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Abstract

Pressure monitoring in the nervous system is widely used to evaluate therapeutic interventions
in patients with severe pathological elevated pressure in the brain (such as traumatic brain
injuries (TBI) and hydrocephalus) and in the eye (e.g. glaucoma). Monitoring the pressure has
been shown to reduce the number of deaths in TBI patients by 20% and number of blindness in
glaucoma patients by 50%. Continuous, long-term in-vivo pressure monitoring, therefore is a

necessity for planning interventional treatment for the patients in the risk.

The clinical method for monitoring the pressure is not changes in past 40 years. Non-
invasive tonometer for glaucoma patients are inaccurate and cannot be used for continuous
monitoring. Current invasive clinical pressure monitoring practices often employ a catheter
that records the pressure surgically inserted in the brain or in the eye. These catheter-based
systems have been successful so far in accurately monitoring pressure but they are not
appropriate for long-term monitoring as: (i) the patient is continuously connected to the non-
portable monitoring unit, and (ii) the long-term placement of the catheter significantly

increases the risk of infection.

Motivated by the need for frequent, long-term pressure monitoring and the lack of
commercially available fully implantable microsensors, we developed a novel class of MEMS-

based, pressure technology, termed ‘Near infrared Fluorescent-based Optomechanical (NiFO)’

Xiv



pressure sensing technology. NiFO technology is based on a fully implantable, powerless,
optical microsensor (the NiFO sensor) that converts physiological pressure into a two-
wavelength optical signal in the near infrared (NI) spectrum. NiFO microsensors were
microfabricated using silicon bulk micromachining and were shown to operate at a
physiologically relevant pressure range (0-100mmHg). They have a maximum error of less than
15 % throughout their dynamic range and they are extremely photostable. We adapted the
microsensor design to measure intracranial pressure (ICP) and intraocular pressure (IOP) and
we demonstrated their in-vivo operation for over a month in sheep. We envision that the
proposed NiFO sensing technology will not only help in efficiently managing ICP-elevated
medical conditions, but it will inaugurate a new era in the development of implantable,
electronic and power-free miniaturized devices that can be used in a variety of biomedical

pressure monitoring applications.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

An important goal of neuroscience is to understand how the neurons sense and respond to
injury. The injury response, either neural regeneration to regain functionality after injury or
degeneration and apoptosis, is regulated through a sophisticated molecular pathway actively
responding to environmental cues including mechanical stress. Long-term recovery from
neurological damage, a complex and delicate process, depends on therapeutic interventions

controlled through monitoring the patient condition closely.

How environmental and physiological conditions affect the response to injury is an
exceptionally important question for devising proper treatment plan [1-4]. Answer to this
guestion holds the key to the effective treatment of many neurological disorders sharing similar
molecular pathways. Yet, our understanding of pathobiology of neural response to injury is

limited, partially due to lack of continuous long-term patient monitoring capability.

Mechanical stimulation as a major form of environmental cue plays a central role in the

neural injury response regulation. A moderate strain along the neuron is required for



directional regeneration; however, elevated pressure for an extended period is shown to
increase morbidity in neurological conditions such as stroke, traumatic brain injury and
glaucoma. Understanding how mechanical stimulation (e.g. pressure) damages neuron

improves the management of neurological disorders involving elevated pressure.

To enhance our understanding the role of elevated pressure in the progress of
neurological conditions, in this work we accomplished following aims: (i). At least in the single
neuron level in a model organism (e.g. Drosophila Larva) we show that continuous pressure
monitoring can potentially change the course of treatment. (ii) Motivated by the need for
frequent long-term pressure monitoring in patients with high risk of neurological disorder, we
developed an implantable microsensor small enough for brain and eye implantation --- two
primary sites for neurological disorders with the risk of elevated pressure. (iii) We performed in-
vivo study to establish the functionality of microsensors and the feasibility of the microsensor

implantation.

1.1.1. Neuronal Damage In Response to Mechanical Stress

Neurons can accommodate a certain degree of mechanical stress. When that threshold is
reached, such as in the case of a spinal cord injury, or of brain hemorrhage where the
intracranial pressure is high, the damage can be irreversible and most likely permanent. In the
former case, the neuronal axon is disrupted and the neuronal connectively is lost. In the latter
case, the increased pressure alters the physiology of the cell body and causing —in extreme

case- neuronal death.



(a) Axonal Degeneration. Because axons make long distance connections in central and
peripheral nervous system, they are particularly vulnerable components of neuronal circuit.
Primarily, because they are long, axons are more likely to be damaged during the course of
time. The long distances between the connection sites of axons also inhabit the regeneration

after damage.

In most neural injury the axon segment distal to the injury site are often separated from
the cell body, thus degeneration at the distal end thought to be a passive process, resulting
from a lack of nutrients and support from the cell body (Figure 1.1)[7]. However, the discovery
of a degeneration mechanism known as Wallerian Degeneration [8-10], demonstrates the axon
degeneration is in fact an active process. As distal axons undergo degeneration, the proximal
axons degenerate as in central nervous system (CNS) of human [11] or regenerate as in
invertebrate models such as C. elegans or Drosophila as well as in peripheral nervous system
(PNS) in mammalians [12]. Successful regrowth can reestablish the axonal wiring before distal
degeneration [13] and prevent cell body damage. Both active degeneration and regeneration

mechanism are regulated through molecular pathways not fully understood.

(b) Neuronal Cell body damage. Extensive axonal injury could cause cell body damage and
eventually necrosis [7] and apoptosis [10]. How neuron respond to injury is not only important
for treatment of neural damage, but also for neurodegenerative diseases of which many
involve disconnection and disruption of axons. The mechanisms behind many degenerative
diseases such as Alzheimer’s disease [5] or Parkinson’s disease [6] share the same cellular

degeneration pathway. Similar molecular pathways among neurodegenerative diseases and



axonal injuries make the study of axonal injury response even more important. Despite much
effort that has been devoted toward understanding the underlying mechanisms of injury still
very few treatments is known for stroke, traumatic brain injuries, optical nerve damage and

spinal cord injuries.

Much attention is focused on how the environmental factors inhibit neuronal
regeneration [13]. In the absence of the environmental cues all neurons show intrinsic
capability to regenerate. Yet environmental factors are shown to play a significant role in the
active process of regeneration and degeneration [14, 15]. The effect of mechanical pressure, as
an important environmental cue, on the neural injury response was thought to be a passive
process, resulting only from physical restriction of the neuron blood supply. However, the
recent studies in the case of chronic stress show that the neuron senses the mechanical cues
and responds to them through molecular pathways that change the course of regeneration or
degeneration [15, 16]. Still, very little is known about underlying mechanisms of this response.
To reveal underlying mechanisms of neuronal regeneration, neuroscientists rely on different
animal models including invertebrate (C. elegans [17], and Drosophila [18]) and vertebrate

(zebrafish [19], and mice [20]) models.

1.1.2. Model Organism for Single Neuron Study

Although it seems small and simple, Drosophila has proven instrumental in defining genes and
signal transduction pathways which are strikingly conserved to human. The high similarity and

conserved genetic pathways also applied to the response to injury. For example, Drosophila



neurons undergo axon fragmentation and degeneration strictly similar to Wallerian

degeneration in humans [9-10].

We took advantage of the powerful genetics of Drosophila as a model organism to
develope a new injury paradigm that allows mechanistic characterization of injury response
pathway in vivo. Our assay is based on nerve crushing to induce injury to larva motor-neuron.
Our system also allows for live imaging studies of axonal transport after injury, and for
characterization of degeneration after injury. We use the model organism to and to answer this

guestion: “How does chronic mechanical pressure effect the axonal regeneration?”

Early Drosophila injury models were developed to study traumatic brain injury (TBI) by
taking very straight forward approach—stabbing head of the fly with a needle [9]. Despite the
brutal injury, some flies survived and even few lived for a few weeks. Other studies crushed
motorneuron to study spinal injury [10]. The main limitations of manual methods, either
stabbing or crushing, include a lack of precise control of injury and variable extent of damage.
These issues make it difficult to perform the type of quantifiable analysis that is increasingly
demanded in scientific research. On the other hand, almost all models focus primary on acute
injury mainly due to lack of proper technical tools versus chronic injury, while the recent studies
show the post-injury tissue damage is almost as extensive as the initial impact injury.
Addressing these limitations required further technical developments for a more repeatable

and controllable injury study environment.
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1.1.3. Mammalian Model of Injury and Clinical Requirements

Studies of axon injury have the ultimate goal of providing the foundation for treatment of spinal
cord injury, and slowing down the tissue damage after injury (e.g. in glaucoma and traumatic
brain injury) in humans. For this reason, the concept of studying such a topic in a fly, an animal
that does not even have spine, may not sound rational. In fact, many fundamental mechanisms
in the axon injury, degeneration and regeneration are evolutionarily conserved through species
including C. elegans, Drosophila and human [9]. Even more, the structure of neuron has
remained essentially intact through species, with many common molecular pathways has
shared across many animals [19]. Still what we learn from simple nervous system of fly could

only be used as a viable answer to our question of how axons response to injury in human.

In human, the study of mechanical pressure effect on the neural injury is motivated by
many neurological conditions including glaucoma and traumatic brain injury. High ocular
pressure, the major risk factor of glaucoma (Figure 1.2) is the leading cause of blindness in the
aging population. Yet what pressure is considered high for a patient depends on many factors
including the age of patient and the history of disease. The method of measuring ocular
pressure in the clinical setting has not changed for the past 40 years (Figure 1.2B). High cranial
pressure (ICP) common risk factor in TBI patients is another example of the role of pressure in
damaging the neural tissue. In the clinical setting ICP is monitored for a few days after surgery

in a controlled environment to prevent infection (Figure 1.3).



1.2. Thesis Objective

In order to study the recovery from neuronal damage there is a need to develop
experimental and clinical tools. This thesis aims to utilize microfabrication technology to
develop new tools to study the injury response in-vivo at single cell level and mammalian model
level. Particularly, we focus on the effect of chronic mechanical stress on inducing injury and

slowing down the recovery from an injury. We have three goals:

1. To develop an assay to study the mechanical stress effect on neural injury in Drosophila larva.
We develop a microfluidics chip to image larvae and apply mechanical stimulation. Using the
chip we study the molecular response to injury induced by a laser pulse in a single
motorneuron. We then show that the pattern of mechanical stimulation plays a role in the

injury response.

2. To introduce a continuous intraocular and intracranial pressure sensing platform in large
animals models (e.g. sheep). Using NiFO technology, we designed and fabricated microsensors
for continuous monitoring of intraocular and intracranial pressure. We show the sensor has no

long-term drift in ex-vivo experiments.

3. To demonstrate in-vivo function of microsensor. We show that both sensors can be easily
implanted in the sheep model and the readings are consistent with the standard clinical
approach (e.g. Codman Sensor). By changing the physiological condition such as blood gas
composition, and blood volume we change the intraocular pressure sensor in-vivo. We envision
these tools will enhance our understanding of mechanisms underlying neural injury in long-

term experiments.



1.3. Thesis Organization

The work presented in this thesis is organized as follows:

Chapter 2 — Mechanical Stress in-vivo: Microfluidic chips for in vivo imaging of cellular
responses to neural injury in Drosophila larvae. We introduce a microfluidic chip for high
resolution neuronal imaging in the larvae. We show that the chip can be used to study the
mechanical stress injury induction and the effect of chronic mechanical stress on the axonal
regeneration in a single cell in-vivo. This platform can be used for study of single neuron

response to mechanical stress.

Chapter 3 — Monitoring Mechanical Stress in-vivo: A near infrared opto-mechanical intracranial
pressure microsensor. We introduce a new implantable optical technology to measure cranial
pressure in the large animal models (e.g. sheep). We show that the sensor can be used for long-

term continuous monitoring of mechanical stress in patients with intracranial hypertension.

Chapter 4 Implantable Intraocular Pressure Sensor: ex vivo Studies with the Boston
Keratoprosthesis. We demonstrate that the near infrared pressure sensing technology can also
be used for monitoring ocular hypertension in a patient with a high risk for glaucoma. We
miniaturize and embed the sensor into an ocular implant (e.g. keratoprosthesis device) and

demonstrate the sensor implantation using standard procedures.

Chapter 5 — In-vivo Study of Near Infrared Optical Sensor Implantation in Sheep Model. We

implant both intraocular and intracranial pressure sensor in a sheep and show the sensors are
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operational. The data is collected during surgery and compared to gold standard pressure

monitoring system in the operation room.
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Figure 1.2. Monitoring glaucoma in the clinical setting: A. development of high IOP in glaucoma
patients (image is adapted from www.sallresearch.com), B. Monitoring IOP with current clinical

method (image is adapted from www.farlamedical.co.uk), C. continuous wireless monitoring
approach.
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Chapter 6— Conclusion and Future Works. We conclude the thesis with our vision on the future

of project and insight these platforms give about axonal injury.



12

CHAPTER 2

IN-VIVO MECHANICAL STRESS ASSAY: DROSOPHILA LARVA ON MICROFLUIDIC CHIPS

With powerful genetics and a translucent cuticle, the Drosophila larva is an ideal model system
for live imaging studies of neuronal cell biology and function. Here, we present an easy-to-use
approach for high resolution live imaging in Drosophila using microfluidic chips. Two different
designs allow for non-invasive and chemical-free immobilization of 3" instar larvae over short
(up to 1 hour) and long (up to 10 hours) time periods. We utilized these ‘larva chips’ to
characterize several subcellular responses to axotomy which occur over a range of time scales
in intact, unanaesthetized animals. These include waves of calcium which are induced within
seconds of axotomy, and the intracellular transport of vesicles whose rate and flux within axons
changes dramatically within 3 hours of axotomy. Axonal transport halts throughout the entire
distal stump, but increases in the proximal stump. These responses precede the degeneration
of the distal stump and regenerative sprouting of the proximal stump, which is initiated after a
7 hour period of dormancy and is associated with a dramatic increase in F-actin dynamics. In
addition to allowing for the study of axonal regeneration in vivo, the larva chips can be utilized
for a wide variety of in vivo imaging applications in Drosophila. We also show the chip can be

used for mechanical stimulation of a neuron in-vivo. We use this capability to investigate the
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effect of various pattern of mechanical signal on the axonal regeneration. It is exceptionally

important as a model for continuous monitoring of pressure in-vivo.

