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Stem cells were doublabeled with PBNCs and a fluorescent dyel|TGacker Green.
(A, B) Brightfield microscopy of eosistained spinal cords and blue PBNCs. (C)
Confocal microscopy of DAP$tained spinal cord and green fluorescent stem cellgl
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Figure 45. US/PA imaging of PBNCs in a porcine Sg@re&ivo A 25 ¢l vol
PBNCs (blue arrows) was injected directly into the spinal cord at two locations. Two
dimensional US (grayscale) and PA (color scale) sagittal viewseb@fdrand after (B)
injection. Threedimensional US/PA volumetric image visualized the injection bolus (C).
The spinal cord was excised and both injections were observed (D). Scale bar =3 mm.

Figure 46. Detection scheme of the stem cell apoptosis probe. The probe consists of the
DEVD peptide sequence (green oval), dye (purple polygon), and an
aggregating/quenching unit (AgQ); red triangle). Upon cell apapteaspasa cleaves

the DEVD motif, allowing the probe to aggregate and enhance PA signal corresponding
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Figure 47. Assessing stem cell apugi$ detectiomn vitro in a tissuemimicking

phantom. Combined ultrasound (grayscale) and PA (color scale) images of live,
unlabeled MSCs (A) and dead MSCs incubated with the probe (B). (C) PA spectra of
dead cells (red line), live cells (green ling)dahe probe alone (black line)........... 132

Figure 48. Apoptosis probe delivery using ligittivated nanodroplets. Laser light
activated nanodroplets may be able to teraply permeabilize the cell membrane
through acoustic stimulation to improve delivery efficiency (A). Combined ultrasound
(grayscale) and PA (color scale) images of live (B, D) and dead stem cells treated with
doxorubicin (C, E). Top row (B, C): steralls incubated with the probe and
nanodroplets. Bottom row (D, E): stem cells incubated with nanodroplets only. All
groups were irradiated with 300 laser pulses for duration of 10 ns at a frequency of 10

Figure 49. Characterization of PLPs with WA& spectrophotometry. (A) Absorbance
spectra of free Dye750 (green), free Dye950 (pink), and relevant endogenous absorbers
for lymph node imaging in BALB/mice, Hb (blue) and Hb&{)red). Extinction spectra

of mPLPs (B) and nPLPs (C) loaded with Dye750 or Dye950. Similar spectral signatures
were observed for the free dye and dye encapsulated in the PLPs; however, some
differences were observed. Noise i #pectra of mPLPs resulted from scattering of the
larger particle. Differences in the ratios between extinction peaks can result from
differences in concentration of dye encapsulated in each particle type.............. 145

Figure 50In vivo US/PA imaging of Dye95@PLP trafficking to the lymph node.
Ultrasound (grayscale) and PA (color scale) overlay images after spectroscopic analysis
to distinguish Hb, Hbg) and Dye95PLPs (columns left to right). Maps of absorber
distribution before injection (A C), 30 minutes (D F), 1.5 hours (G 1), 2 hours (J

L), and 24 hours (M O) after injection. PLPs were detected near the lymph node by 2
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hours posinjection (L) and moreubstantial accumulation was observed by 24 hours
postinjection (O). Pink arrows point to particles. Scale bar = 3.mm................. 150

Figure 51.In vivoandex vivofluorexent imaging of DHNPLPs. BALB/c mice received
subcutaneous injections of EnNPLPs and were imaged 24 hours later with IVIS.- Dil
nPLP accumulation was not apparent at the left inguinal lymphinodeo while the

skin was intact (A). Increased fluseent signal was present at the left inguinal lymph
NOAEEX VIVO(B). 1.ieiiiiiiiiiiiiiie et e et enee s s s e e e e e e e e e e e e eeeeeeetesnnneeeeeeeees 152

Figure 52. Histology of Dye950PLPs and DthPLPs at 24 hours. Brighfield and
confocal nicroscopy from the left inguinal lymph node from the mouse injected with
Dye9506nPLPs (A, B) or DHNPLPs (C, D), respectively. Dye36s®LPs may be
indicated by dark green/brown speckles throughout the -staimed lymph node (A, B;
black arrows). (C, PDil-nPLPs (red) were visible at the DABtined lymph node
[SIST g0 41T Y RPN 154

Figure 53In vivoUS/PA imaging of Cp@ye95@nPLP trafficking to the lymph node.

PA datasets were peptocessed using spectroscopic analysis to distinguish absorbers:
CpGDye9506nPLPs (Ai E; left column) and blood (F J; right column). Absorber
distribution maps immediately (A, F), 4 hours (B, G), 8 hours (C, H), 24 hours (D, 1), and
48 hours (E, J) after injection. (K) Photographs of excised lymph nodes. Scale bar = 3

Figure 54. Topographic maps of absorbers from the injection dite igmph node.
Spectroscopic PA analysis of 3D volumetric datasets distinguisheeDgp@b0OnPLPs
(AT E; left column) and blood (F J; right column). Images were integrated over depth
(y-dimension). Over time the size of the injection footprint desgéaand particles were
distributed in a branched pattern extending from the injection site5)B Scale bar = 3

Figure 55. Threglimensional volumetrianages of Cp@ye956nPLP trafficking from

the injection site. Ultrasound (grayscale) depicts anatomy and spectroscopic PA analysis
(color scale) distinguished CpBye9506nPLPs at 4 hours (A, B) and 48 hours (C, D)
postinjection. The size of the injeo site decreased by 48 hours pogtction and

PLPs appeared to be in superficial vessels (C,D)-.......uvvrreeiiiiiiiieeeiiiiieeeeeeeeeeennn 160

Figure 56.In vivoandex vivofluorescent imaging of Cp®il-nPLPs at 24 hours.

Particle accumulation was not apparent at the left inguinal lymphinageo while the

skin was intact (A). Increased fluorescent signal was present at the left inguinal lymph
NOAEEX VIVO(B). ...ttt eree s e e et e e e e et e e 162
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Figure 57. Histology of Cp®ye956nPLPs and Cp&®il-nPLPs at 24 hours. Brighfield
and confocal microscopy from the left inguinal lymph node from the mouse injected with
CpGDye9506nPLPs (A, B) olCpG-Dil-nPLPs (C, D), respectively. CpBye950

nPLPs may be indicated by dark green/brown speckles throughout thestnsau

lymph node (A, B). (C, D) Some CpGil-nPLPs (red) were visible at the periphery of

the DAPLstained lymph NOAE.........ooo oo 163
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SUMMARY

Development of novel therapiesliesheavily on histology to evaluate outcomes.
While histology provides detailed information at the molecular level, drawbacks include
highly invasive, destructive sample preparation. Clinical translation of novel therapies
would be expedited by further ddeping minimally invasive, longitudinal imaging
methods

Combined ttrasound (US) and photoacoustic (PA) imaging augmented with
contrast agents an excellent option to address this need. Complimentary information
provided by US/PA imaging allowmsorphobgical, functional, and cellular/molecular
assessment of tissue. WR/ynals are produced Hyackscattering of acoustic waves.
Generation ofPA signalsrelies on the photoacoustic effect, where acoustic waves are
produced upon absorption of light. Basedtbis unique contrast mechanisanvariety of
endogenous and exogenous absorbers exist for PA imaging to suppress background signals
and facilitate molecular, cellular, or tissievel imaging

