evaluated. As a result, generated light
intensity, pH changes and oxygen generation were observed. Although further validation is
expected for the efficacy of the treatment, the device is promising and firstly enables the

combination of electrolytic ablation with photodynamic therapy for un-resectable tumors.
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