2.1. Introduction

Axons are vulnerable components of neuronal circuitry, hence it is of great interest to
understand how neurons respond to axonal injury. The ability of an axon to regenerate requires
an environment favorable to axonal growth, as well as a series of intrinsic cellular events that
occur on different time scales after injury [21-23]. Within seconds of injury, intracellular levels
of calcium rapidly rise and then decay, and this change in intracellular calcium appears to be an
important precursor to subsequent regeneration [24-26]. Later responses include a
transcriptional response facilitated by an increase in cAMP [27], the retrograde transport of
signaling molecules [28], and an increased transport of cellular components into the axon [29,
30]. Concomitantly, the distal stump, which has been disconnected from the cell body,
undergoes Wallerian degeneration [31] clearing the way for regenerating axon. Importantly,
axonal regeneration also requires the formation of a functional growth cone from the injured
proximal stump. A characteristic feature of the growth cone is its highly dynamic and
coordinated structure of filamentous actin, which allows it to change shape in response to cues

in the environment.

Recently the development of various laser ablation techniques [32] in combination with
microfluidic technology [33] has enabled the in vivo monitoring of regenerative responses to
axonal injury in the nematode C. elegans [34-38]. However, C. elegans neurons display some
behaviors not observed in vertebrate neurons, including re-fusion of the broken axonal

fragments [33, 39, and 40].
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Here we present a method for monitoring regenerative responses to injury in Drosophila
melanogaster. Like C. elegans, Drosophila larva has a translucent cuticle and a simple
neuroanatomy that is amenable to in vivo imaging [25, 41]. Moreover, axons in the Drosophila
peripheral nervous system are enheathed in glia [42, 43] and undergo Wallerian degeneration
similarly to vertebrate axons [44-46]. Drosophila axons are also capable of undergoing new
axonal growth after injury, and genetic studies indicate that conserved signaling molecules are

required for this process [44, 47].

Despite the great potential, several technical issues need to be addressed in order to
perform in vivo imaging in Drosophila. For high resolution imaging of rapid events such as
calcium waves and axonal transport, the animal needs to be exceptionally stationary during
immobilization. On the other hand, time lapse imaging of long term events such as new axonal
growth requires a gentle immobilization technigue which will not interfere with the physiology
of the animal. Conventional immobilization approaches involve dissection [48, 49] or the use of
chloroform to anesthetize the larva [50]. Isofluorane is also used as an anesthetic for long-term,
time-lapse imaging [41, 51]. While the use of anesthetics has many advantages, anesthetics are
known to inhibit neural activity and alter neural physiology [52, 53]. Because the larva can
survive only short doses of the chemical, time-lapse imaging must be restricted to time
intervals of 2 hours in order to allow recovery between doses of the anesthetic [41, 52, 53]. In
addition, human safety concerns must also be taken into account when working with
conventional anesthetics. In order to image cellular events over broader timescales and with

higher throughput, a chemical-free immobilization method is needed.
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Here, we report a microfluidic-based immobilization methodology for time-lapse
imaging in Drosophila larvae. Our approach employs mechanical forces and/or supply of carbon
dioxide gas (CO;) in order to temporally immobilize single 3" instar larva. It minimizes the stress
on the larva body (recovery takes place in less than 30 seconds) and allows repetitive in vivo
imaging to be performed over extended periods of time. The proposed microfluidic ‘larva chips’
can be efficiently utilized for imaging various cellular events which occur on different time
scales, ranging from milliseconds up to several hours. While in this work we focus upon cellular
responses to targeted injury of neurons, the microfluidic chips can be broadly used for in vivo

imaging of many different processes in Drosophila larvae.

2.2. In-vivo Imaging of Cellular Responses to Neural Injury

Chip microfabrication. Master molds were microfabricated by spinning and patterning SU-8-
2050 photoresist on silicon wafers. To generate the Sl-chip, a 10:1 polydimethylisiloxane
(PDMS) prepolymer mixture was cured in a 140 Bim-thick SU-8 mold for 4 hours at 65°C. For the
LI-chip, a similar procedure was used to generate two SU-8 molds. The first mold was 170-um
thick, the second one was 100-um thick. To fabricate the first PDMS layer of the Ll-chip, a 1:15
PDMS mixture was spin cast at 415 rpm and cured over the first SU-8 mold, resulting in a 180-
pum thick PDMS layer. A second PDMS slab that contained the CO, microchamber was
microfabricated by casting and curing a 10:1 PDMS mixture over the 100-um thick SU-8 mold
and plasma bonded into the first PDMS layer. Fluidics inlets/outlets outlets were punched into

the PDMS slabs using a sharpened, 19-gauge stainless steel needle.
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Larva loading. Single early stage 3" instar larva (~4 mm in length) was immersed in halocarbon
oil 700 (cat. # H8898 Sigma Aldrich Inc.), placed on a glass coverslip, and then manually aligned
and covered with the PDMS microfluidic chip. A tight seal between the PDMS chip and the
coverslip was created by applying weak vacuum (600 mTorr) to the outlet of the microfluidic
network. Vacuum was generated: (i) manually, using a 20 cc syringe in the Sl-chip, and (ii) using

a mechanical pump in the Ll-chip. CO, was supplied at the top PDMS layer of the LI-chip at 5 psi.

Imaging. All in vivo imaging recordings were conducted using a spinning disk confocal system
(Perkin Elmer), consisting of a Yokagawa Nipkow CSU10 scanner, and a Hamamatsu C9100-50
EMCCD camera, mounted on a Zeiss Axio Observer with 63x (1.5 NA) oil objective. Volocity

software (Perkin Elmer) was used for all image acquistion and analysis.

Injury assays. Laser injuries were performed using a nanosecond 435 nm pulsed UV dye laser
(Photonic instruments Inc.), as described previously [56]. Nerve crush injuries were performed
by pinching the dorsal part of the animal containing segmental nerves with Dumostar number 5

forceps, as described previously [44].

Calcium imaging. We expressed UAS-GCaMP2.0 [55] with ppk-Gal4 in class IV sensory neurons
[66]. Videos were captured at ~3 frames per second (300 msec exposure time). The cell body
average fluorescence signal was then extracted from each frame and background-corrected

using Volocity software (Perkin Elmer).

Axonal Transport. RRa(eve)Gal4 was used to drive expression of UAS-ANF-GFP specifically in
aCC and RP2 motoneurons [48, 67]. Segmental nerves were imaged continuously at ~5

frames/sec (exposure time was set to 200 milliseconds). To generate kymographs, the
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collection of single frames spanning one minute of imaging time were processed using the
‘Multiple Kymograph’ plug-in for Imagel) [68]. For analysis, we used a MATLAB program to
automate particle detection and tracking from kymographs. The program uses fast
reconstruction techniques and line tracking methods, along with manual correction, to
delineate individual particle traces. First, the program search for particles in the kymograph
image using regularized Hough transform [69] and tracks each particle using B-Snake method
[70]. The program then removes the trace of detected particles from the kymograph image and
repeats the paricle tracking step until it finds no more particles. Subsequently, the trace of
particles are verified and corrected manually. From each trace, many independent properties
including segment velocities and particle density could be measured. The result then is used to
track and calculate the speed, the number of change in the direction and the density of
particles for each direction (anterograde and retrograde). The data then is analyzed to find

significant difference between different experimental conditions.

Analysis of Axonal Regeneration. Changes in the proximal stump structure were quantified from
time-lapse confocal images collected at a sampling rate of one z-stack of images per min (only
the best-focused images were processed). First, movement artifacts between frames were
reduced using a fast block matching algorithm [71]. For each frame, the area of the proximal
stump was generated using a B-Snake method [70]. The non-overlapping area between two
subsequent frames, representing the area change of the proximal stump, was then calculated.
Finally, the area change was normalized with respect to the area of the proximal stump in each

frame.
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Fly genetics. The following strains were used: RRa-Gal4 [67], RN2-Gal4 [67-70], UAS-G-CaMP2.0

[55], UAS-mCD8-GFP [62], UAS-mCD8-RFP, UAS-ANF-GFP [61], UAS-GMA [63].
2.3. Single Injury Response and Chronic Pressure Effect

2.3.1. The SI and LI microfluidic larva chips. In order to perform axonal injury and to study the
resulting cellular responses in vivo, we designed two PDMS (polydimethylsiloxane) microfluidic
devices (Figure 2.1): one for short-term (up to 1 hour) and one for long-term (up to 12 hours)
immobilization of Drosophila larvae. The first microfluidic device, termed the ‘Sl-chip’ (for
Short-term Immobilization), is simple to fabricate and use (Figure 2.1A). The Sl-chip contains a
25 mm long, 1.5 mm wide and 140 um thick microchamber (the ‘immobilization
microchamber’) and it is reversibly attached to a glass coverslip. The immobilization
microchamber is designed to snugly fit the body of an early-stage 3" instar larva (the 3" instar
larva body is ~ 200 um thick), and it has one outlet from its side to allow escape of the excess
oil that is used during the larva loading procedure. The microchamber is surrounded by a
microfluidic network that is held under constant vacuum in order to maintain a strong seal
between the PDMS, oil and coverslip interface. The mild pressure applied to the larva body
through the PDMS/glass walls is sufficient to completely immobilize it. An additional advantage
of this approach is that internal body structures, such as segmental nerves which contain
motoneuron and sensory neuron axons, are brought closer to the coverslip, allowing for high-
resolution imaging through the use of high numerical aperture microscope objectives. After
release of the vacuum, the larva can be easily removed from the microchamber if desired,

allowing additional experiments to be performed. This purely mechanical immobilization
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approach can keep >90% of larvae alive for continuous immobilization periods of up to 1 hour

(Figure 2.2A).
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Figure 2.1. The Sl and LI microfluidic chips for immobilizing Drosophila larva. (A) the Sl-chip is a
single-layer PDMS microfluidic device that utilizes a shallow (140 um thick) immobilization
microchamber to squeeze larvae in the vertical direction. Scale bar, 1 mm. (B) the two-layer LI-
chip. The first PDMS layer (labeled with blue color) has the larva immobilization microchamber
and is connected to two microfluidic channels to supply food to the larva head (typically
delivered every 30 min). A second PDMS layer (labeled with red color) is vertically integrated
into the first PDMS layer to deliver CO, through a 10-um thick PDMS membrane. In both the SI
and LI chips, a microfluidic network surrounding the immobilization chamber is used to create a
tight seal between the PDMS and the glass coverslip. Scale bar, 1 mm. (C) (l) Bright-field image
of a 3" instar larva immobilized in the Li-chip. Scale bar, 1 mm. (Il) Fluorescent images of the
larva body (highlighted in the red square in C(l)) before (top image) and after (bottom image)
immobilization. After application of CO, at 5 psi, the larva is immobilized and the GFP-labeled
ventral nerve cord is brought into focus (bottom image). Scale bar, 20pum.
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Figure 2.2. Survival rates and body movement of on-chip immobilized larvae. (A) Survival rate of
continuously immobilized larvae using the Sl-chip. Five different immobilization microchambers
thicknesses were tested. We considered a thickness of 140 um (red curve) to be optimal, as
thicknesses higher than 140 um resulted in poor immobilization. (B) Survival rates on the LI-chip
using periodic immobilization (30 s of immobilization every 5 min). We considered a thickness
of 170 um (red curve) to be optimal as more than 85% of larvae survived the immobilization



21

procedure after 10 hours. (C) Average larva body movement using the LI-chip for different
thicknesses of the immobilization microchamber (30 s of immobilization every 5 min). In all
plots, error bars represent standard error of the mean obtained from 10 larvae.

To increase the survival rate over longer (>1 hour) periods of time and therefore enable long-
term imaging, we designed a second PDMS microfluidic device (Figure 2.1B, 2.1C), termed the
LI-chip (for Long-term Immobilization). The LI-chip has a double-layer architecture,
incorporating a ‘CO, microchamber’ for delivering a mixture of CO,/air (95/5%) to completely
immobilize the larva body. The CO, microchamber is integrated on top of a 170 Bm thick
immobilization microchamber, which is dimensionally similar to the one of the Sl-chip, through
a 2-layer microfabrication approach [54]. The two microchambers are separated by a 10 um
thick PDMS membrane through which CO, can diffuse into the immobilization microchamber.
CO, is supplied under moderate pressure (5 psi) to the Ll-chip resulting in the deflection of the
PDMS membrane that collapses into the larva body. This dual (mechanical and CO,-based)
immobilization approach has an additional advantage over the Sl-chip: when the CO, supply is
turned off and the chamber is flushed with air, the larva can be held comfortably in an
immobilized state, stretching and contracting against the PDMS membrane without leaving the
field of view. Larvae become motile within 30 seconds after the CO2 supply is turned off, even
after many successive immobilization bouts (every 5 minutes over 10 hours) (Figure 2.3). To
avoid starvation, the LI-chip is also equipped with two microfluidic channels to allow for food
supply. Using this dual immobilization approach, larva can be kept alive on-chip for more than

10 hours (Figure 2.1B, 2.1C).
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The dual immobilization capability of LI-chip can also be used for mechanical stimulation
of larva. The larva is immobilized using low pressure (10 psi) CO2 gas diffusion. The pressure
higher than 10psi is used to stimulate the neuron mechanically. The higher CO2 pressure does

not affect the immobilization and imaging of larva.
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Figure 2.3. Recovery after immobilization. Animals are immobilized for 30 seconds under
different conditions. The body movement, first the animal is imaged (5 frame/sec). The
movement between frames was calculated using a fast block matching algorithm. The body
movement is recorded over a time course from 15 seconds before immobilization to 50 seconds
after immobilization. To measure The red line represents the average body movement of 10
samples. The grey lines represents average movement recorded from 10 larva. The dashed line
indicates the time of immobilization. (A) After immobilization with pressure alone (5 psi air
pressure, 30 seconds), larvae regain full mobility within 10 seconds. (B) After immobilization
with 95/5% CO2/air, the larvae regain full motility within 30 seconds after releasing the
pressure. (C) Larvae were immobilized every 5 minutes for 10 hours in the Ll-chip, and then
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assayed for recovery after 30 seconds of immobilization with 95/5% CO2/air. The larvae still
recover within 30 seconds, similarly to (B).