This thesis describes developmarita US/PA imaging toolbox, consisting of
contrast agentsmaging hardwarejmaging protocolsand detection algorithmshat can
be customized fovariety of applications fere longitudinalin vivo imaging ofspecific
cells orparticles isbeneficial. To demonstrate versatilittheseUS/PA imaging tools were
developed and@ombined in different wayt facilitateimplementation in thredistinct
applications: 1) stem cethonitoringin ophthalmologyto aid development of glaucoma
therapies; 2)ntra- and postoperative monitoring to guide stem cell therapiethefspinal

cord; and 3) monitoring particle trafficking to inform vaccine desighithough the
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applications investigated were extremely different, common themes were identified
throughout highlighting versatility of the US/PA imaging toolbox armsimilar research
needs forater development Overall, he tools developed hetay the foundationfor

designof customizedmaging platforms irfuture applications
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CHAPTER 1. INTRODUCTION

Development of novel therapiesliesheavily on histology to evaluate outcomes.
While histology provides detailed information at the molecular level, drawbacks include
highly invasive, destructive sample preparafidnAs a result longitudinal monitoring is
challenging making it difficult to fully understandherapeutic outcomes Clinical
translation of novel therapies would be expedited by further developing minimally
invasive, longitudinal iraging method$or tracking

Currently many imaging technologies exist at the preclinical or clinical stage to
address this need, including magnetic resonance imaging (MRBy/computed
tomography (CT), opticdmaging positron emission tomography (P and ultrasound
(US)imaging MRI hasbeen widely used for longitudinah vivomonitoring of stem cells
for avarietyof neural and vascular applications, including strbkginal cord injury, and
myocardial infarctiorf. Bioluminescencés an excellent optical method for small animal
cellularlevel imaging’® CT is bestsuited for monitoring structuradnd anatomical
changes but gold nanoparticles have been usedlabel stem cells and -Eells for
tracking®'® PET is often employed to monitor cell function, where uptake of
fluorodeoxyglucose, a glucose analog that generates PET contrast, is an indicator of cell
metabolisn?:!

In the above examples, each modality was engwopased on individual
advantages and drawbacks. Compromises are always made between resolution, sensitivity,
acquisition speed, penetration depth, contrast, safety, and M&dtallows highspatial

resolution, nofionizing, whole body imaging, buttsuffers from high cost and slow image



acquisition. CT alsallows high spatial resolution, whole body imaging, buise of
ionizing radiationraises safety concernsPET is an excellent option for highsensitive
molecular imaging; howevespatial resoltion is extremely poor Thus, PET cannot
provide detailed information on localization for tracking applications. Optical methods
allow high sensitivity, high resolution, high contrast molecular imaging, ilhwivo
monitoring ishindered by limitegpenetration depth??

The ideal qualities of a longitudinah vivo tracking platform include higbpatial
resolution, high contrast, high sensitivity, safegmlereaitime imaging to facilitate
tracking of cells and patrticles in a variety of scenarios. Another desirable feature is the
ability to monitor functional outcomes at the molecular, cellular, or tiksted. Overall,
no single modality is perfect faddressing all of these requirementastead, multiple
modalities can be combined to provide complimentary information and create a synergistic
approach talevelopcell and particle trafficking platforen Combining optical and acoustic
methods is an @ellentoption based on the desired features listed abo®ae specific
example is ultrasounduided photoacoustic (PA) imagif§® In previous work, US/PA
imaging has beersuccessfully implemented ia few examplesof tracking cells and
particlesin vivo.!918 This thesis expands on this work by describing developieat
versatileUS/PA imaging toolbox that can be applied to wider range of applicatitiese

tracking cells and particles is desitedaid development and translation of novel therapies

1.1 Overview of ultrasound and photoacoustic imaging

Ultrasound is widely used in adic to assess anatomy and tissue function.
Advantages include portability, low cost, adaptable resolutieap imagingand safety.

Realtime imaging also malee ultrasound appealing for longitudinal monitoring



applications.Ultrasound signals are generateddagkscattering of acoustic waves due to
differences in acoustic impedancetissue property that describessistance to acoustic
wave propagatia® However,all soft tissues are primarily wateand fatbasedwith
similar acoustic propertiesAs a resultifferent tissuehavesimilar acoustic impedance
Thus, ultrasoundsuffersfrom inherently poorcontrast which hindersexclusiveuse of
ultrasound fotracking cells and particleddowever, photoacoustic imaging, an analog of
ultrasound, can address this shortcoming.

PA imagingcombinesthe best qualities of acoustics and optics to provide high
contrast, high resolution functional information at imaging depths of several centimeters,
and dsorptionbased contrast of PA imaging compliments scatteoaged contrast of
ultrasound. PA imaging relies on th@hotoacoustic effect, where acoustic waaes
produced upon absorption of lightvhenan optical absorbeés irradiated by a nanosecond
pulsed laseheat deposition causegpidthermoelastic expansion of the surrounding tissue
to producean acoustic wave. The resulting wave can be detected using a traditional
ultrasound imaging transducer which simplifies integration of this muthodal
approach?1320Togetherwith ultrasound, the mukinodal approaciprovidescombined
anatomical and functional information for lohgidinal tracking of cells and patrticles.

The use of an optical absorber is a key requérgnfior photoacoustic imagingA
wide variety of endogenous and exogenmpiical absorbers exist and serve ascBAtrast
agents®® Endogenous absorbers include melanin, oxygenated hemoglobin, and
deoxygenated hemoglobin. Exogenous absorbers cdordaglly classified as dyes,
nanoparticlespr composites. There are countless available combinations within these

groups. For examplenanoparticle size, shapand material can be customized



Nanoparticle size can range from several nanometers tonmetee. Nanoparticle shapes
includeshellsrods, cubes, cages, spheres, plates, giardNanoparticle materials include
silver, carbon, goldand copper. Different combinations of these properties result in a
unique optical absorbance spectruand in turn, produca distinct PA spectrum which
can ultimately be distinguisheidom background absorbergith multi-wavelengthPA
imagingtechniquesind spectroscopic analysis?®

Multi-wavelengthPA imaging andpectroscopic analysean distinguish multiple
optical absorbersn heterogeneousissue, wherethe PA signal at each pixes a
superposition oindividual PA signals fronendogenous anekogenousbsorbers’’ The
foundationof spectroscopi®A imaging is illustrated ifrigurel. The PA spectrunof
melanin, blood, and gold nanorods all have distinct optical signatures. However if a PA
image was acquired with a single wavelength, for example80@t would be impossible
to distinguish all species since eaalhisorbesimultaneouslyontributes to the PA signal.
This problenis mathematicallyequivalent to having multiple unknowns and one equation.
By usingmany wavelengths and spectroscopic analytsieecomes possible to distinguish

multiple absorbers based on the unique absorbance spefteath species.
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Figure 1. PA spectrum of bloodblue line) melanin(yellow line), and gold nanorods
(orange line) The PA spectm of each absorbarorresponds to the absorbance spectrum.

Determining multi-wavelength PA imaging protocols tailoring detection
algorithms and spectroscopic analysis techniquesyd development/synthesis of
exogenous contrast agemdse criticalaspects oflevelopingongitudinalUS/PAimaging
platforms Theseindividual US/PA imaging tools can be developed to create a universal
toolbox for tracking cells and patrticles, and individual tools can be combined in different
ways to create custom imagi platforms that are relevant to many applications.