2.3.2. On-chip calcium imaging within milliseconds of injury. The SI-chip enabled us to perform
laser axotomy and measurement of rapid changes in the intracellular calcium after injury. To
detect the change in the intracellular calcium level, we used the genetically encoded calcium
sensor G-CaMP 2.0 [55] which was expressed in Class IV sensory neurons via the Gal4/UAS
system (Figure 2.4 describes the neurons and drivers utilized). After immobilizing single larva in
the Sl-chip, a pulsed UV dye laser was used to transect a single dendrite [56]. Injury induced an
instant and dramatic increase at the G-CaMP fluorescence level (F) at the injury site, which
rapidly spread along both the proximal and distal compartments of the dendrite (Figure 2.5A).
Within 2 seconds after injury, a ~200% increase in fluorescence (AF/Fo = 2, where Fq is the
baseline fluorescence level before injury) was detected in the cell body, which returned to
baseline levels within 15 seconds (Figure 2.5B). For comparison, mCD8-GFP expressed in the
same neurons, did not yield a significant change in intensity after laser axotomy (Figure 2.5B,
2.5C). The kinetics of the observed Ca** responses resemble Ca®* transients to axonal injury in
other model organisms [25, 26, 57, 58]. The Sl-chip can therefore be used to perform in vivo

laser microsurgery on-chip as well as to quantify the resulting responses.

2.3.3. Monitoring changes in axonal transport after injury. Microtubule-based motors,
kinesins and dynein, are known to carry vesicles and organelles at rates of 0.1-5 um/sec in
axons [59, 60]. Documentation of this motility requires rapid imaging with high magnification,
high numerical aperture objectives, and precise immobilization of the larva. Dense core

synaptic vesicles, labeled by expressing ANF-GFP [61] specifically in aCC and RP2 motorneurons
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using the Gal4/UAS system, were imaged in intact larvae using the Sl-chip and in dissected
‘flay-open’ larvae as previously described [44]. Image analysis revealed a slight difference in
segment velocity between the two methods (data are not shown); however the overall
anterogradely and retrogradely particle density (particles / 100 um of axon length) did not
change significantly (Figure 2.6). We conclude that the Sl-chip is an effective method for
imaging and measuring properties of axonal transport, equivalent to the ‘flayed open’

approach.

Furthermore, we investigated whether injury, introduced by nerve crush [44], alters the
properties of axonal transport. To do this, we conducted longitudinal analysis of ANF-GFP
motility in the aCC and RP2 motoneuron axons for several time points after injury (0, 1, 3, 5, 7
and 9 hours). Crush-injured larvae were immobilized in the LI-chip for ~30 sec in order to obtain
images for each time point. We observed dramatic changes in axonal transport at both the
distal and proximal axonal stumps within a surprisingly short period (3 hours) after injury
(Figure 2.7A). Within the distal stump, nearly all of the ANF-GFP particles were immotile within
3 hours after injury. In contrast to the immobility in the distal stump, we observed a 90%
increase in the proximal stump anterograde particle density 3 hours after injury (Figure 2.7B).
While the cessation of transport in the distal stump may be a precursor to Wallerian
degeneration, the increase in transport in the proximal stump may be important for new axonal

growth.

The rate of Wallerain regeneration is also regulated through motorneuron (e.g. dynein

and kinesin) molecular pathways sensitive to mechanical pressure on the neuron. The pressure
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primary changes the rate of neuron membrane diffusion. The rate of down regulation of a
pathway associated with the pressure could be measure by imaging axonal transports including
the density of stationary particle and speed of moving particles in the axon segment proximal to

the site of injury.

A) ppk-Gal4 (class IV sensory neurons)
B) RRa(eve)-Gal4 (aCC and RN2 motoneurons)
C) RN2-Gal4 (enteric motoneurons)

Figure 2.4. Diagram of neurons and Gal4 drivers. (A) Class IV sensory neurons (blue), labeled by
ppk-Gal4, were used to study the Ca2+ responses to laser ablation of a dendrite (in Figure 2)
because both their cell bodies and dendrites lie close the cuticle, allowing for excellent
reproducible injury by the pulsed dye laser, and excellent visualization of cellular responses
close to injury site. B) The eve(RRa)Gal4 driver expresses specifically in aCC and RP2
motneurons (green). These were used for the study of axonal transport after nerve crush injury
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(in Figure 3) because the regenerative response to injury has been previously characterized in
these neurons. (C) The RN2-Gal4 driver line, which labels enteric motoneurons in larvae (red),
was used for the time lapse study of regeneration. This driver line is very strong, allowing for
both UAS-GMA and UAS-mCD8-RFP to be expressed at high levels. While these neurons display
similar reactions to both laser axotomy and nerve crush, we focused upon laser axotomy for
Figure 4 because this injury is small enough to fit within one field of view.
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Figure 2.5. Calcium dynamics after laser axotomy. (A) Time-lapse images from immobilized
larvae depict intracellular calcium dynamics during laser microsurgery. Sensory neurons
expressing G-CaMP and GFP were ablated with a pulsed UV laser (see also supplementary
movies 1 and 2). (B) Average normalized fluorescent intensity (AF/Fo) from G-CaMP and GFP
expressing neural cell bodies (sample size, n = 12) before and after injury (injury is performed at
0 sec). A peak value in the intensity of G-CaMP is observed 2 seconds after injury. Calcium
transients from individual larvae are depicted in light grey color. (C) Quantification of the
maximum fluorescent intensity change (maximum AF/Fg). The fluorescent intensity from GFP
expressing neurons did not change significantly (p-value < 0.01, n =12).
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The high pressure also can affect the initial stage of injury response. High pressure can reduce
the rate of extracellular calcium diffusion into the cell, reducing the calcium response to injury

in the few first second of injury and resulting in weaker injury response in the long-term.
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Figure 2.6. Changes in axonal transport after nerve-crush injury. (A) Kymographs of ANF-GFP
labeled vesicles in an uninjured axon, and 3 hours after injury in the distal stump and proximal
stump. (B) Particle density (anterograde, retrograde, and stationary) was quantified per 100 um
of axon length. In the proximal stump 3 hours after injury, there was a 90% increase in
anterograde particle density (p-value = 0.03, n = 16), but no significant change in retrograde
particle density (p-value < 0.01, n = 16). In contrast, transport was almost completely halted in
the distal stump (p value < 0.01, n = 8). Error bars represent standard error of the mean.
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2.3.4. Long-term, time-lapse imaging of axonal sprouting after injury. The ideal method for
studying and quantifying regenerative axonal growth is to conduct longitudinal time-lapse
imaging of single axons after injury. We tracked the proximal and distal stumps of an injured
axon by collecting high-resolution confocal images throughout a 5-hour (7-12 hours) time
course (Figure 2.8). Larvae remained immobilized only during image acquisition (30 sec for

every 1 minute). We observed that the proximal stump is relatively dormant for the first seven
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hours after injury. However between 7 and 12 hours after injury new axonal sprouting can be
readily observed. Rapid changes can be effectively visualized via the use of GFP-moesin, which
binds and labels filamentous actin (F-actin) [62]. By quantifying the area change of the proximal
stump of the injured axon (Figure 2.8B), we noted that F-actin is particularly dynamic between
10 and 11 hours after injury (Figure 2.9). These observations highlight the use of the larval chips

to study dynamic events in vivo over long periods of time.
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Figure 2.7. ANF-GFP particle density for on-chip immobilized and flay-open larvae. In the flay-
open protocol, 3" instar larvae were quickly dissected, mounted between a coverslip and a
glass-slide and imaged within 5 min after dissection. Particles from 10 axons and 24 axons were
analyzed using the on-chip and flay-open methods respectively. No significant differences
between the two methods were observed (p-value < 0.01).

2.4. Discussion and Summery

2.4.1 The Sl and LI chips for Drosophila larva immobilization. The use of microfluidic chips for
larva immobilization has several advantages over conventional approaches: (i) microfluidics
replace the use of chemicals which alter neural physiology, allowing for in vivo imaging of
unanesthesized animals, (ii) larvae do not need a recovery period after immobilization, imaging
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over a broad range of time scales is therefore possible, (iii) the immobilization conditions are
reproducible and well-controllable (iv) the microfluidic chips are simple to fabricate and their
design can be easily adapted to immobilize larvae of different developmental stages or many
larvae at once. While we described in this report the use of microfluidics for studying responses
to neural injury, we envision that the proposed chips can be broadly used to study many
different cellular events in vivo. Examples include the formation of new synaptic contacts at
neuromuscular junctions, the motility of cytosolic components in neurons, muscles, or glia, and

calcium signaling within individual cells as an indicator of neural activity.
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Figure 2.8. Axonal regeneration after laser injury. (A) In vivo time-lapse images of the
regeneration process 7 hours to 12 hours after laser axotomy. The proximal site (PS) of injury,
the site of injury (SOIl), and the distal site (DS) of injury are highlighted right after injury (0:00
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frame). The red color represents RFP expression that is localized in the membrane of the axon.
The green color represents F-actin expression. Scale bar, 10 um. (b) Normalized area change of
the proximal stump over time. Significant movement in the proximal stump is observed ~10.5
hours after injury.

0.30 1
0.25 1
0.20 1
0.15 9
0.10 1
0.05 4
0.00

10 102 104 106 108 11
Time after Injury (Hours)

Nommalized Area Change

Figure 2.9. On-chip axon regeneration after laser axotomy. (a) /n vivo time-lapse images of the
proximal site (PS) of injury, the site of injury (SOI), and the distal site (DS) of injury, 10 hours
after laser axotomy. The red color represents red fluorescent protein (RFP) expressed in the
membrane of the axon. The green color represents F-actin. Scale bar, 10 um. (b) Normalized
area change of the proximal stump between 10 and 11 hours after injury.

2.4.2. The SI chip allows for in vivo imaging of neural activity. The in vivo study of neural
activity (e.g. through Ca?* imaging) requires the development of whole-animal immobilizing
methods that do not affect neural physiology. Our non-invasive, purely mechanical-based

approach for immobilizing live larvae creates an ideal environment for measuring intracellular
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ca® dynamics in vivo. We observed that laser microsurgery of a single neurite induced a wave
of Ca®* similar to injury in other model organisms [25, 26, 57, and 58]. This method, coupled
with well-established genetic approaches in Drosophila, will allow for a better understanding of

the role of Ca®* dynamics in axonal regeneration and degeneration processes after injury.

2.4.3. The larva chips allow monitoring of rapid changes in axonal transport. The SI and LI
microfluidic chips was particularly useful for studying changes in axonal transport after injury,
which we were unable to study over long periods of time in dissected animals. We observed
rapid and asymmetric changes in axonal transport in proximal and distal sides of the injury, with
an increase in anterograde transport in the proximal stump, and a cessation of all transport in
the distal stump. This dichotomy on either side of the injury site correlates with the opposite
outcomes: the proximal stump of the aCC and RP2 neurons initiate new axonal growth and

branching, while the distal stumps undergo Wallerian degeneration [54].

The cessation of transport throughout the entire distal stump within 3 hours of injury
parallels previous observations in mice that mitochondrial transport in the distal process halts
within a similar time frame [63]. Interestingly, fragmentation of the axonal membrane and
microtubules for these neurons does not begin until about 6 hours after injury, so the cessation
of transport and may represent an early stage in the process of Wallerian degeneration.
Because transport halts throughout the entire distal process, it may involve a rapidly diffusing
cue, such as calcium, from the injury site. In contrast to the distal stump, the number of

anterogradely moving particles increases in the proximal stump within 3 hours of injury. This
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increase in axonal transport parallels observations in vertebrate peripheral axons and may play

an important role in promoting new axonal growth [29, 30].

2.4.4. Studying regenerative responses on-chip. Microfluidics techniques have previously
enabled the study of axonal regeneration after injury in C. elegans [33]. However C. elegans
neurons display some behaviours after injury that are seldom observed in vertebrate neurons,
For instance, C. elegans axons can regrow along the distal stump, and can sometimes re-fuse
with the distal stump, which often fails to undergo Wallerian degeneration [35, 36, and 39]. In
contrast, Drosophila axons resemble vertebrate axons in that the proximal stump undergoes
extensive sprouting but never makes contact with the distal stump, and may indeed be repelled

by the distal stump [64, 65].

Using the Ll-chip, we observed that the proximal stump begins to undergo profound
morphological changes after a period of dormancy. The minute-to-minute changes in F-actin
structure suggest the existence of a dynamic network of actin, which would be a fundamental
component of a functional growth cone. It is intriguing that the dynamics are not observed
immediately after injury, but require at least 7 hours after injury to be initiated. Previously
characterized transcriptional responses to injury require a similar time course in Drosophila
neurons [44], so this time of dormancy may reflect the need for new gene expression or
transport of new material in order to form a new growth cone. In future studies, it will be
interesting to determine the cellular requirements for initiation of those dynamics, using

Drosophila larva as a genetically tractable model system.
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2.4.5. The LI chip allows for in vivo mechanical stimulation. Microfluidic technology
previously has been used for in-vivo cellular mechanical stimulation. Our LI chip allows us to
apply an arbitrary pattern of pressure to a particular part of motorneuron network in larvae.
We use this capability to observe how the neural injury response is affected by (i) the repetition
of mechanical stimulation (e.g. the frequency of immobilization), (ii) the rate of increase or
decrease of pressure and (iii) the average pressure. We control three factors are controlled on
LI-chip during live imaging. We compare the characteristics of axonal transport with and
without mechanical stimulation 3 hours after injury. We also compare the fate of neuron (e.g.
regeneration or degeneration) 12 hours after injury with and without mechanical stimulation
(Figure 2.10). We use the motorneuron in the tale (which are not under pressure) in the same

animal as a control for mechanical stimulation.
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Figure 2.10. ANF-GFP particle density for on-chip for different pressure patterns. A. Particles
from 10 axons and 24 axons were analyzed using the on-chip control, low and high frequency of
change in the pressure respectively. No significant differences between the low frequency of
immobilization and control were observed (p-value < 0.01). However, in the variable pressure
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scenario, the stationary particle density increases significantly. B. the degeneration is observed
for high frequency of high pressure. C. the frequency that pressure applied and D. the temporal
pattern of pressure (speed of rising and falling of pressure) is more important factor regulating
the axonal transport speed.

Our result shows that the level and average of chamber pressure is not the only
important parameter in the neural damage. Figure 2.10A-C shows that the frequent changes in
the chamber pressure, even in a low pressure (10psi) may damage the neuron at high pressure.
Also Figure 2.10D shows that the rate of increase of pressure is playing important role in the
regulation of axonal transport as well. This result indicates that the fate of neuron after injury
highly depends on the temporal pattern of mechanical stimulation; therefore pressure
regulation is an important factor for successful neural regeneration. The results also highlight

the need for continuous pressure monitoring for optimal axonal regeneration treatment.
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Figure 2.11. Effect of frequency and pressure level on the survival of neurons. A. Particles from 10
axons and 24 axons were analyzed using the on-chip control, low and high frequency of change in
the pressure respectively.The survival rate is analyzied in different pressure levels
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CHAPTER 3
OPTO-MECHANICAL MICROSENSOR FOR INTRACRANIAL PRESSURE MONITORING
Most brain injuries are caused by some form of trauma such as car accident, blast or a fall. In
most cases the secondary damage caused by elevated cranial pressure is even more harmful
than initial impact. Managing the damage to brain tissue after the trauma requires continuous
long-term monitoring. In this chapter, a new family of implantable, wireless and power-free
optical microsensors is presented that can potentially be used to accurately monitor
intracranial pressure (ICP) over long periods of time. These microsensors vertically integrate a
glass mini-lens with a two-wavelength quantum dot micropillar that is photolithographically
patterned on an ICP-exposed silicon nitride membrane. The operation principle is based on a
novel opto-mechanical transduction scheme that converts ICP changes into changes in the
intensity ratio of the two-wavelength, near infrared fluorescent light emitted from the quantum
dots. These microsensors are microfabricated using silicon bulk micromachining and they
operate at an ICP clinically relevant pressure dynamic range (0-40mmHg). They have a
maximum error of less than 15 % throughout their dynamic range and they are extremely
photostable. We believe that the proposed microsensors will open up a new direction not only

in ICP monitoring but in other pressure-related biomedical applications.
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3.1. Introduction

Intracranial pressure (ICP) monitoring is widely used to evaluate therapeutic interventions in
patients with severe traumatic brain injuries (TBIs), hydrocephalus and other ICP-elevated
disorders [71-73]. ICP monitoring has shown to reduce the number of deaths by 20%, to
minimize secondary brain damage, and to significantly decrease recovery time after surgery
[74-76].

Current ICP monitoring practices often employ a catheter that records the pressure of
the cerebrospinal fluid (known as ‘intraventricular ICP monitoring’). The catheter is surgically
inserted through a burr hole into the ventricles of the brain, which contains the cerebrospinal
fluid.  Alternatively, a non-fluid conducting device can be placed into the epidural,
intraparenchymal, or subdural-subarachnoid compartments of the brain, although such ICP
measurement is not considered to be as accurate when compared to intraventricular ICP
monitoring [77, 78]. The ICP pressure level is measured by a piezoresistive [79, 80], a capacitive
[81, 82] or an optical pressure transducer [83] that is attached to the tip of the catheter. In all
cases, the catheter is connected via a cable to the bedside ICP-monitoring unit that reports the
corresponding ICP value. These catheter-based systems have been successful so far in
accurately monitoring ICP, but they are not appropriate for long term ICP monitoring as: (i) the
patient is continuously connected to the non-portable ICP-monitoring unit, and (ii) the long
term placement of the catheter significantly increases the risk of infection / meningitis through
the skull incision (the catheter needs to be removed 3-5 days after placement to minimize the
risk of infection) [77]. Other complications include intracranial hemorrhages and brain injury

during catheter placement due to the large size of the catheter [84, 85] and device malfunction
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[86]. It is also beneficial in some cases to conduct MRI scans in ICP-monitored patients, a
feature that is not available by current technology.

Recent advances in microengineering have spawned an increasing interest in developing
a new class of fully implantable, MEMS (MicroElectroMechanical Systems)-based ICP
monitoring systems that can potentially provide long term ICP monitoring [87, 88]. These
systems utilize a battery operated capacitive pressure sensor and integrate a CMOS circuit for
wirelessly transmitting the ICP measurements to a portable readout unit. RF telemetry has also
been proposed for batteryless, long-term pressure sensing [89, 90]. Such an approach
generates weak RF signals and thus requires an antenna/readout unit to be placed in close
proximity with the implanted sensor. Moreover, the presence of electronic components makes
these transducers bulky (they typically have a footprint of 0.5-1 cm?) and MRI incompatible
[74].

The requirements for small sensor size in order to eliminate brain damage during
implantation and efficient wireless data/power transmission have limited the use of these
MEMS devices in cardiovascular applications [89] and epidural ICP monitoring [91] (epidural
ICP monitoring is typically avoided as it results in inaccurate ICP measurements [92]). Most
importantly, it is not clear how these systems can evolve to meet the strict FDA regulations for
low power transmission and MRI compatibility in the brain and what the long term side-effects
of placing a wireless implant inside the brain are (e.g. tumor-genesis due to electromagnetic
radiation [93]).

Here, we propose a novel ICP monitoring technology, termed ‘Near infrared

Fluorescent-based Optomechanical (NiFO) pressure sensing technology (Figure 3.1). NiFO
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technology is based on a fully implantable, optical, powerless sensor (the NiFO sensor) that
converts ICP into a two-wavelength optical signal in the near infrared (NI) spectrum. The NiFO
sensor has unique properties as it: (i) eliminates the risk of infection and thus permits life-long
ICP monitoring, (ii) allows patient mobility after the surgery, (iii) is MRI compatible, and (iv)
induces minimum damage during implantation (the NiFO sensor has a footprint of less than 6.5
mmz). We envision that the proposed NiFO sensing technology will not only help in efficiently
managing ICP-elevated medical conditions, but it will inaugurate a new era in the development
of implantable, electronic and power-free, miniaturized devices that can be used in a variety of
biomedical pressure monitoring applications.
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Figure 3.1. (A) The NiFO technology. The external optical readout unit is used to collect
spectroscopic data from the implanted NiFO sensor in the near infrared (NI). (B) Cross sectional
view of the NiFO sensor. (C) The working principle of the ICP sensor. (D) The microfabricated
device sitting on a penny. Chip lll has been removed to illustrate the presence of the mini-lens.
A 1.6 mm x 1.6 mm silicon nitride membrane with a patterned QD micropillar is shown in the
inset. Scale bar, 1 mm.
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3.2. NiFO Sensing Technology
3.2.1. Sensor Architecture

The proposed ICP monitoring technology consists of the implantable NiFO sensor and an
external (non-implantable), portable readout unit (Figure 3.1A). That readout unit integrates a
NI laser source and a spectrometer that are used to excite, collect and analyze the emitted
fluorescent light from the NiFO sensor. Operating the NiFO sensor in the NI regime is critical for
minimizing light absorption by the skin and the brain tissue [94].

The implantable NiFO sensor consists of three silicon chips stacked together (Figure
3.1B): (i) chip I integrates a flexible membrane with a 4-layer quantum dot (QD) structure (the
‘QD micropillar’) that emits a two-color NI fluorescent light, (ii) chip Il contains a plano-convex,
non-microfabricated lens (we use the term ‘mini-lens’) and, (iii) chip Ill contains an aperture
that permits optical access to chip | while protecting the mini-lens. The plano-convex mini-lens
of chip Il focuses incoming NI light into the 4-layer QD micropillar. The 2" and 4™ layers of the
QD micropillar (Figure 3.1B) are made out of QDs [95] of a specific NI wavelength (705 nm and
800 nm respectively) while the 1 and 3" layers are transparent and function as optical spacers.
The back side of the thin membrane is exposed to the ICP while the front side is sealed in
atmosphere pressure using chip Il. When the membrane deflects due to a change in ICP, the QD
micropillar moves with respect to the focal point of the mini-lens (the mini-lens is contained in
an airtight chamber) (Figure 3.1C). Incoming collimated light after passing through the mini-lens
is focused to a finite focal volume that excites both QDs layers. The emitted fluorescent

intensity ratio between the two QD wavelengths (705 nm / 800 nm ratio) depends on the exact
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position of the focal plane within the QD micropillar. ICP changes are thus translated into
intensity ratio changes that result in from the excitation of the two QD layers (Figure 3.2). The
emitted light finally follows the illumination path, exiting the mini-lens collimated and reaching

the readout unit for further analysis.
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Figure 3.2. Normalized fluorescence spectrum emitted by the QD micropillar versus applied
pressure. At zero pressure, the 705 nm QD layer is in focus. As pressure increases, the 800 nm
QD layer comes in focus as indicated by the increased intensity near that wavelength. The 705
nm and 800 nm QD layers show a maximum peak at 695 nm and 790 nm respectively. That shift
can be attributed to the photooxidation of the QDs. The shadowed areas represent the spectral
windows that were used to calculate the average intensity for each QD layer.

3.2.2. Microfabrication Process
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3.2.2.1. Chips I, Il and lll. We used three double-sided polished silicon wafers (wafers I, [l and I
corresponding to chips I, Il and Ill) and standard surface and bulk micromachining techniques to
fabricate the NiFO sensor (Figure 3.3). Wafers | and Ill had a thickness of 490 um, wafer Il had a
thickness of 200 um. We initially LPCVD deposited a 300 nm thick, low-stress silicon nitride film
in all silicon wafers. To fabricate wafer |, we first patterned the QD micropillar on the front side
of the wafer (see the next paragraph for a detailed description of that process). A square
opening was RIE-patterned on the silicon nitride layer on the back side of the wafer. The wafer
was then KOH-etched to obtain the suspended silicon nitride membrane. During that KOH-etch
step, the front side of the wafer containing the QD micropillar was protected using a custom-
made wafer holder. The two silicon nitride membranes of wafers Il and Ill were formed by
following an identical KOH-etch process. Individual 2.5 mm x 2.5 mm chips were finally
obtained by wafer dicing. To complete the fabrication of chip Il, a commercially available 1 mm
diameter, plano-convex mini-lens (uncoated with an effective focal length of 0.6 mm, Edmund
Optics Inc., cat. # NT45-588) was manually placed and UV-bonded on top of the silicon nitride
membrane. The UV-bonding step was inspired by the microimprinting process [96]: the planar
surface of the mini-lens was coated with a thin photoresist film by dipping the mini-lens into an
uncured 10 um thick SU-8 2010 layer that had been previously spun on top of a bare silicon
wafer. The mini-lens was then gently placed and optically aligned at the center of the silicon
nitride membrane of chip Il. The mini-lens/chip Il assembly was finally exposed to ultraviolet
(~355 nm) light for 5 s and heated up in 90°C for 5 min to harden the SU-8 film. That step

resulted in the permanent attachment of the mini-lens to the silicon nitride membrane.
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Following a similar microimprinting and alignment procedure, chip Il was bonded to chip | and

chip I-Il assemb

ly was bonded to chip Il
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Figure 3.3. The NiFO sensor consists of three chips, manually assembled on top of each other.
Each chip has a transparent, 300 nm thick silicon nitride membrane. The key element of the
design, the QD micropillar, consists of two QD layers and two SU-8 layers that are
photolithographically patterned on top of the ICP-exposed membrane of wafer I.

3.2.2.2. Microfabrication of the QD micropillar. QDs suspended in decane with emission
wavelengths of 705 nm and 800 nm were purchased from Invitrogen Inc. (cat. # Q21761MP and
Q21771MP). The QDs were flocculated from decane by mixing the suspension with a 3:1
methanol:isopropanol solution and centrifuging the mixture at 3000 RPM for 4 minutes. The
supernatant liquid was then discarded and the QDs were resuspended in a 1:1

chloroform:chlorobenzene solution. The volume of solution was adjusted to achieve a 800 pM

concentration of the 705 nm QDs. To achieve similar emission intensity, a higher concentration
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(1200 pM) was used for the preparation of the 800 nm QD solution. The QD solutions were
then mixed with a tetraphenyl diaminobiphenyl (TPD) solution (100 mg of TPD were dissolved
in 1 ml of chlorobenzene) in 1:1 ratio resulting in a final concentration of 400 pM and 600 pM of
705 nm and 800 nm QDs respectively. The resulting QD/TPD solution has the unique property
of forming an extremely thin and uniform layer of QDs on a flat surface when the solvent (TPD)
evaporates [97].

The QD micropillar consisted of two layers of QDs and two transparent SU-8 layers.
Initially, a 2 um thick SU-8 layer was spun on a silicon nitride coated silicon wafer (wafer I). The
800 nm QD layer was made by spinning the 800 nm QD/TPD solution on the SU-8 coated wafer
at 2000 rpm and allowing for the solvent to evaporate by a two-step heating process (65°C for 3
min and 95 °C for 5 min). SU-8 2015 photoresist was then spun at 1000 rpm and soft baked at
the top of first QD layer to form a 18 um thick layer. The 705 nm QD/TPD solution was then
spun and heated on top of the SU-8 layer following an identical procedure to the one described
above. The entire QD micropillar was more than 90% transparent in the 650 nm - 800 nm range

and showed no detectable fluorescence (data not shown).

3.3. Results and Discussion

3.3.1 Membrane Deflection Versus Pressure.

The membrane deflection-pressure dependence is a critical aspect of the sensor design as it
defines the dynamic range and resolution of the NiFO sensor. To obtain that dependence, we
exposed the backside of the silicon nitride membrane of chip | to a pressure range that

represented physiological (0-20 mmHg) and elevated ICP cases (20-40 mmHg). The topside of



45

the membrane was exposed to atmospheric pressure (for this set of experiments we did not
integrate chips Il and Ill). A distilled water column was used to apply the desired pressure level
while the membrane deflection was measured using an epi-fluorescent microscope. The
microscope was equipped with a piezoelectric z-stage that allowed us to bring the center of the
membrane in sharp focus and accurately extract the membrane displacement at a given
pressure. A 705 nm QD layer, spun on top of the membrane following the procedure described
above, was used to obtain high-contrast fluorescent images of the deflected membrane.