This thesidescribes development afUS/PA imaging toolbox andemonstrates
use in three unique applicationst) stem cell monitoring in ophthalmology to aid
development of glaucoma therapies; 2janand postoperative monitoring to guide stem
cell therapies of the spinal cord; and 3) monitoring particle trafficking to inform vaccine
design. In spite of the clear differences in these applicatibasamebasic approactvas

used throughowdnd sinilar toolswere required



1 Spectroscopic properties imaged tissuesvere evaluated to determingne
optical properties chn appropriatexogenougontrast agent.

1 The contrast agemtassynthesized.

1 An approaclwasdetermined to label the cell or particle with the contrast agent.

1 A US/PA imagingprotocolwasdeveloped to detect the PA signal of interest.

1 Imagesverepostprocessedsing spectroscopic analysis and otilgorithms.

The thesis is organized as follsw The remainder of Chapter 1 descrildes t
motivation for addressintipe abovepplications. Chapters 2 and 3 describe the ophthalmic
research. Chapter 4 describes the spinal cord research. Chapter 5 describes the vaccine
particle research. Each chapter concludes with a section on future work specific to each
application. Chagr 6 describes common conclusions and future needs identified
throughout to highlightoverarchingthemes for continued research. Overasults
demonstrateersatility of the platform ankhy the groundworklor further development of

the US/PAimaging talbox.

1.2 Monitoring stem cell therapies

Stem cell therapy for regenerative medicine holds great promise for many
applications, especially those with few treatment options. In spite of significant research
efforts, few stem cell therapies have reached dini@anslation. While there are many
challenges to address, one major limitation is lack of knowledge of stem cell bahavior
vivo>?8 At the researcltstage histology is the primary tool for evaluating therapy
progression, but assessmahmultiple time pointss challenging Thus, development is

inherently inefficient as histology provides an incomplete view of experimental success or



failure. At the clinicabtage longitudinal monitoring is critical for translatiday providing
clinicianswith feedback ortherapy progression to inform modificatioasdincrease the
likelihood of a positive outcomeFor these reasons, there is a critical needrforivo
longitudinal manitoring of stem cell therapies, which can be addressed by US/PA imaging
tools. Previousresearchers have demonstraté8/PA imaging to monitor stem cell
therapies and macrophage interactions in muscle using gold nanospheres (AuNSs) and
gold nanorodsAuNR9).16:17:2829The current work seeks to extend these technitpuesy
applications in ophthalmology and the spinal cord. Both applications have a new set of
requirements to address, ardults can extend beyond these applications and even beyond

stem cell tracking.

1.2.1 Monitoring stem cellin ophthalmic applications

Glaucoma is the second leading cause of blindness in the world, estimated to impact
more than @ million people®® Disease progression is associated with cell death at the
trabecular meshwork (TM), a fluid drainage tissue in the anteriotf'&é§elM dysfunction
can result in increased intraocular pressure (IOP), a frequently observed characteristic of
the disease. However, there is no curgfaucoma, and existing treatment methods focus
on symptom management.

A promising therapy is to deliver stem cells to the TM to regenerate the tissue and
restore normal function. Both induced pluripotent stem cells (iPSCs) and mesenchymal
stem cells (MEs) have been investigated in several different models of glau@otha.
Results showed stem cells decreased IOP and restored TM function. However conclusions
on how stem cells interacted with the environmenhduce a therapeutic responsere

contradictory?®*” One study found MSCs reduced IOP over 20 days, but histology showed



no MSCs were psent in the TM by 96 hours pedelivery. ¢ In another study, IOP was
reduced immediately following MSC delivery, but increased again after 15 days. However,
in this case, histology detected MSCs in the TM and other anterior tissuesify23ost
delivery?’ It is difficult to explain these conflictopresults with information from a single
time point. Many questions could be answered if a longitudinal monitoring technique was
available tamonitorthe stem cells.

A variety of longitudinal imaging technologies exist ophthalmic applications
In particular, optical coherence tomography (OCT) is widely usadclinic. OCT is
analogous to ultrasound, except contrast is based on optical scattefifdhus, OCThas
similar disadvantages to ultrasound, and poor contrast limits the use of O@dniior
stem cell therapiesBeyond stem cell monitoring, there is a broader need for anterior
segmentand specifically TMimaging technologies, which are currently lackihgln
general, purely optal methods prove challenging for TM imaging due to light attenuation
from melanin absorption and scleral scattering.

As a combined optical and acoustic method, PA imagdudyesses both needs: 1)
it is afavorableoption for anterior segment imagibgause it will be less affected by light
attenuationcompared to purely optical methgodand 2) high contrast from optical
absorption allows stem cell detectioRA imaging has been demonstrated in the anterior
and posterior segmentsyt current research limited#%4! In addition,ultrasoundmaging
is already used irtlinic for ophthalmic applicationsnd therapeutic use of lasers is
common, which simplifieshe additionof PA imaging*?> For these reasonspmbined
US/PA imaging is an excellent option to monitor stem cells eratfiterior segment to aid

development of novel glaucoma therapies.



1.2.2 Stem cell monitoring in the spinal cord

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease of the brain and
spinal cord, characterized by degeneration of motor neurStesn cell therapies are of
interest for treating ALS due to their ability to directly and indirectly regenerate tissue
through differentiation into motor neurons or inducing a-f@generative response by
secreted factor§. Significant research efforts have shown some success in preclinical and
clinical studies, but major hurdles rem&ftf® Similar to issues described irsing stem
cells for glaucoma treatmenthere is a limited understanding of the therapeutic
mechanism, including stem cell migration patterns and interactions with the
microenvironment. Oamore basic level, i difficult to know if stem cell delivery was
successful.

The most promising delivery method is direct injection of the MSCs into the gray
matter of the ventral horn, where cell bodies of motor neurons are localized. Direct
injection is risky, but ineeases likelihood of a successful outcd&. Great care needs
to be taken during the injection, as a small misstep could have dire consequrreces.
intraoperative MRl can help guide the injectionPreoperative MRIcan be used to
determine injection coordinates, but this has minimal bebefiause surgeons may need
to adapt coordinates during the procedurdraoperativeMRI is expensive, challenging
to implement, and many research and clinical facilities will neehhis system.

For these reasomnalternativamaging methodareneededo intraoperatively guide
the MSC injection in redime. To allow direct injection into the spinal cord, a lumbar
laminectomy is performed*>4” A convenient acastic and optical windovs created by

removing the overlying bone (lamina&) allow US/PA imaging. Spectroscopic PA



imagingcan provideadditional guidance by helping to navigate vasculature and distinguish
white vs. grey mattet®“® Lastly,immediate feedback on injection successlaprovided
by labeling stem cells with optical absorbers to allow PA imaging.

Postoperatively, dngitudinalmonitoring is needed to monitor MSCs as therapy
progresses Longitudinal information caprovide researchers with a betterderstanding
of stem cell behavioto assist with therapy developmetcan provide physicians with
feedback on therapy progressioMRI has been used for tracking stem cells tagged with
superparamagnetic iron oxide nanoparticles (SPIONS) in the spinal cord anéBtain.
Significant stem cell migration was observed and varied accordingetttion siteand
type of injury MRI has been able to detect stemsfelt several months pogtjection®%>!
Onestudy found a detection limit of 1000 ceiltsvitro.>°

Though MRI is the gold standard for central nervous system (CNS) imaging,
lengthy image acquisition time makes raale assessment of #adimensional volumes
difficult. US/PA imaging can be a valuable research tool for monitoring stem cell therapies
in the spinal cord. US/PA imaging allows réiahe imaging andacquisition ofthree
dimensional volumetric images. Furth@rein vitro studies of AuNStaggedMSCs also
showed 200 cells could be detected with PA, meaning more sensitive detection may be
possible’® Overall, longitudinal stem cell tracking in the spinal cord using US/PA imaging
addressshortcomings of existing methods. US/PA imagimgy assist in therapy
developmentand translatiorby providing a toolfor intraoperative and posiperative

guidance of stem cell therapies.
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1.3 Monitoring Particles

US/PA imaging platforms can similarly be developed for longitudinal monitoring
of particles using the same research approach and tools. By labeling a particle of interest
with an optical absorber for PA imaging, particles can be tracked omitigwavelength
PA imagingand spectroscopic analysikongitudinal monitoring of particles is of interest
for vaccine development.

Recent research in designing ngeineration vaccines investigatesest strategy
to present immunomodulatory molecules stmulae a robustimmune responsé*
Development of particulate vaccines which mimic pathogens, termed patliagen
particles (PLPs), are of great interest to control delivery of vaccine compéfieht©ne
type of PLP, composed of poly(lactide-glycolic acid) (PL@\), can be synthesized to
have a diameter of @m (mMPLPs) or 300hm (hPLPs). Physical qualities of PLPs induce
different immune responsé$>®

Subsets of dendritic cells, a particular type of antigegsenting cell, preferentially
interact withm- or nPLPs>#°85% To assess these interactioinsprevious workPLPs were
labeled with fluorescent markers, injected subcuiasly, and allowed to traffic to the
lymphnodein vivo. After 24 hours lymph nodes were harvested for histology. Fluorescent
microscopy showedboth types ofPLPs weredocalized to the Tcell zones, indicating
cellular transport. mPLPs were also locakzl along the periphery of lymph nodes,
indicating passive transpoft. However, havingongitudinal informationwould more
holistically explain trafficking to the lymph node, thus facilitatmgre efficientdesign of

vaccinedo induce a particularesponse.
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Two-photon intravital imaging, where the skin is removed and replaced with a
transparent viewing window, has been widely usednfetvo longitudinal imaging of the
lymph node.This modality has high resolution, can monitor complex cellul@ractions
in and around the lymph node, ahds drastically advancad vivo understanding of
immunology®®®! However, the imaging procedure requires a specialized surgery, is
highly invasive, andnaycause an unwanted immune response.

PA imaging offers a minimally wasive alternativéor lymph node imagin@nd
has beenmplemented with a wide variety optical absorbers, includiagodroplets,
metallic nanoparticles, endogenalssorbersand dye$2%2% However, PA imaging has
not been used for longitudinal monitoring of vaccine particles. By tagging afiffer
formulations of PLPs with optical absorbers, multivelength PA imaging and
spectroscopic analysis can be used to detect PLP trafficking to the lymphnuoha#ding
localization, particle kineticandchanges in blood flowUltrasound provides aditnal
information by visualizing changes in lymph node morpholo@verall longitudinal
monitoring of PA-tagged PLPs will aid vaccine development by providing a better
understanding of giential mechanisms of action. In this thesis, the US/PA imaging
platform was demonstrated using two formulations of nPLPs. However, the tools
developed here are relevant to monitoricmuntlessvaccine formulations, including

various particle sizes, materiatsirface coatings and molecule den$ity.
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CHAPTER 2. PHOTOACOUSTIC PROPERTIE S OF ANTERIOR

OCULAR TISSUES

The chapter is adapted from an article published in the Journal of Biomedical Optics:

Kubelick, K. P., Snider, E. J., Ethier, C. R., & Emelianov, S. (2019). Photoacoustic
properties of anterior ocular tisss.Journal ofBiomedicalOptics, 24(5), 056004.

2.1 Abstract

Clinical imaging techniques for the anterior segment of the eye provide excellent
anatomical information, but molecular imaging techniques are lacking. Molecular
photoacoustic imaging is one option to address this need, but implementation requires use
of contrast agents to distinguish molecular targets from background photoacoustic signals.
Contrast agents are typically selected baseda guriori knowledge of photoacoustic
properties of tissues; however, photoacoustic properties of anterior ocular iggaast
been studied yet. Herein, anterior segment anatomy and corresponding photoacoustic
signals were analyzed in brown and blue porcine eyedvo Measured photoacoustic
spectra were compared to known optical absorption spectra of endogenansptioes.

In general, experimentally measured photoacoustic spectra matched expectations based on
absorption spectra of endogenous chromophores reported in the literature, and similar
photoacoustic spectra were observed in blue and brown porcine eya®vafounique
light-tissue interactions at the iris modified photoacoustic signals from mel@he.

measured PA spectra established herein can be used \fariety of applications in
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molecular PA imagingsuch asdetecting photoacoustically labeled stesils in the

anterior segment for glaucoma treatment.

2.2 Introduction

The mostinvestigated approaches for noninvasive assessment of internal ocular
structures have been ultrasound (US) and optical imaging techfitydelinical use of
ultrasound biomicroscopy and optical coherence tomography (OCT) arestadblished
in ophthalmology®®”:"> OCT provides excellent anatomical information by measuring
changes in backscattered lightAdvances in OCT now allow retime imaging, wide
field imaging,higher resolutiometection and assessment of other tissue optical properties,
such as birefringenc@.”® Overall OCT research has drastically improved the quality of
anatomical imaging in ophthalmology. However, molecular imaging techniques are
lacking. Accordingly, development of molecular contrast OCT (MCOCT) seeks to address
this need by manipulating backscattering properties to distinguish molecular t&¢éts.
One approach is to introduce exoges contrast agents that increase backscattering.
However, high background signals from surrounding tissue still make it difficult to
distinguish molecular targets. As a result, researchers have invented other clever solutions,
including magnetomotive OC and US, spectroscop@CT, pumpprobe OCT, and

photothermal OC$284

Significant effort has recently been dedicated to development of photothermal OCT
for the reting> 8 In photothermal OCT, an optical absorber is irradiated with light. Heat
deposition causes thermoelastic expansion of the surrounding tissue and ultimately changes

the optical path length measured by O€TThus, photothermal OCT obtains molecular
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information by indirectly measuring changes in tsattering resulting from an absorption
event. A more straightforward approach may be to use an imaging modality that directly

measures optical absorption, such as photoacoustic (PA) imaging.

PAimaging is similar to photothermal OCT in that irradiatid an optical absorber
results in heat deposition and thermoelastic expansion of surrounding tissues. However,
conditions used in PA imaging produce transient acoustic waves detected by a traditional
ultrasound transducét® Thus PA imaging combines advantages of optical and
acoustic modalities to allow high resolution, high contrast;tieed, molecular imaging.

A variety of endogenous and exogenous optical absorbers produce PA $ighhtse

optical absorbers serve as PA contrast agents and are detected usingamealéngth
spectroscopic PA imaging. Because PA contrast is based on absorption, molecular
information compliments anatomical information provided by scattdrasged moddéies

such as OCT or ultrasound. Thus, ultrasound and photoacoustic (US/PA) imaging systems
are frequently combined, which is advantageous due to the established use of ultrasound
in clinical ophthalmology?® 4% Similarly, a multtmodal PA/OCT system has also been

demonstrated for molecular imaging at the posterior segment to assess thé-tetina.