We obtained deflection-ICP curves for square membranes of 5 different dimensions (0.
8mMmx0.8mm, I1mmx1mm,1.2mmx1.2mm,1.4 mmx 1.4 mmand1.6 mm x 1.6 mm)
(Figure 3.4). The pressure was manually regulated from 0 mmHg to 40 mmHg by adjusting the
height of the water column and the corresponding membrane deflection was measured for
every 2.5 mmHg. The results depict a non-linear regime at the physiological ICP range (0-20
mmHg) and a linear regime at higher pressures (20-40 mmHg) (the linear correlation coefficient
was 0.99 when pressure was in the 20 - 40 mmHg range). No plastic deformation was observed,
as loading-unloading deflection measurements from the same membrane had a relative
standard error (RSE) of 3.1% throughout the entire ICP range (RSE is the standard error of the
mean expressed in percentage). Deflection measurements from membranes obtained from
different wafers had a RSE of 6.8% which can be attributed mainly to the silicon nitride film
thickness variations (2.3% variation from wafer to wafer and 1.2% variation across a wafer). It is
also worth noticing that none of the membranes failed at the maximum applied pressure of 40

mmHg after repetitive loading conditions, indicating a robust operation.



46

24 -
¢ 0.8mm

—_ 01.0mm l

20 - 1
E 21.2mm . } } E % }
c o 1.4mm ¢ .1 %
:g 0 +1.6 mm i { i $ % % % %

: I

Q t §. & I
S 12 - t g EEE.
a g : i1 : g oo .28
g ¥oes o a § ; 6. 8-0 3. =

8 - L g -= 3
N I I
> 2 & 0 . 5. 32
© w O g2 T
= 41 ._7,

0‘ L) L) L) L) L) L) L) L)

0 5 10 15 20 25 30 35 40
Pressure (mmHg)

Figure 3.3. Maximum membrane deflection versus applied pressure for square membranes of 5
different dimensions (0. 8 mm x 0.8 mm, 1 mm x 1 mm, 1.2 mm x 1.2 mm, 1.4 mm x 1.4 mm
and 1.6mm x 1.6mm). Error bars represent standard error of the mean (SEM) from 5
measurements (taken from one device). The dotted lines illustrate modeling results.

The deflection-pressure behavior of the thin square membrane can be also analytically

modeled by [98]:
P =ChoWa %+ C,(vV)hEW3a™*

Where W, h and a are the maximum deflection, thickness and length of the membrane, P is the
applied pressure, g, E are the residual stress and Young’s modulus of the silicon nitride film and
C; and C; (v) are numerical constants (v is the Poisson’s ratio). For C; = 3.41, C, =2.45 [98], h =

295 nm (measured), E =290 GPa, o = 250 MPa (Greg Book, personal communication, Georgia



47

Institute of technology), the above analytical expression gives an estimate that is in excellent

agreement with our experimental data.

3.3.2. Intensity Ratio versus Pressure.

We built a readout platform to characterize the opto-mechanical performance of the
integrated NiFO sensor. The platform consisted of a custom-made optical head to excite the
QDs and collect the emitted fluorescent, a xyz micro-manipulator and a hydrostatic pressure
source (a water column) (Figure 3.5). The optical head contained a red laser (658 nm, 30mW,
NewPort, cat. # LPM658-30C), a 0.15 mm excitation pinhole (Thorlabs Inc., cat. # P150S), a
dichroic filter (Omega Optics Inc., cat. # XF2082), an excitation (concave) lens (focal length = -25
cm, Thorlabs Inc. LD2297), an emission filter (Omega Optics Inc. 3RD690LP), a 20X microscope
objective (numerical aperture, NA (air) = 0.5) , an 700 um emission iris (Thorlabs Inc., cat. #
SMO05D5) and an emission lens (focal length = 30 cm, Thorlabs Inc., cat. # LB1258). The optical
head was coupled to an optical fiber that was attached to a spectrometer (Ocean Optics Inc.,
USB 4000). The spectrometer was connected to a computer for data acquisition and analysis. A
LabView code was written to convert the ICP changes to intensity ratio changes and plot the
results in real time. The program is initially use for calibration of sensors verses and standard
unit of pressure (e.g. water column). The calibration curve is generated for every device
separately. The device then is zeroed in the working condition (either dry, water or artificial
CSF). The zero point along with the calibration point is used to calculate the absolute pressure
verses intensity. The intensity-pressure curve is also driven 3 time for each sensor to insure the

repeatability of calibration curve over time.


http://www.thorlabs.com/thorProduct.cfm?partNumber=SM05D5
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Figure 3.5. Schematic of the experimental setup for characterizing the NiFO sensor. The back
side of the sensor (chip 1) is connected via a plastic tubing to a water column. A similar setup
was used to obtain the ‘zero-misalignment’ pressure.

Using the readout platform, we measured the emitted fluorescent intensity at 800 nm
and 705 nm as a function of the applied pressure and calculated the 705 nm / 800 nm intensity
ratio (Figure 3.6A). Membranes of five different dimensions, similar to the ones illustrated in
figure 4, were also tested (Figure 3.6B). To quantify the fluorescent emission intensity for each
QD layer, we calculated the average intensity in the 695 nm - 715 nm and 780 nm — 800 nm

spectral windows for the 705 nm and 800 nm QD layers respectively (see also Figure 3.2).
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Figure 3.6. (A) Representative intensity ratio curve for a NiFO sensor consisting of a 1.4 mm x
1.4 mm square membrane. The fluorescent intensity obtained from each QD layer is also
illustrated on the right axis. Error bars represent SEM from 5 measurements (taken from one
device). (B) Normalized intensity ratio versus applied pressure for sensors having membranes of
5 different dimensions.
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For larger membranes (> 1.0 mm x 1.0 mm), the intensity ratio-applied pressure plot
reveals an exponential decay in the 0-20 mmHg regime, while for higher pressure levels (20-40
mmHg) the plot becomes linear (correlation coefficient r = - 0.99). Smaller membranes behave
linearly throughout the entire pressure range (correlation coefficient r = -0.98). The observed
biphasic behavior can be attributed to the biphasic mechanical response of the membrane
(Figure 3.4), as well as to the complex optical interaction of the three-dimensional excitation
focal volume with the two QD layers. We should point out that the dimensions of the excitation
focal volume are determined by the optical properties of the mini-lens (numerical aperture and
depth of field).

The response of the integrated NiFO sensor did not saturate at the maximum applied
pressure of 40 mmHg, indicating that the dynamic range of the sensor is larger than the
pressure range of clinical interest. That is expected if one considers that at 40 mmHg, the 800
nm QD layer is still located within the excitation volume even for the largest membrane

deflection (the depth of field of the excitation volume was measured to be approximately 7

pm).

3.3.3. Maximum Error

The maximum error of the NiFO sensor is an important specification as it identifies its overall
performance. The Association for the Advancement of Medical Instrumentation (AAMI) dictates
than an ICP monitoring device should have a maximum error of £ 2mmHg in the range of 0-20

mmHg and 10 % error for higher pressures [77].
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The maximum error of the sensor can be calculated by adding up the accuracy,
resolution and precision errors. The accuracy error is not significant, as all the NiFO sensors are
calibrated using a hydrostatic water column whose pressure is visually adjusted with an error of
less than 1 mmH,0 (equivalent to 0.075 mmHg). The resolution error is also negligible as the
digital output from the spectrometer has a seven decimal digit resolution. The maximum error
is therefore dominated by the precision error (E,). In our case, the precision error can be
attributed to several factors: optical noise due to random scattering of photons in the various
optical surfaces, laser power instability, thermomechanical vibration of the membrane as well
as electronic noise from the spectrometer.

We calculated the percentage precision error (E,) that corresponds to a 95% confidence
interval for membranes of 5 different sizes (Figure 3.7). E, was taken to be two times the
standard deviation (0,) of a set of repeated measurements obtained from the same NiFO
sensor at a given pressure divided by that pressure value (E, = 2 g,/pressure x 100)). For smaller
membranes, E, decreases as pressure increases, while for two largest membranes (the 1.4 mm
x 1.4 mm and 1.6 mm x 1.6 mm ones), E, remains within a 5.5 - 13.8 % range reaching a peak at
20-24 mmHg. Near that peak E, value, none of the QD layers are in sharp focus (the laser beam
is focused between the two layers) resulting in a weak fluorescent signal from each layer.
Therefore, an intensity ratio with a low signal-to-noise value is obtained that subsequently
increases E, The observed peak value is slightly above the threshold error set by the AAMI, but
further design improvements (e.g. spinning multiple layers of QDs to boost the fluorescent

signal) could significantly reduce Ep.
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Figure 3.7. Percentage precision error (E,) versus applied pressure. Each E, value is calculated
from 5 measurements taken from a single device (the average of these measurements is
depicted in figure 6B). The dotted line illustrates the maximum error set by the Association for
the Advancement of Medical Instrumentation (AAMI) for ICP sensors. Large membranes (e.g.
the 1.4 mm x 1.4 mm and 1.6mm x 1.6 mm ones) meet the AAMI standards almost through the
entire pressure range.

3.3.4. Drift and Photostability of the NiFO sensor

A major concern for chronic ICP monitoring is whether the output signal from the NiFO sensor
is affected by the continuous and long term loading of the membrane as well as the
photobleaching behavior of the QDs. We performed preliminary studies to evaluate: (i) the
midterm (weeks) drift in the optical signal of the NiFO sensor under two loading conditions and
(ii) the photostability of the QD micropillar.

Drift under constant loading. We measured the drift in the intensity ratio from three, 1.4 mm x
1.4 mm, sensors immersed in distilled water for a three week period (Figure 3.8). The devices

were initially bonded at atmospheric pressure and then kept under a constant pressure of 20
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mmHg and 40 mmHg during the entire experiment. The intensity ratio was recorded every 3
days. The intensity ratio had an average peak-to-peak variation of 6.7 % and 6.8 % at 20 mmHg
and 40 mmHg respectively. The peak-to-peak variation is two times smaller than the precision
error and therefore, no significant drift was observed. It is possible that the in vivo environment
might alter the mechanical behavior of the membrane e.g. due to the accumulation of brain
tissue at the surface of the nitride membrane, but such experiments are beyond the scope of
this work.
QD Trilayer Photostability. The photostability of QDs is essential for the long-term operation of
the NiFO sensor. Despite the fact that QDs do not photobleach [99] when compared to
traditional fluorescent dyes that used for biological imaging, their photoluminescent properties
strongly depend on the surrounding material and environmental conditions [97, 100,101] .

To study the photostability of the QDs, we prepared two silicon nitride membranes with
a 705 nm QD layer and a 800 nm QD/ layer respectively. A 2 um thick SU-8 layer, representing
the optical spacer, was spun on top of each membrane to entirely cover each QD layer. The QD
coated membranes were illuminated with a red laser (658 nm) at an optical power density of
0.75 W/cm? and the change of fluorescent intensity as well as the maximum emission
wavelength were recorded over a period of 200 min of continuous exposure (Figure 3.9). An
increase in the laser power by a factor of 2 did not change the fluorescent intensity, indicating
that the initial power density of 0.75 W/cm? was enough to saturate the QD signal. No blinking
was observed, as individual QDs could not be resolved due to the low resolution of the mini-

lens.
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We observed an increase in the fluorescent intensity in both QD layers during the first
50 minutes of excitation which followed by a constant intensity level. Such an increase in the
QD intensity has previously been reported [95, 107-110] but the underlying mechanism is not
yet understood. Despite that intensity change in each of the QD layers, the ratio remained
constant during the 200 min exposure period. Considering that a single ICP measurement takes
approximately 100 ms to be acquired (depending on the sensitivity of the spectrometer) and
that continuous ICP monitoring (and therefore continuous QD illumination) is typically not
required, we expect that the optical signal will be extremely photostable throughput a patient’s
lifespan (200 min of continuous exposure at 100 ms is equivalent to 2000 measurements).

We also noticed that there was a shift in the emission maximum of the 800 nm and 705
nm QDs to approximately 790 nm and 695 nm respectively during the first 30 min of exposure.
Such a shift (also known as ‘blue shift’) is due to the presence of oxygen that photooxidates the
CdSe core of the QDs [102]. That ‘blue shift’ did not affect the intensity ratio, as the ratio was
calculated by averaging the emission intensity from each QD layer as described in paragraph B.
Finally, we should mention that the above experiments were performed at room temperature
(~25°C). We anticipate an increase in the fluorescent intensity when the sensor is implanted
due to the higher temperature of the brain, but the ratio intensity is expected to remain the
same. The quantum blue shift is sensitive to temperature and change over time; however the
emission wavelength of two QD layer are enough far from each other that the potential higher

temperature (37 °C) does not cause significant change in the acquisition firm both layers.
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Figure 3.8. Measuring drift: three devices with a 1.4 mm x 1.4 mm membrane were kept in
distilled water for three weeks under a constant pressure of (A) 20 mmHg and (B) 40 mmHg.
The intensity ratio was recorded every three days from each device. No drift was observed.
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3.3.5. ‘Zero-Misalignment’ Pressure

Due to variations in the fabrication process (e.g. wafer thickness, QD micropillar
thickness, mini-lens diameter and focal length) the collimated excitation beam entering the
NiFO sensor is not accurately focused at the 705 nm QD layer of the QD micropillar at zero
pressure, as initially designed. We found that the distance (z-axis misalignment) between the
705 nm QD layer and the focal plane of the mini-lens was 4-5 um and varied from device to
device. In order to obtain a common reference point for all tested devices, we measured that
‘focal plane to the 705 nm QD layer’ distance using an optical setup similar to the one depicted
in figure 5. We followed a 5-step experimental procedure : (i) the excitation lens was initially
removed from the original optical setup such that the laser beam when reaching the mini-lens
was slightly focused, (ii) using a CCD camera, the 705 nm QD layer was brought into sharp focus
(the spectrometer was replaced with the CCD in this step in order to accurately position the 705
nm QD layer at the focal plane of the mini-lens), (iii) the 705 nm / 800 nm intensity ratio was
recorded at this position using the spectrometer, (iv) the excitation lens was placed back into
the setup (in front of the laser) so that that laser beam reaching the NiFO device was
collimated, and (v) hydrostatic pressure was applied to the membrane while the intensity ratio

was recorded.
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Figure 3.9. Photostability of the QD micropillar for different laser power densities. QD
micropillars were patterned on a silicon nitride membrane and were continuously exposed with
a red (658 nm) laser for more than 2 h. (a) Normalized fluorescent intensity obtained from the
705 nm QD layer. (b) Normalized fluorescent intensity obtained from the 800 nm QD layer. (c)
Normalized intensity ratio (705 nm/800 nm) calculated from (a) and (b). Despite the initial
increase in the intensity in both QD layers, the intensity ratio remained constant after the initial
“burning” period (peak-to-peak value was less than 1% after 60 min of continuous exposure).