Our work focuses on extending molecular PA imaging éoahterior segment of
the eye, i.e. tissues anterior to the vitreous humor. Anterior segment imaging techniques,
such as OCT, sliamp microscopy, and ultrasound biomicroscopy, primarily provide
anatomical informatio®> There is a need for molecular imaging techniques that could aid
diagnosis, guide therapies, and improve understanding of anterior oculasedise
including glaucoma, uveitis, and iridial pathologiésimplementation of molecular PA

imaging requires endogenous or exogenous contrast agents that must bly catetuéd
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based ora priori knowledge of PA properties of anterior segment tissues to ensure the
contrast agent or interventional devices can be distinguished from background PA
signals®®’ Although PA imaging has been demonstrated at a select fewemgtas in

the anterior segmef¥,1°° exploration of PA properties over a broad range of wavelengths

is required to inform contrast agentesgion for molecular PA imaging.

Thus, the goal of the work presented here was to establish PA spectral properties
for the anterior segment over a range of wavelengths corresponding to the ideal tissue
optical window®! In some cases, PA spectra in biological tissues directly correspond to
optical absorption spectra of endogenous chromophores, i.e. melanin, oxygenated, and
deoxygenated hemoglobinAlternatively, PA spectra can be modified by ligisisue
interactionst®! We hypottesized the latter scenario may occur in the anterior segment due
to the role of anterior tissues to control light propagation. Differences in eye color,
resulting from unique combinations of scattering and melanin absorption at the iris, may
also modify R spectral®®1% For these reasons, we systematically measured the PA
spectral properties of anterior segrmstiuctures in blue and brown porcine eyes, which
are a relevant model of human anatomy and pigmentaRasultscan aid development
of molecular PA imaging strategies in the anterior eye, specifically by informing contrast

agent selection to detect steells for glaucoma treatmett}0410°

2.3 Materials and Methods

2.3.1 Eye preparation

All experiments used enucleated porcine eyes (Holifield Farms, Covington, GA).

Blue and brown porcine eyes were studied to represent the two extremes in the range of
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eye color from light to dark. Blue or brown eye color was determined by visual inspection,
and no other colors were observed in samples from the slaughterhouse. Fresh and fixed
eye globes were imaged. Eye globes were fixed by submersion in 10% nefiead
formalin overnight before imaging, then maintained in phosphate buffed saline (PBS) prior
to use. In total, 10 brown (3 fresh and 7 fixed) and six blue porcine eyes (2 fresh and 4
fixed) were imaged. Minimal differences between PA spectra di fied fixed samples

were observed (data not shown).

2.3.2 Imaging protocol

The VevoLAZR imaging systenfFUJIFILM VisualSonics, Ing imaging system,
incorporating ultrasound and photoacoustic (US/PA) imaging modes, was used for all
imaging experiments. $/PA images were acquired using a-2&ment transducer array
operating at 20 MHz (LZ250) or 4@Hz (LZ550) center frequencies. The laser source
was a Q@switched Nd:YAG laser pumped optical parametric oscillator (OPO) system
(PRF=20Hz, 7ns pulse duttéion). PA images were acquired within the 68870nm
wavelength range at a frame rate ¢ia Variations in laser pulse energy were corrected

at the time of data acquisition using built in features of the \/&\#ZR.

In the first set of brown eydata, US/PA images were acquired at 1 degree
increments as the eye was rotated 3@Data was collected using both the 20 MHz and 40
MHz transducers, and the wavelength was varied from 680 nm to 970 nm in increments of
10nm. The transducer was orienteither onaxis or perpendicular to the trabecular
meshwork for translimbal light delivery for a total of 4 datasets. Preliminary analysis

confirmed ultrasoundletermined anatomy and PA spectra were similar in all vi@wsis,
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data acquisition at every deg was unnecessary. Adjustments were made to permit
acquisition of more wavelengths and compile more thorough spectroscopic information.
Specifically, US/PA images were acquired every 45 degrees at wavelengths from 680 nm
to 970 nm in 5 nm incrementsUS/PA images were poeprocessed in MATLAB

(MathWorks, Inc.Xo determine the PA spectrum at anatomical landmarks.

2.3.3 Calculating and analymg PA spectra

The average PA spectra for the anterior and posterior iris, trabecular meshwork,
and sclera were detamed to establish PA spectral properties specific to anatomy of the
anterior segment. Each spectrum was determined by calculating the average PA signal
over each region of interest. Each region of interest was isolated using spatial masks
determined bynanual segmentation based on anatomical information depicted in US/PA
images. Variations in mask size and shape had minimal impact on PA spectra; specifically,
the magnitude of the variation in the PA spectra between masks was comparable to the
variationsin the PA spectra between eyes and was thus not considered significant. The
spectrum for each region of interest was thenpass filtered using a 4floint moving
average. The resulting spectra are hence
Measired PA spectra were compared to established optical absorption spectra for

deoxygenated hemoglobin (Hb), oxygenated hemoglobin §H{la@d melanir{%8 112

2.3.4 PA analysis in phantom experiments of pigment and scattering

The measured PA spectrufar the posterior iris required further analysis to
evaluate effects of optical scattering. Following methods described elsewhere, melanin

was isolated from dissected irises of fresh brown porcine eyes by collecting tissuelin 10 m
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of water and mechaniltp disrupting to release pigmehtt4 Pigment samples were size
separated via centrifugation and isolated particles were resuspended iof ZBS for

US/PA imaging.

A 10 x 10 cm plastic container held isolated pigment samples for US/PA imaging.
Two small holes were drilled on opgite sides of the container and a silicone tube (Helix
Medi cal) with an inner diameter of 0.0620
each hole and secured. The thickness of the iris was approximately 1 mm based on
anatomical ultrasound imagesightly smaller than the inner diameter of the silicone tube.
The tube was loaded with the following samples for US/PA imadil§ iris pigment
alone, and the same iris pigment with a piece of sclera wrapped around the tube. Inthe PA
images of theiccular crosssection of the tube, three regions of interest (top, middle, and
bottom of the tube) were identified. The average PA signal was determined for each region
of interest to assess changes in the PA spectrum of pigment due to light attersiation a

function of depth.
2.3.5 Analysis of local tissue composition using spectroscopic PA processing

The PA signal at each pixel, i.e., pressurefth_, is expressed as described

elsewher# 90115117 3nd is reproduced in Equation 1

0 ¢luf.  s3’Odhvh.  afuh (1)
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where_ is the wavelength!, _) is the optical absorption coefficien@afth_ is the
fluence, ana is the Grineisen parameter. For heterogeneous tissue the total PA signal at

each pixel is a superposition of each PA signal feocoptical absrbers.