A hydrostatic pressure of 1-3 mmHg (termed ‘zero-misalignment’ pressure) was
sufficient to match the intensity ratio to the one obtained from step (iii) (without using the
diverging lens). All experimental results in Figures 3.6 and 3.7 were corrected accordingly using

that ‘zero-misalignment’ pressure.

3.3.6. Effect of Skin on the performance of the NiFO sensor
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As the NiFO sensor is designed for implantation inside the brain using a hollow tube that
is placed under the skin (Figure 3.1A), we anticipate that the NI optical properties and the
thickness of the skin will affect the intensity of the excitation and emitted light. To evaluate the
effect of skin at the performance of the NiFO sensor, we used a commercially available Monte
Carlo Simulation software [103] to trace the trajectories of photons as they pass and scatter
through the skin. The skin was modeled as a single optical layer with a reduced scattering and
absorption coefficient of puy= 210 cm™ and p,= 1.5 cm™ respectively [103-105]. The simulation
model (Figure 3.10A) consisted of a 20 um in diameter laser beam that entered the skin
collimated, a 500 um square silicon nitride optical window (100% transparency in the NI) and
the mini-lens that focused the laser beam into the QD micropillar. Following a similar light path,
the emitted NI fluorescence light exited the 500 um optical window of chip Ill collimated, and
after passing the skin, was scattered and collected by an external bi-convex lens (the lens was
assumed to have 1 cm diameter and a focal length of 25 mm).

The Monte Carlo results indicated that the laser power that reaches the NiFO sensor
collimated is significantly reduced due to the high scattering coefficient of the skin (Figure
3.10B). For the extreme case of a 2 mm thick skin (typically skin in the scalp is 0.5 -1.5 mm thick
[105]), our simulation results indicate that approximately 1% of the laser power enters the NiFO
sensor collimated. The reduced excitation power can be compensated by increasing the laser
power, as long as skin damage does not occur (the maximum laser limit for low level laser
therapy set by the AAMI is 5 W/cm?[106]). The emitted fluorescent light is also highly scattered

as it passes through the skin.
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Simulations show that, for a 2 mm thick skin layer, only 1% of the fluorescence light
exits the skin collimated (87% is being scattered). Although our current experimental setup
measures collimated light (only collimated light is focused into the spectrometer), further
design modifications can be made to utilize the scattered light as the 705 nm / 800 nm ratio of
the scattered fluorescent light should be the same as the collimated one. Finally, we should
point out that the amount of the detected emitted light depends on the sensitivity of the
spectrometer. The use of a two-detector configuration (e.g. using two avalanche photodiodes

[107] would greatly enhance the overall sensitivity of the system.
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Figure 3.10. (A) An optical model for quantifying the effect of skin on the performance of the
NiFO sensor. The pseudocolor images illustrate the intensity distribution of a 658 nm laser
beam reaching the NiFO sensor. (B) Mont Carlo simulation results depict strong dependence of
the skin thickness on the collimated and total (scattered and collimated) light intensity emitted
by a 705 nm QD layer.

3.4. Summary

We developed a novel near infrared, optomechanical, electronic-free and powerless
implantable pressure sensor that can potentially monitor intracranial pressure. The sensor,
consisting of a mini-lens, a two-wavelength QD micropillar and a silicon nitride membrane,
converts pressure changes into fluorescent intensity ratio changes when illuminated with a
laser. Operating the sensor in the NI regime is critical for obtaining a high signal to noise optical
signal, as NI light is weakly absorbed by the human skin. The sensor can monitor pressure

within the clinically desired ICP range (0-40 mmHg), it has a maximum error of less than 15%
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and it does not suffer from photobleaching and drift. We envision that the proposed near
infrared fluorescent-based optomechanical (NiFO) sensing technology can be extended to other
biomedical applications where in vivo pressure monitoring is required such as arterial,

intraocular and gastrointestinal pressure monitoring.
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CHAPTER 4
IMPLANTABLE INTRAOCULAR PRESSURE SENSOR: EX VIVO STUDIES

4.1. Introduction

One of them most common forms of neuronal injury, only second to the traumatic brain
injury is the optical nerve damage. Pathological conditions (e.g. elevated intraocular
pressure) can induce mechanical damage to optical nerve resulting in permanent blindness.
Intraocular pressure (IOP) monitoring is as an essential diagnostic tool for assessing and
treating the patients with glaucoma (normal IOP ranges from 7-15 mmHg). High intraocular
pressure (IOP), the major risk factor for glaucoma, is the leading cause of blindness in the
aging population [111]. IOP monitoring followed by the appropriate medical treatment
dramatically reduces the number of blindness, minimizes secondary optical nerve damage
and significantly decreases recovery time after surgery.

There is no commercial technology that can provide continuous monitoring. Such
technology is needed: (i) for patients that suffer from severe cases of glaucoma that
typically are hospitalized for several days, and (ii) for patients who go though surgery with
high chance of glaucoma as a side effect of surgery. In the latter case, long time I0OP
monitoring can aid in the diagnosis of a surgical side effect particularly in the patient with
ocular implants.

Current IOP assessment, since their introduction in the early 60’s, has undergone few
design changes and remains cumbersome in placement and use. The basic operation

principle has remained the same: a pin containing a pressure sensor is touching the surface
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of cornea to deterring the curvature. The standard method of ocular pressure assessment

(e.g. ocular tonometry) is inferred from the mechanical properties of cornea and the force

that is required to flatten a 4mm? area of cornea [112].

We develop and fully implantable NiFO

(Near-infrared Fluorescent-based

Optomechanical) based microsensor for the intraocular pressure (IOP) (Figure 4.1). The

microsensor can be integrated into ocular implants and be used for contionus pressure

monitoring.
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4.2. Method

4.2.1. Design and fabrication

We present a new implantable electronic-free, fully optical intraocular pressure
microsensor, designed to be embedded into a KPro implant (Figure 4.1A). The microsensor
contains 2 layers of infrared quantum dots (QD) (emitting 850 nm and 920 nm florescent
light), patterned on top a 300nm thick silicon nitride membrane that is exposed to IOP. A
400 um in diameter sapphire lens is placed 370um above the QDs and secured in with a
layer of PDMS (Figure 4.2). The lens focuses collimated excitation light to the QD layers and
collects the fluorescent emitted light. When the membrane is flat, the 850 nm QD layer is in
focus, e.g. at the focal plane of the lens. A pressure increase deflects the membrane brings
the 920nm QD layer closer to the focal plane while the 800 nm QD layer moves away from
the focal plane of the lens (Figure 4.1B). To read the sensor, we designed an optical head to
excite the QD layers using a 65mW 780nm laser and collect the fluorescent emission from
the focal plane of the microlens (Figure 4.1C). The collected optical signal then is processed
using a set of filters that separate the two wavelengths to find the ratio of 920nm and
850nm emission intensity. We then calibrate the obtained ratio (920nm/850nm) with
respect to a known external pressure (Figure 4.3A). Later, for biocompatibility 500nm
parylene layer is deposited on the device. The simulation (Figure 4.3B) and experimental
results (Figure 4.4) show less than 5% change in the response of sensor due to protective

layer.
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Figure 4.2. The NiFO sensor consists of a chip, with a micorlens manually assembled on top
of it.The chip has a transparent, 150 nm thick silicon nitride membrane. The key element of
the design, the QD micropillar, consists of two QD layers and two SU8 layers that are
photolithographically patterned on top of the IOP-exposed membrane.

4.2.2. Keratoprosthesis device implant

Keratoprosthesis (KPro) surgery has provided a new chance, over the past 2 decades for
patients with corneal impairment, who otherwise would not be suitable candidates for
traditional penetrating keratoplasty [111-114]. The recent techniques and postoperative
regimen modifications have improved the prognosis after KPro surgery [111,114, and 115].
However, one main issue with all types of KPro remains unsolved: about 64% of patients
show decreased vision due to glaucoma development postoperatively [111, 112, and 114-
117]. The onset and progression of glaucoma in these patients are very critical for successful

recovery from the surgery [112, 118].
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Particularly, in patients with ocular implants such as Keratoprosthesis (KPro) [113],
with very high glaucoma prevalence, tonometry method is not applicable (Figure 4.2). For
example, the KPro implant, placed on under cornea, increases the mechanical stiffness of

tissue, and makes tonometry method readings invalid.
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Figure 4.3. A. Ratio between 850nm channel and 920nm verse pressure in mmHg. The ratio
is used to calibrate each microsensor separately. B. Simulation result for the membrane with
parylene deposition. The simulation suggests 500nm of paraylene deposition change the
deflection less than 5%.
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Figure 4.4. Effect of Parylene deposition on the optical readout of the pressure. To protect
the surface of the surface 500nm parylene is deposited in the holder and microsensor. The
experimental result should less than 5% change in the calibration curve.
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Despite the high prevalence of glaucoma in the post KPro implant surgery, no
reliable ocular pressure monitoring method for glaucoma risk determination for implant
patient is available [119-121]. The major issue is the standard cornea deflection base I0P
assessment is not possible in present of inflexible KPro material supporting the cornea [112,

116, and 119].

The microsensor is integrated into the Boston type 1 keratoprosthesis (KPro) and
implanted into human cadaver globe. We implant KPro with an integrated NiFO microsensor
in 5 human eye globes and measure the pressure over a period of two weeks. The result
shows consistent operation of sensor with 2mmHg accuracy over 14-days period without a

zero-drift.

Motivated by the need for frequent, long-term IOP monitoring in patients with KPro
implants, we developed an IOP microsensor, designed to be embedded into the KPro device
and implant at the time of surgery. The new microsensor could reduce the risk of glaucoma

late diagnosis in patients with ocular implant, and partially in patients with KPro implant.

The microsensor has a diameter of 1.15 mm, slightly bigger than circular fluidic holes
in the KPro device (diameter of 1.1mm). The KPro device gently expands when heated to
90°C. That allows us to insert the microsensor into one of the KPro holes. Finally the

integrated unit is cooled down to room temperature to obtain a tight fit (Figure 4.6A).

When the membrane is flat (zero I0P), the 850 nm QD layer is in focus, i.e. at the
focal plane of the lens. A pressure increase deflects the membrane bringing the 920 nm QD
layer closer to the focal plane of the lens, while the 800 nm QD layer moves away from it

(Figure 4.2C). To read the sensor, an optical head was designed to excite the QD layers using
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a 65 mW 780 nm laser and collect the fluorescent emission from the focal plane of the
microlens (Figure 4.3). The collected optical signal then is processed using a set of filters
(dichroic and achromatic lens) that separate the two wavelengths to find the ratio of 920
nm and 850nm emission intensity. The obtained ratio (920 nm/850 nm) is then calibrated

with respect to a known external pressure.

Location of seal

Figure 4.5. keratoprosthesis implant, A. the KPro device is consist of 3 parts Back Plate,
Locking Ring and Front Part assemble into a Corneal Graft (image is adapter from
eyeworld.org), B. the KPro device assembled with Corneal Graft (image is adapter from
eyeworld.org), C. KPro device after implantation into human globe (image is adapter from
eyeworld.org), D. Implantation and sealing process (image is adapter from [112]).
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IOP Microsensor

Figure 4.6. A. the microsensor integrated into a KPro implant, B. the keratoprosthesis is
implanted into human globe. The location of implant and the microsensor is highlighted
with red circles, C. Schematic of the sensor. D. Magnified picture highlighting the location of
the microsensor.

4.2.2. Ex-vivo experiments

We performed ex-vivo experiments to evaluate the performance of the microsensor over a
period of a week. Using a standard surgical procedure [4.1], the KPro device was implanted
into a human cadaver eye globe. The IOP was increased up to 80 mmHg and then measured
periodically while the pressure was decreasing to 5 mmHg. The optical microsensor readout
was compared to a digital manometer which was directly connected to the ocular chamber.
We repeated the same experiments after 7 days to assess the drift of the microsensor ex-
vivo. The microsensor showed more than 2mmHg accuracy over the range of 0-80mmHg

and less than 2mmHg zero drift 7 days after implantation.
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Five cadaver human eye globes and 5 corneal rims, not suitable for transplant
criteria, were donated by the Midwest Eye-Banks (Ann Arbor, MI, USA) for this study. The
NiFO IOP sensor, designed to fit tightly into one of the Boston type 1 KPro posterior plate
holes, was integrated after KPro was heated up to 90°C, to slightly expend. As it returned to

the room temperature, the sensor was secured in the hole.

KPro implantation was performed via the standard technique [4.12], at the W. K.
Kellogg Eye Center Department of Ophthalmology, University of Michigan Medical School
(Ann Arbor, MI, USA) (Figure 4.6B, C). After making a paracentesis, with a lancetip blade, at
a clear cornea portion of the host globe, an anterior chamber cannula, which was connected
to a digital manometer (Digimano 1000, Netech Corp., Farmingdale, NY, USA), was inserted
(Figure 4.7). The eye globe was inflated, then, by an irrigation cannula and a 10 ml syringe
filled with BSS, through the corneal graft dehiscence, until it started leaking out (considered
maximum volume). Using an external optical head reader, the NiFO IOP sensor output was
compared simultaneously with the digital manometer, considered a standard measurement.
The internal structure of NiFO optical head is shown in Figure 4.8.

Readings were recorded immediately after the KPro implantation and after 1 week
for all the 5 globes (Table 1). For one microsensor the readouts were extended up to 14
days. The globes were maintained in refrigeration (4°C) between the measurements and
then discarded in an appropriate biohazard bucket after the final IOP readings. The I0P
measurement characteristics evaluated were accuracy (resolution) and consistency (drift)

through regression statistics tests, such as the Standard error and R factor.
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Figure 4.7. IOP Measurement setup, A. Optical head, B. Digital pressure monitor directly
connected to ocular chamber. C. schematic of the setup, the globe is filled with saline
solution and the pressure increased to 80mmHg. As pressure decreases the reading from
digital sensor is compare to optical head readout form NiFO microsensor.

4.3. Results

NiFO I0OP sensor readings and the digital manometer readings are shown in Figure 4.10. The
globes are inflated to 80mmHg by injecting the DI water. In the first day, the issue was fresh
so the seal of KPro device could hold high pressure. Initially the pressure dropped very fast
to 40mmHg (the high range physiological pressure). The pressure is then decreased using a
needle. Uniformly distributed pressure measures are collected in the first day. After 7 days,
the deteriorated tissues did not hold the pressure, so in some cases (sensor 1 and 4) the
distribution of the pressure samples was not uniform. We calculate the correlation between
optical readout and direct pressure measurement using manometer. The linear correlation
indicates the proper calibration of the optical sensor. Our results show all sensors are still

calibrated after 7 days of implantation (Figure 4.9, Table 3). While the microsensor was
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calibrated the mean standard error (MSE) increased by over 7 days study by 23% (Figure 4.9,
Table 2). Future investigation indicate the depiction of extra cellular proteins on the surface
of the membrane and microlens may increase the error. The standard error for pressure
between 0-50mmHg is less than 2mmHg. In the higher range (50-80 mmHg) the standard
error is less than 10%, which satisfies the requirements for standard IOP methods (e.g. GAT)

[114].

Optical Head

IOP
Microsensor

Near
Infrared
Laser

Optical
Fiber

1. Collection Lens 5. Fiber Adaptor Lens 9. Dichroic Filter

2. Achromatic Lens 6. Fiber Lens 10. Emission Filter
3. Dichroid Filter 7. Collection Lens 11, Focusing Lens
4. Noteh filter 8. Ambient Light Filter 12, Photodetector

Figure 4.8. The optical head and detection unit. The portable, optical head consist of a near
infrared (780 nm) laser and a combination of optical elements to collect the emission light.
The detection unit consists of a set of dichroic filters to separate the two QD wavelengths.
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Our results suggest that the accuracy of the microsensor (2mmHg) is comparable to
standard tonometry procedure; therefore our microsensor can reliably monitor IOP in
glaucoma patients where the standard method is not applicable. The results also indicate
the potential use of such an optomechanical technology for long-term in-vivo IOP

monitoring.

4.4. Discussion and Summary

All 5 transducers demonstrated a very linear results pattern between both optical and
manometric readings (Figure 4.9), even after 14 days of KPro/NiFO IOP sensor implantation
(sensor 1). On the other hand, the sample distribution was not homogeneous, because of
the eye tissue natural degeneration, which can be noticed, e.g., on the 7th day of sensors 3
and 4, where there are a lot data collected at higher I0OP ranges. Since the transducer is
calibrated to function between 0 to 50 mmHg, these particular transducers resulted larger
errors, attributed to the higher ratios between the 2 near-infrared wavelength fluorescent

lights at the end.
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Figure 4.9. The experimental result for 5 sensors over a week: The globes are filled with
saline (the pressure inside the globe is higher than 80mmHg). The digital manometer (M on
X axis) and wireless optical sensor (Optical on Y axis) are recorded simultaneously. As saline
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leaked out of the globe slowly, the globe pressure drops. The experiment stopped when the
pressure is lower than 5mmHg.
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Figure 4.10. Effect of temperature on the sensor readout: the cadaver eye globe experiment

is performed in the room temperature while the in-vivo experiment environment is 37

degree. To make sure the temperature change does not affect the readout, we compare the

pressure readout in two settings. In A the chamber pressure is 20mmHg and in B the
chamber pressure is 40 mmHg.

Considering the full range of IOP measured (3 to 86 mmHg), through regression
statistics tests, they have showed that the Standard error increased after 1 week, but does
not go higher than 3 mmHg (Table 2 — sensor 4). The R factor revealed how consistent the
device calibration among the 5 transducers is. The drift was considered zero, indicating that
no further calibration is needed posteriorly the device implantation. This achievement was
expected; because the sensor is electronic-free, just mechanical. Drift is essentially how
much the pressure shifts in one direction over time and is the most important problem of

implantable sensors, usually due to statics charges of electronic devices.

It is not surprising that glaucoma is highly prevalent in patients with KPro implants,
with severe anterior segment disease and a history of multiple surgeries. It continues to be

one of the most difficult complications to manage in patients with KPro [112]. Owing to
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KPro’s material stiffness, for the time being, clinicians remain dependent on palpation to
monitor I0OP, which is not objective and has poor correlation with the Goldmann

applanation tonometer (GAT). This may collaborate to glaucoma progression.

However, the NiFO IOP sensor presents special features make it unique and innovative. It is
wireless, purely optical and powerless. Specifically designed to be embedded with the KPro
device, it provides an integrated solution for IOP monitoring without changing the KPro
implantation procedure. It also allows frequent measurements and recordings of the direct
measure (“true” IOP) rather than GAT that gives only an indirect measure of IOP in addition

to being interfered from changes in corneal features.

With no contact with the cornea, topical anesthesia is no more required and the risk
of cross-infection between patients no longer exits. Moreover, it does not cause visual field
intervention and is MRI compatible. The silicon nitride, used on each layer, is also
transparent and biocompatible as glass (silicon oxide). The developed optical head can read
up to 4 measurements per second. Blood and myelin have a very low absorption of the
near-infrared light, allowing its transmission, what could mean that even after a graft

failure, with edematous and/or opaque cornea, it will continue to transmit information.

In contrast, the study, and likewise the microsensor, has limitations. The data
collected was not uniform, as mentioned. This device has a very specific application, limiting
the population to be assisted. Biocompatibility still has to be tested on future animal trials.
Besides, the American National Standard, related to the Association for the Advancement of
Medical Instrumentation has no protocol for IOP devices, what makes it harder to unify the
transducer features. The results suggest that this novel fully implantable and pure optical

transducer, through a direct IOP measurement, may allow objective and reliable



77

assessments of IOP after KPRO implantation, with accuracy equivalent to standard
tonometry procedure. Therefore, it shows great promise for the future monitoring of

glaucoma in KPro patients, permitting earlier management.

Table 4.1. Standard error correlation between immediate and last readout

Time after implantation Immediately Last readout Days
Sensor 1 1.6 2.1 7
Sensor 2 2.3 2.6 7
Sensor 3 13 2.6 7
Sensor 4 1.0 3.1 7
Sensor 5 0.9 2.1 7

Table 4.2. Errors within 0 to 2 mmHg range

Sensor Readout time after implantation # Errors (0 to 2 mmHg) Total measurements Perc((‘e%?)tage
1 Immediate 27 31 87,10
7 days 24 29 82,76
5 Immediate 28 42 66,67
7 days 28 43 65,12
3 Immediate 21 30 70,00
7 days 19 47 40,43
4 Immediate 24 29 82,76
7 days 21 26 80,77
Immediate 29 40 72,50
>y days 43 57 75,44
Total 264 374 70,59

Table 4.3. R factor correlation between immediate and last readout

Time after implantation Immediately Last readout Days
Sensor 1 0.99 0.98 7
Sensor 2 0.99 0.98 7
Sensor 3 0.99 0.99 7
Sensor 4 0.99 0.98 7
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CHAPTER 5

IN-VIVO IMPLANTATION OF OPTICAL SENSOR IN SHEEP MODEL

5.1. Introduction

In this chapter,the NiFO sensor performance was evaluated in-vivo. We assessed the agreement
between theNiFO microsensor and a standard ICP monitor (Codman microsensor) during a
standard ICP sensor implantation method in a sheep brain [122]. The Codman microsensor, a
catheter-based sensor that is hard-wired to a benchtop electronic readout unit, is currently the

gold standard for human ICP monitoring.

Two cross-bred sheep were used in our in vivo study. The cranium of anesthetized sheep
was exposed by a paramedian incision and 2 adjacent burr holes were drilled over the frontal
lobe. The Codman microsensor were inserted into the parenchyma through one hole and a
NiFO sensor was inserted through the other hole. The Codman microsensor was connected to
the monitoring unit via the appropriate interface. The NiFO sensor was fully implanted as the

ICP signal is optically transmitted through the skin.
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Figure 5.1. A schematic view of sheep brain. A. Axial View, B Sagittal view, C. The top view of
skull and the location of microsensors and Codman sensor. D. The brain picture. The pressure
sensors are placed anterior with respect to motor cortex to avoid cortical structures. The
microsensor is implanted 1 inch under the skull; the sensor holder is short enough to avoid
subcortical structure and ventricles.

5.2. Sensor Implantation Method

The sheep is anesthetized and prepared according to the ICP or IOP in-vivo protocol described
in the appendix. The microsensors are placed anterior to motor cortex to avoid important
cortical structures. The implant is 1 inch in depth, small enough to avoid punching the ventricle.
The depth of ventricle is determined to be 1.5 inch using ventricular catheter and sensor is

safely placed .5 inch above ventricle.

Twenty minute long dataset was collected at baseline pressure and then the pressure

was increasing up to 50 mm Hg. ICP increases was achieved through physiological measures
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such as increasing the ICP level by jugular compression and/or increased pCO2. At each ICP
bandwidth, ICP readings were recorded with the NiFO and the Codman sensors. The obtained

results established the feasibility of the NiFO technology.

5.2.1. NiFO sensor and Codman Sensor ICP Express Setup

To operate the ICP Codman monitor transducer, first the transducer is connected to the base
unit and the Codman base unit is connected to the bedside monitor. The bedside patient
monitor is then set to zero and we wait until the bedside monitor shows zero as well. Next the
bedside monitor is calibrated by pressing calibrate patient monitor key. The Codman
microsensor is then connected to the unit and we wait for zero transducer message. At this
point, the tip of transducer is placed in a sterile water surface and the Transducer Zero key is
pressed. At the same time the NiFO sensor is zeroed by placing the tip of sensor in the water
surface. The optical head placed on top of sensor to find the set point of zero pressure for each

microsensor.

5.2.2. Microsensor In-vivo Implantation

To make the initial access hole, we begin by shaving the incision area. After making the
necessary incision, the scalp is retracted to expose the skull (Figure 5.2). The drill with a 5.8 mm
bit is used for ventriculostomy procedure. We place the bit into the chuck, then hold the drill
handle in place and turn the chuck counterclockwise to tighten the bit. The drill guide with the
appropriate hex wrench, and carefully slide the drill guide towards the tip of the bit until the

desired skull depth is reached. It is important to note that the drill guide will not stop the drill.
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To measure ICP via the intraparenchymal approach, begin with the Codman micro sensor
already zeroed. We then create the burr hole through which the micro sensor will be placed,
with the 2.7 mm drill bit. Bevel the Burr Hole edge on the side where the microsensor will exit.

This will facilitate remove of the sensor.

Figure 5.2. Candman and NiFO sensor implantation procedure. A. drilling the 5.8 mm hole in
the anterior to motorcortext, B. drilling parallel holes for Codman sensor, C. end of procedure
with three NiFO sensor and one Codman sensor implantation, D. Closing the skin

We then remove the Touhy needle stylet and thread the microsensor from the top of
the needle until appropriate length of placement exits from the hub. Then, gently we remove
the needle and estimate the length of the micro sensor from the tip to the fist kink. Once again,

we retract the Burr Hole site. We then fold the microsensor forward once at the desired bend
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site to leave a kink in it. Then we place the tip of microsensor in the Parenchyma through the
puncture in the Dura until the kink is at the top edge of the hole. We pull back the excess slack
and secure the microsensor to the scalp. For additional strain relief, we made a small loop with

the line and suture to down.

5.2.3. Measuring Intracranial Pressure

To measure intracranial pressure, we begun with the microsensor already zeroed. To perform
the craniostomy, we use a 5.8mm drill bit. Gently, we bevel the Burr Hole on the side where the
catheter exit site will be. Then we make a cruciate puncture in the Dura. We placed the
Ventricular Catheter in the trocar tube and tunnel it under scalp from the exit site toward the
Burr Hole. Finally we remove the trocar. The 10 gauge ventricular needle is used to locate the
ventricle first. The catheter is advanced into the lateral ventricle and make sure to enter the
skull at a right angle. We verify that the tip of the ventricular catheter is situated in the ventricle
by removing the capon the drain port and allowing CFS to flow out and then we drain the port.

Then we bend the catheter in place and gently withdraw the preloaded stylet.

5.2.3. Closing the incision

After the placing the microsensors, the providing access to Codman sensor, the optical data is collected
first with open skin. All data are collected for 30 sec or more. The skin then is closed and another set of

data is collected. The skin is closed very carefully to avoid Codman microsensor movement.

5.2.4. Testing the dynamic range of microsensor in vivo
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The procedure to test the dynamic range of pressure sensor has 7 phases and is designed to

test the dynamic range 0-50mmHg of pressure in-vivo using non-invasive and invasive

approaches.

1.

2.

The pressure is monitored in the baseline breathing rate of 15 breaths/min for 20
minutes. The ICP pressure oscillates between systolic and diastolic cycles (about 2mmHg
difference between maximum and minimum pressure) with the average of 18mmHg. In
clinic, the oscillation usually is monitoring to verify the pressure sensor proper
operation. The total volume of lung is set to 500ml.

To observe the maximum change in ICP pressure, we need to decrease ICP. For this, the
breathing rate is increased to 30 breaths/min, the lung volume remain at 500ml. After 5
minutes the intracellular oxygen increased for 10% and the ICP average decreases to 12
mmHg. At this point brain pressure auto regulation mechanism maintains the pressure
at 12mmHg.

We decrease the breathing to 5 breath/min. The lower breathing rate increases the
pCO2 level in the blood, decreases the tissue oxygenation and eventually increases the
ICP level. Particularly after decreasing the baseline of ICP in the phase 2, sudden
increase of pCO2 in the blood stream, blocks the auto regulatory mechanism of ICP.
Blocking the auto regulation and increase of pCO2, increases the ICP to 30mmHg in less
than 2 minutes.