Spectroscopic PA datasets were-precessed to correct for wavelengkbpendent

fluence attenuation in the iris. Fluend@gh_ , is expressed #8118

odh. O_0Q ° )

whered is the imaging depth ari® is the fluence at the iris surface. Effective attenuation,

o' ‘ ‘ p "Q_ , was calculated based on: (i) the

coefficient of anisotropy,”Q_ ¢& WQ_ 8 HR¥ and (i) the optical scattering
coefficient,’ _ , of 10% intralipid}?°and (ii)* _) of melanin at the retinal pigmented

epithelium (RPE}®" 108

Unfortunately published irispecific absorption and scattering values were not
availablefor our wavelength range. The best alternatives to estimateat the iris were
to use generic scattering (intralipid) and melanin absorption in the RPE. For brown eyes,
© _td YPprm_ 8 wda , and for blue eyes ‘* _&td& @D
pmt_ 8 wa .19719 The exponent of from the expression fdr _) is the critical
parameter to describe the melanin absorption spectrum and was taken directly from
published data for the RPE. However, concentrations of melanin vary by ordefrs
magnitude in ocular tissueandthe values of the leading coefficient in the expresion

_) were reduced to accommodate different melanin concentrations and distributions at

20



the iris compared to the RPE. The leading coefficients were incrementally adjusted until
artifacts athe posterior iris were minimized. However, processing was consenaaive

some artifacts were deliberately kept. Fluence correction is a complex technical issue and
further work is required in the futut&:118 Using Eq. 2;0dh_ was calculated to produce

a spatial distribution map of fluences in the iris. The PA signah Eq. 1 was multiplied

by p7Odh_ to correct for wavelegth and deptidependent fluence attenuatithr8

After fluence correction, spectroscopic PA datasets were filtered using a 3 X 3 pixe
(41 pm x 45pm) median filter to remove large noise spikes. Images were then low pass
filtered using a 6 x 9 x 3 pixel (depth x width x wavelength) moving average filter,
approximately corresponding to 2afh x 405um and a wavelength range of 15 nm.
Photoacoustic signals below the noise flodefined byd Q& 18t ¢ & O @

a QD , were eliminated.

After filtering, spectroscopic PA datasets were analyzed using the linear least
squares (LLS) regression method. LLS regression createatial gpstribution map of
each optical absorber in tissue. Concentratigngf each absorber was estimated by
separating contributions of each absorber to the total PA signal at each pixel. According
to LLS regression methods described elsewPferd;?%he optical absorption coefficient,

_), in Eq. 1 can be expressed as the product of the concentration of the

absorber$ afw , and the optical crossection of the absorbeyr,. Eqg. 1 is rewritten as:

~

0 ahuh.  3'0dui 0 aw, _ 3
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The optical crossection describes the likelihood an absorption event will occur,
and, is a matrix whose rows and columns correspond to wavelength and the normalized
absorption spectrum of each elected optical absorber, respectively. For our studies,
two matrices of optical crossections were determinedpriori for LLS regression The
first matrix of optical crossections was obtained from the normaliabdorption spectra
of melanin, HbG, and Hb, which are reported in the literature and represent optical
properties of generic tissi® 12 The second matrix @fptical crosssections was obtained
from our normalized measured PA spectra, which were specific to anterior ocular tissues.
Thus, the same images were processed with LLS regression to produce two sets of
concentration maps based on absorption speotra the literature or based on our

measured PA spectra.

Other research has established that it is theoretically ideal to use the maximum
number of wavelengths for LLS regression of spectroscopic PA dat&sgfsin practice,
such an approach may introduce inaccuracies due to laser energy stability, noise, and
overlap of optical spectfg®?* Thus a subset of acquired wavelengths, X ¢ Tt
w X gt was used for LLS regression of spectroscopic PA datasets. This ratgedap
a majority of wavelengths acquired, eliminated wavelengths with energy instability, and

preserved distinct features of all spectra.

2.4 Results

Brown porcine eyes were imagex vivoto evaluate PA response from constituent
tissues. Ultrasound imagessolved anatomical features in the anterior segment, such as

the sclera, cornea, lens, and iffsgure2A and2B). Histology aided proper identifitan
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of structuresKigure2C). Heavy pigmentation was also noted at the posteriofFigsi(e

2C). By ultrasound, the cornea appeared slightly darker compared to other tissues,
consistent with its relative transparency, and the interface between the cornea and sclera
was distinct, reflecting differees in composition and microstructural organization of the
cornea relative to other tissues. As expected, other tissues, such as the TM, could not be
unequivocally identified due to similar scattering and ultrasound speckle patterns,

confirming low ultrasund contrast between most tissue types.

PA images were acquired at 700 nm wavelength and consecutiverd$s
sections. PA signals were observed in melamin tissues, namely the anterior and
posterior iris and TMRigure2D-G). Although the ciliary pigmented epithelium (CPE) is
melaninrrich, no PA signal was present in this tissue due to strong attenuation of light by
the overlying iis and sclera, resulting in low fluence at the CPE. PA signal was observed
in some views in the scleral region, possibly corresponding to the suprachoroidal space
(SCS) Figure2E and G). Although the sclera and SCS are not pigmented, the PA signal

at these locations may result from suface fluence.
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Ultrasound signal (a.u.)

PA signal (a.u.)

Figure 2. Visualization of anatomy anBA signals in the anterior segmte (A, B)
Grayscale ultrasound images showing anatomy ofxhgavoporcine eye. S= sclera, A€

anterior chamber, € cornea, L= lens, TN trabecular meshwork, At anterior iris, Pl
=posterior iris, SCS suprachoroidal space, and CPE = ciliary pigted epithelium. (C)
Corresponding histologic image of the porcine anterior segment stained with hematoxylin
and eosin. (BG) Overlay of ultrasound arfélA (color scal¢ images at different locations
(scans at OA, 45A, 9 OPAgsigraisragpeated &t Alanimht o =
regions, such as the TM and throughout the arsdconsistently appeared at the same
anatomical landmark in all frames. Scale bar =3 mm.

Spectroscopic PA datasets were acquired in brown eyes at the anterior iris and

posterior iris, s c | er -8@¥0 nm.eRepresentativa FAGpedird  f r
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were plotted for fixed brown porcine eyes and distinct PA spectra were observed for each
region Figure3A). To assess impact of fixation on the PA spectra, average PA spectra
and standard deviations were calculated for multiple freshrbpmscine eyesHigure3B

and 2C). PA spectra were similar between fresh and fixed eyes. The measured PA
spectrum at the anterior iris closely followt@ absorption spectrum of melanin reported

in the literature Eigure3B). Unexpectedly, the measured PA spectrum at the posterior iris
did not follow the spectrum of eanin Figure3C) and showed more similarities to the
literature absorption spectrum of oxygenated hemoglobin §Hb&though HbQwas not
expected irex vivotissue, comparison with the measured PA spectrum at the posterior iris
was important. Similarities between the absorption spectrum of afihe PA spectrum

at the posterior irisHigure3C) highlight a potential source of PA imaging artifacts, and in
turn impact use of these PA spectra to identify endogenous absorbers, select contrast

agents, and facilitate molecular PA imagisgch as stenedl tracking
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Figure3. Photoacoustic spectra in fixed and fresh brown porcine eyes. (A) Representative
PA spectra for the scleral region (S), TM, anterior iris (Al), and posterior iris (PI) for fixed
brown porcine eyes. Average PA spectra and standard deviations were also calculated for
the anterior iris (B) and posterior iris (C) in multiple fresh browrcimareyes. PA spectra
appeared similar in fixed and fresh eyes. The meafespectrum (solid blue line) of

the anterior iris was compared to the reported absorption spectrum of melanin (dashed blue
line). (C) The measurdeA spectrum (solid orangenk) of the posterior iris was compared

to the reported absorption spectr(dashed orange line) of Hh@ highlight a potential

source of PA imaging artifacts followirgpectroscopic analysis

We suspected the measured PA spectrum at the posteriactiualy represented
a PA signal from melanin modified by wavelengipendent fluence reaching the
posterior iris. Therefore, fluence attenuation due to tissue absorption and scattering was

studied in a silicone tube phantom. Crgsstional US/PA imags of the tube filled with
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purified pigment were acquired and divided into three regions of interest to study fluence
attenuation and the effect on the PA spectrum of melanin at increasing dregting4A).