While maintaining the lung volume, the breathing rate is decreased to 4 breath/min (the
minimum rate before damaging the brain tissue), auto regulation of brain pressure

slowly decreases the ICP pressure to the baseline over 20 minutes.
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5. With non-invasive approach we cannot increase the pressure anymore. At this point two
jugulars (an integrated part of regulatory auto regulatory mechanism of brain) are
accessed using a surgical procedure. We clamp both jugulars to disable the pressure
regulation. At this point brain cannot maintain the baseline and the pressure drift to
higher value.

6. In absent of regulatory mechanism, we decrease the long volume to 300mL causing the
pCO2 increase to non-physiological range and increase the ICP to 35mmHg range. At this
point the high pressure and low tissue oxygen level damage the brain tissue.

7. The last regulatory mechanism of the brain, blood brain barrier (BBB) maintains the high
range of pressure. A stroke in the ventricles can break the BBB and increase ICP to a
fatal range. We inject 20ml of blood directly into ventricle. The ICP increase

spontaneously to more than 50mmHg. Animal heart stops after a few minutes.

5.3. Results and Discussions

5.3.1 Comparing Codman and NiFO sensors

We performed with set of experiments. In the first set (Figure 5.3) we verified the dynamic operation of
sensor in (0-50mmHg). The operation protocol, which was adapted from human protocols, for increase

and decrease of pCO2 and ICPis found to be working in sheep.
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Figure 5.3. The pressure and oxygen level recording from NiFO sensor over the cross of 2.5 hours of
surgery. A. The recording of pressure readout out of optical head, heart rate and tissue oxygenation, The
red bar represent invasive procedures (closing the jugular arteries and injecting the blood in the brain B.
High-light of different phases of testing the dynamic range of sensor.
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Figure 5.4. Ex-vivo monitoring of IOP. The KPro device with an embedded NiFO sensor is implanted. The
ocular pressure is increased using a syringe and measure directly using a digital manometer.

The acquisitions from all three sensors are shown in Figure 5.5 (the data is collected in different
time interval so the time access is not continues). We collect the signal to insure the sensor is not
damaged during implantation. In this phase, the ICP pressure is in the baseline line (16-18 mmHg) and
1minute signal is collected from each sensor to calculate the signal to noise ratio. All three sensors work
properly after implantation and the signal to noise ratio match the previous value collected in the lab

setting (Figure 5.6).
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Figure 5.5. comparing average Codman microsensor and optical signal from three NiFO microsensors.
Time is in seconds. The sensors are recorded at discreet time intervals. The new acquisition is
highlighted using a blue arrow. The raw signal from each channel is also shown. The blue window
highlights the acquisition before closing the skin.
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5.3.2 NiFO signal to noise ratio
The noise in the system is consisting of two distinct sources: 1. Optical noise due to quantum
fluctuation, scattering and 2: electrical noise from amplification. Both noises affect the reading but the

different approach is required to deal with each source of noise.

5.4. Conclusion

The aim of this chapter was to assess whether the novel microsensor can reliably record
pressure in vivo though the skin. The data obtained from 7 microsensors in 2 non-recovery
surgeries show the feasibility of optical reading with less than 2mmHg accuracy in the range of
0-50mmHg, the criteria which is sufficient to establish the NiFO monitoring consistency with
AAIM standard. The experience from this early implantations revealed some technical issues
associated with the sensor design, implantation method and ICP monitoring challenges.
In-vivo experiments have been conducted to optimize the surgical technique. In addition, we have
consulted with experienced animal users who have significant experience on minimizing pain and
distress. In the long-term experiments, all animals that receive ICP monitor implantation are expected to
have some post-operative discomfort which will be treated with analgesics, as described. All animals will
be euthanized at the conclusion of the experiment. Severe complications for all experiments include

anesthetic related deaths, cardiac dysrhythmias, intraocular hemorrhage, wound dehiscence, and

infection.

Anesthetic deaths can be limited by minimizing the duration of inhalational anesthesia. Cardiac
dysrhythmias can be minimized by monitoring arterial blood pressure and treated with internal
defibrillation. Intraocular hemorrhage can be minimized with the help of a surgical assistant to assemble
the corneal button to the KPro set, decreasing the time of open globe surgery, while the surgeon

performs the lens extraction. Infection will be prevented as best as possible by giving antibiotics,
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maintaining good sterile technique, with adequate wound closure and cleaning. Lastly, all animals will

be monitored continuously until they are mobile and able to eat and drink freely.

Table 5.1. Radiometric measurement of Blood Composition over the surgery and NiFO readout.

Time/Phase PCO2(mmHg) pO2(mmHg) pCO2 (NiFO)

Oh / Phase 1 26.4 285 25.0
30min  /Phase2 441 294 40.0
1h:20min/Phase 3,4 59.3 357 55.0
2h:10min/Phase 5 22.4 395 25.0
3h:20min/Phase 6,7 37.0 427 33.0
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1. Conclusion

In this work we introduced two platforms to study the role of mechanical pressure in the axonal
injury response: 1. a microfluidic microchip as a platform for single cell level mechanical stress
studied in Drosophila larvae, and 2. a microsensor for continuous measurement of pressure in

mammalian models adapted into two examples: glaucoma and traumatic brain injury.

Our preliminary results show that the mechanical stress could slow down the axonal
transport and therefore play an important role in Wallerian degeneration. Our single cell results
also highlight the importance of pressure variation versus pressure level in neural injury. This
finding, if it will be verified in more complex model, could make a strong case for the use of the
continuous pressure monitoring platform we proposed in this work. On the other hand, we
showed the NiFO technology, even when it is used through a sheep skin, is sufficiently reliable
and accurate to satisfy the American medical instrument standard. The long-term implanation

capability of NiFO sensor open the way for continuous pressure monitoring in-vivo.
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We envision that the signal cell study platform in this work can be used to improve the
understanding of the mechanism of axonal injury. Also our in-vivo pressure monitoring platform

may enhance the treatment planning in the future.

6.1.1. Single Cell Model to Study Neuronal Injury

We introduced an in-vivo neural injury model in Drosophila larvae to study the effect of chronic
pressure on the neural regeneration after injury. Using a microchip designed to immobilize and
image larvae, we studied the effect of pressure on the larvae motorneurons by simulating the
chronic pressure effect on a neuron. The on-chip studies show that the level of pressure and
the frequency of periodic mechanical stress both play a role in the injury initiation while the
role of the duration of high stress cycle is not significant. Base on this new finding, the
mechanical stress may slow down the axonal transport and consequently reduce the
regeneration speed in the damage neuron. This technique could be used to study the molecular
pathways modulating the axonal regeneration in response to environmental mechanical
stresses. Also, we envision this method could be used to demonstrate that the continuous

pressure monitoring could use to predict the axonal injury response in the long-term.

6.1.2. NiFO Technology to Study Injury Response to Mechanical Stress in the Mammalian
Animal Models

The implantable near infrared optical (NiFO) pressure sensor proposed in this work, was
adapted to measure intraocular and intracranial pressure:(i)we envision the NiFO technology to
be used to monitor the ocular pressure in glaucoma patients. By demonstrating a well-
established procedure for microsensor implantation in the human eye globe, we showed the

microsensor remain functional in an ex-vivo environment for at least 7 days. (ii) We envision the
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NiFO technology could be used to monitor the cranial pressure in traumatic brain injury
patients. The microsensor had a small drift in an ex-vivo environment and was sufficiently
accurate to meet American medical associate standards for cranial pressure monitoring. This
platform could be used to demonstrate that the continuous pressure monitoring improves the

treatment planning for glaucoma and traumatic brain injury patients.

6.1.3. Monitor Pressure and Tissue Oxygenation in-vivo

We implanted the NiFO device in-vivo and demonstrated the device was functional in the
clinical setting. The readings from optical intracranial pressure sensor in the sheep model was
consistent with direct measurement form clinical goal standard monitoring device (Codman
Sensor). We also demonstrated that the dynamic response of the microsensor in in-vivo
environment. The sensor was able to track ImmHg/second change in the ICP in the range of O-
50mmHg. We envision in the next step the same implantation and measurement technique can

be used to establish whether the performance of the NiFO sensor deteriorates over time.

6.2. Future Works
6.2.1. Fabry-Perot Laser Cavity Pressure Sensor Technology In-vivo

. There are two main drawbacks to NiFO technology: 1. the resolution limitation due to light
diffraction limit. 2. The size of device cannot be reduced due to large deflection limitation.
These two drawbacks are particularly important in the case of IOP. To address this issue we
introduced a new technology based on the Fabry-Perot laser (FPL) cavity. In the next step we

will implant FPL microsensor are compare their performance to NiFO sensor. In addition to
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smaller size and higher resolution, since the sensor is fully sealed, we expect the FPL sensor to

be biocompatible with fewer side effects after implantation.

In FPL technology, the microsensor emits pressure-dependent fluorescent light in a near
infrared region where human tissue is transparent (700-1000 nm). As a result of the
optomechanical design, the microsensor does not use any electronics and therefore it has a
small footprint (<2 mm?).

The microsensor consists of two opposing, flat micromirrors that create a Fabry-Perot
(FP) laser cavity [122] (Figure 6.1). The cavity is filled through a side microfluidic channel with a
guantum dot (QD) solution that serves as the gain medium. Key element of the design is the top
micromirror that is patterned on a flexible, thin (200 nm) silicon nitride membrane. The bottom
micromirror is fixed on a rigid, glass substrate. As a result, the distance between the two
micromirrors and therefore the QD emitted wavelength from the laser cavity (the ‘lasing
wavelength’), depends on the pressure that is applied to the membrane. To obtain a wide
lasing spectrum/pressure range, we filled the cavity with a mixture of two QDs solutions (1:1
ratio) that had a peak emission wavelength at 850 nm and 920 nm, respectively (Fig. 1D). We
selected QDs that emit near infrared radiation because the microsensor is intended for use
inside the human body which is transparent in the 700-1000 nm region [109, 110].

The microsensor was fabricated using a combination of bulk and surface
micromachining processes (Figure 6.2). Silicon and a glass wafer, containing the top and bottom
micromirrors respectively, were anodically bonded to create the FP laser cavity. The top and
bottom micromirrors had 90% and 100% reflectivity respectively and they were separated by

500 nm at atmospheric pressure. The cavity was filled with the QD solution through a side
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microchannel. Finally, the microchannel inlet and outlet were sealed with parylene which

expanded when the membrane deflects, minimizing pressure buildup inside the cavity.

To test the microsensor, we used a spectrometer to analyze the QD emitted spectrum
(Figure 6.2A) and obtain the lasing wavelength (peak emitted wavelength from the cavity) for
different pressure values (Figure 6.2B). We used a 90 mW continuous wave, 780 nm laser to

excite the QDs. A water column was used to apply the desired pressure to the membrane.

Laser Cavity

Bottom Micromirror Mlcroch-nml

' m.mmmm

k 2. Deposit & pattern oxide and CriAu

Wavelength 5, P with GO s0lution & deposst parylene

3. Bond a glass waler with pattermed CriAu

1

Mo EZS FE2..

Wavelength

Figure 6.1. FB Cavity laser pressure sensor. A. the cross section of device, B. The fabricated
device top view, the scale bar is 300 um. C. Operational principle of the device. D. The
fabrication process of the microsensor. The top and bottom micromirrors are made out of 90
nm and 55 nm thick gold layers respectively. A 10 nm thick chrome layer is used to improve the
adhesion. The oxide thickness (~645 nm thick) defines the thickness of the laser cavity.
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Figure 6.2. A. At 40 mmHg, the lasing wavelength of the microsensor is ~900 nm wavelength. B.
Lasing wavelength versus applied pressure.

6.2.2. Long-term Validate of the NiFO sensors In-vivo

We fabricated and demonstrated the functionality of NiFO sensor in-vivo. The next goal will be
to establish whether the performance of the NiFO sensor deteriorates over time (e.g. drift in
the ICP measurements). To do so, we will repeat the experiments described above every 2
weeks for a total duration of 2 months (we will obtain recordings the 12th, 14th, 16th and 18th
week). Animals will be fed normally during each 2-week period and will be anesthetized only for
the duration of the actual experiments (e.g. for 4-5 hours during the day of the ICP recording).

After the initial implantation (weeks 9-10), the Codman microsensor will be tunneled
through the scalp and attached to the adjacent scalp whereas the NiFO sensor will be
completely contained below the scalp. For the biweekly periodic readings, the Codman
microsensor will be reattached to the monitoring unit, and the optical reader will be used
through the scalp to obtain ICP readings.

At the conclusion of the data collection period (week 18th), each sheep will be

euthanized with pentobarbital, after which the brain will be removed, exposed to fixative, and
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serially sectioned to be examined for gross pathological evidence of tissue damage resulting
from catheter placement.

After the collection of the ICP measurements from all sheep, we will perform correlation
analysis to find statistically significant ties and regression analysis to quantify the trends (e.g. t-
tests will be used to find significant differences between the recordings from the Codman and
NiFO sensors). At the end of monitoring period (week 18th), the NiFO sensors will be removed
from the sheep’s brain and they will be tested for zero drift in the laboratory. A range of
pressures of known magnitude will be applied to the devices and the corresponding signal will
be recorded. These results will be compared to the pressure-intensity graphs obtained for each

sensor before implantation.

6.2.3. Regulation path and biocompatibility

With an indication stated as “An intracranial pressure monitoring device is a device used for
short-term monitoring and recording of intracranial pressures” our proposed device would be
considered an Intracranial Pressure Measuring Device, as defined in Title 21 CFR 882.1620, and
would be considered a Class Il medical device by the U.S. FDA (implantable ICP shunts for long-
term use are also Class Il according to FDA). Thus, the regulatory pathway will require
submission of a Premarket Notification (510k) application to gain FDA approval to
commercialize the device in the U.S. We anticipate the FDA will require clinical trial data to
prove the safety and efficacy of the NiFO sensors. The clinical trial will be conducted under an
FDA and IRB approved Investigational Device Exemption (IDE) application. In order to gain the

FDA’s approval, we will need to design, develop and test the device following FDA Design
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Control, Quality System Regulation (QSR), GLP, GMP and GCP requirements. We plan to engage
a regulatory affairs consultant to help us prepare a comprehensive regulatory strategy (CRS)
which will detail the bench, animal and clinical study validation testing and regulatory
requirements needed throughout the translational development life cycle of our device

development project.
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