At the top of the tube, the PA spectrum matched the literature absorption spectrum of
melanin. As light was attenuated by overlying pigment, the spectrum of melanin shifted
and a peak appeared &08m at the bottom of the tuldeigure4A). Additional scattering

from scleral tissue further modified the PA spectrum of meldfgu¢e4B). Specifically,
compared to attenuation primarily by optical absorptligyre4A), the spectrum shifted

at shallower depths, and a peak was observed in the middle of th&igire4B). The
spectrum in the bottom region of interest further shifted with a peak closer to 900 nm. We
suspected similar fluence attenuation occurred for light propagating from the anterior to
posterior irisin situ. In other words, even thgh the measured PA spectrum at the
posterior iris should match the literature absorption spectrum of melanin, the observed PA
spectrum at the posterior iriBigure3C), resulted from wavelengitependent lightissue

interactions.
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Figure4. Photoacoustic spectrum of fresh pigment as a function of depth. A silicone tube
was filled with purified pigment and cresectional US/R images were acquired. The

PA spectrum was analyzed within different
indicate locations closest to, and further from, the transducer with the least and most light
attenuation, respectively. (A) TIRA spectrum omelanin was modified by depth due to

light absorption of melanin, causing a significant change in the PA spectrum. (B) The
experiment was repeated with the addition of a scattering layer (sclera), resulting in further
modification of the measurd®A sped¢rum of melanin.

The literature absorption spectra of melanin, bHibé&nhd Hb Figure 5A) were
compared to the measured PA spedtigyre5E) by processing spectroscopic PA datasets
from brown eyes using the LLS regression method. The set of literature absorption spectra
and measured PA spectra were useabtain two different matrices of optical cress
sections. A spectrum for Hb could not be measured in brown eyes due to high melanin
content; thus, the absorption spectrum of Hb from the literature was used ifStead (
5E). The goal of this study was to compare each set of concentration maps, generated using
the | iterature absorption spectra, ser vi ng

obtained measured PA spectra.

Using either set of spectra, melanin was localized as expected at the anterior iris,

posterior iris, and TMKigure5B and5F). Because Hbfwas not expected in pestortem
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tissue, pixels indicating presence of Hivere determined to be image artifadeésg(re

5C). Agreenent between the concentration maps for bffgure5C) and the posterior

iris (Figure 5G) indicated the artifact occurred due to the measured spectrum at the
posterior iris being most similar to that of Hb@nong the species we considered (melanin,
Hb, HbQ) although clearly the match is only very apgmate Figure3C). Although the
posterior iris is a melanin rietissue, the PA spectrum was modified by fluence attenuation.
Without fluence correction, LLS regression predicted a prominentldie®ibution at the
posterior iris (data not shown). By implementing fluence correction, melanin was
accurately localized to the anterior irEigure5B and5F) and the presence of Hb@as
minimized at the posterior irig={gure 5C and5G). Hb was primarily localized to the
posterior iris, but some discrepaggewere observed between distribution m&pgures5D
and5H). LLS regression of sPA datasets from multiple brown eyes produced similar
results, indiating PA properties were similar across various colorations of brown eyes
from light to dark. Agreement between both sets of concentration fRigjsg5Bi D and

5Fi H) impacts future use of measured PA spectra for molecular PA imaging. Similar
concentration maps across multiple brown eyes indicated our measured PA spectra can be
used to inform contrast agent selection for a particular application aagtodindogenous

absorber distribution.
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Figure 5. Spectroscopic photoacoustic analysis using LLS regression in brown porcine
eyes. (A) Absorption spectra from literature used for SPA anadygig,esulting computed
distributionsof melanin (B), Hb@(C), and Hb (D). (EH) as in (AD), but using measured

PA spectra. Overlay of ultrasound (grayscale) and spectroscopic PA images showed
localization of melanin (blue color scale), Hb@range color scale), and Hb (pink color
scale). Melanin was localized as expected. Absorption spectra from the literature and
measured by photoacoustic imaging produced similar results. Some artifacts remained in
the HbQimages (C and G). Scale bar =3 mm.

Characterization and analysis of PA pedpes was repeated in blue porcine eyes

(Figure6). Each spectrum in brown and blue eyes was normalized according to its peak
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absorption to better vistize the photoacoustic properties in different eye colors. Results
do not depict differences in magnitude of PA signals. The posterior iris was the only
structure to consistently show a PA signal in the blue eye at the 700 nm wavetamgté (

6A). Due to less melanin than in brown eyes, PA signals were not evident in other tissues.
The PA signal from melanin at the posterior iris was modified byleattenuation, and

thus a similar artifact was observed in the blue &ygufe6B) as in brown eyes. Other
types of PA spectra were also occasionabigerved in blue eyeEiure6C and6D), but

were not localized to a consistent location, thee spectrum shown Figure6B was most

prevalent in blue eyes.
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Figure6. Comparison of measured PA spectra in blue and brown eyes. (A) Overlay of
ultrasound (gragcal§ andphotoacousticqolor scalg¢ images in a blue porcine eye. PA
signal was localized to the posterior iris. - Spectra were separated based on results
from brown porcine eyes. (B) A modified melanin spectrum, resembling that of
oxygenated hemoglobin, wasolated to the posterior iris in both eye colors and was the
dominant spectrum observed in blue eyes. (C and D) Other types of spectra were observed
in blue eyes, but were not localized to a consistent location. (D) The PA spectrum
resembling melanin as most prevalent in brown eyes. Scale bar = 3 mm.

Spectroscopic PA analysis using the LLS regression method was repeated for blue
eyes Figure7). Inthe case of blue eyes, sPA analysis was conducted using the measured
PA spectra from brown eye datasets, except for the spectrum of Hb, which was possible to
isolate in a blue eye. Spectroscopic PA datasets from the blue porcine eyes were similarly
procesed using either the literature absorption speétigu(e 7A) or the measured PA
spectra Figure 7E) to identify absorbers. After correcting for wavelendépendent
fluence attenuation, melanin was accurately localized at th&iggré7B and7F). Some

effects of fluence attenuation remain&ig(re7C and7G). However, fluence correction
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increased melanin localization at the posterior iRg(re7B and7F) and minimized the

presence of Hb&(Figure 7C) and the modified melanin spectruat the posterior iris

(Figure 7G). Hb was also identifiedr{gure 7D and 7H). sPA analysis in blue eyes
accurately localized absorbeendagreement between concentration mapgure 7Bi D

and7Fi H) indicated conservation of PA properties across drastically different eye colors.
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Figure 7. Spectroscopic PA analysis using LLS regression in blue porcine eyes. (A)
Literature absorption spectra used for sPA anal{BiB) sPA analysis using the literature
absorption spectra. (E) Measured PA spectra used for sPA analysis, which were compiled
from brown eye datasets, except for the spectrum of HbeH) (§PA analysis using the
measured PA spectra. Overlay of ultrasoundy@pale) and spectroscopic PA images
showed localization of melanin (blue cokwale), Hb@(orange coloscale), and Hb (pink

color scale). Absorbers were localized as expected according to known anatomy.
Literature absorption spectra or measured photggtie spectra produced similar results,

and either can be applied for sPA analysis. These results show that the PA spectra can be
used for sPA analysis in both brown and blue eyes. Scale bar = 3 mm.
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2.5 Discussion

Clinically available ophthalmic imaging malities such as OCT and ultrasound
provide excellent anatomical information for ocular tissdés!?® However molecular
imaging techniquesiave not developed as rapidifor the anterior segmeft2 PA
imaging is one option to address the need for makeduhaging in the anterior eye.
Implementation of molecular PA imaging requires use of endogenous or exogenous
contrast agentS:®! Contrast agents must be carefully selected based on the application of
interest and PA propertiadf the surrounding tissues. Without priacmowledge of PA
properties of anterior segment tissues, it is impossible to ensure a contrast agent can be
distinguished from background PA signals. Thus, the first step to extend molecular PA

imaging to the amtrior eye is to establish PA spectral properties.

We here systematically analyzed PA properties of anterior segment tissues to
produce a set of measured PA spectra in the first optical window betweéer@88tim to
facilitate molecular PA imaging. Diact PA spectra were observed at the TM, anterior
iris, posterior iris, and scleral region in brown porcine eyes. Similar PA spectra were
observed at the posterior iris in blue porcine eyes. These measured PA spectra were
compared to literature absommni spectra by analyzing sPA datasets of blue and brown
porcine eyes using LLS regression to produce concentration maps of each absorber. Good
agreement was observed between absorber maps, which validates future use of our PA

spectra to facilitate molecul®A imagingin vivo.

Each measureBA spectrum was expectedrmatch a known absorption spectrum

of an endogenous absorber, specifically melanin. However, this was only true for the
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anterior iris in brown eyes. In other tissues, the PA spectrummwdsied by wavelength

and deptkdependent fluence attenuation. These effects were most prominent at the
posterior iris, especially in blue eyes. The impact of fluence attenuation on the PA
spectrum at the iris was consistent with results from a dieglphantom experiment.
Without fluence correction, sPA analysis using LLS regression contained many artifacts
and mistakenly attributed PA signals to light absorption by Hi@ich coincidentally has

a spectrum similar to the fluenoeodified melanin gectrum. Wavelengthand depth
dependent fluence correction allowed better PA identification of melanin in the anterior

segment and minimized artifacts.

Further improvement to the fluence correction method is possible. Specifically, we
assumed a unifan concentration of melanin, but concentration varies spatially throughout
the iris. In addition, at the wavelengths of interest (6800 nm), information on melanin
absorption and scattering at the iris were unknown. Thus, optical properties isfweré
estimated based on available data for the RPE and a general model of scattering (intralipid)
as substitute®8 108.119.120 This motivates furthertsdy so that parameters specific to the
iris can be determined. We anticipate the effects of fluence attenuation observed here will

impact molecular PA imaging strategies in the future.

Comparison between blue and brown porcine eyes indicated thatethef
measured PA spectra were independent of eye color, at least in the near infrared region.
This result was fortuitous but not obvioariori. Although blue and brown eyes have
the same type of pigment, in the visible spectrum differences in me&ancentration and
scattering produce variations in eye color. In spite of distinct optical properties in the

visible regime, PA properties in the neafrared regime were similar across eye colors.
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This result was important to confirm our measured Pécta were applicable to both
extremes in eye color (blue and brown). Thus, a single set of measured PA spectra can
possibly inform molecular PA imaging strategies across the full spectrum of eye colors.
Each eye color does not appear to require a ensgll of spectra to predict endogenous
absorber distribution and background PA signals to inform contrast agent selection. If this
were the case, implementing molecular PA imaging in the anterior eye would likely be

impractical.

2.6 Conclusions

Photoacoustic tissue properties were analyzed throughout the anterior segment.
Measured PA spectra were compiled based on distinct PA spectra observed in the anterior
and posterior iris, TM, and sclera. These spectra were compared to existing published
absorption spectra. sPA analysis using both the measured PA spectra and published
absorption spectra accurately localized absorbers throughout the anterior segment. In
addition, the measured PA spectra from the brown eye were used for sPA analysis of
datasets from the blue eyes. Although there are many eye colors in the visible range, our
comparison of blue and brown porcine eyes ind@catnterior segments are
photoacoustically similar in the near infrared wavelength range. Results have important
implications for development of molecular PA imaging strategies and othetbbglet
imaging techniques and therapies in the anterior segnmitiding our particular

application of interest, stem celatking for glaucoma treatment.
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CHAPTER 3. A STEM CELL TRACKING PLATFORM FOR

OPHTHALMIC APPLICATI ONS USING US/PA IMAGING

The chapter is adapted from an article published in Theranostics:

Kubelick, K. P.* Snider, E. J.,* Ethier, C. R., & Emelianov, S. (2019). Development of a
stem cell tracking platform for ophthalmic applications using ultrasound and photoacoustic
imaging.Theranostics9(13), 3812. Equal contribution

3.1 Abstract

Glaucoma is the seconttading cause of blindness in the world. Disease
progression is associated with reduced cellularity in the trabecular meshwork (TM), a fluid
drainage tissue in the anterior eye. A promising therapy seeks to deliver stem cells to the
TM to regenerate thessue and restore its functiorlowever, like many stem cdtlased
regenerative therapies, peénical development relies heavily on histology to evaluate
outcomes. To expedite clinical translation, we are developing an ultrasound/photoacoustic
(US/PA) imaging platform for longitudinal tracking of stem cells in the anterior eye.
Mesenchymal stem cells (MSCs) were -fakeled with gold nanospheres vitro and
injected through the cornea@f vivoporcine eyesPhysiological pressure was impoged
mimic in vivoconditions. AuNS-labeled MSCs were injected through the cornea while
singlewavelength US/PA images were acquiredt 5 hours postnjection, three
dimensional multwavelength US/PA datasets were acquired and spectroscopic analysis
was used taletect AuNSlabeled MSCs.US/PA results were compared to fluorescent

microscopy. The US/PA imaging platform was able to providetiaa& monitoring of the
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stem cell injection and distinguish AuN&beled MSCs from highly absorbing background
tissues inthe anterior segment. Our US/PA imaging approach can inform preclinical
studies of stem cell therapies for glaucoma treatment, motivating further development of
this theranostic imaging tool for ophthalmic applications. Several future research
directionswere also identified from these studies avete explored:1) assessing laser
safetyin vivg 2) custom focusetight delivery systemsand 3) use of photomagnetic

nanocubes to improve delivery efficiency.

3.2 Introduction

Glaucoma is the second leaditapse of blindness in the world, estimated to affect
more than 70 million peopf.Disease progression is frequently associated with elevated
intraocular pessure (IOP), which in turn is associated with reduced cellularity in the
trabecular meshwork (TM), a fluid drainage tissue in the anteriot'éyelhere is no cure

for glaucoma, and existing treatments focus on slowing disease progression.

A promising therapeutic approach is to deliver stem cells to the TM to regenerate
this tissue and restore its function, so as to lower IOP. To this enaethgbluripotent
stem cells and mesenchymal stem cells (MSCs) have been investigated as therapeutics to
renormalize IOP in glaucont4d3” Although stem cell delivery decreased IOP and restored
TM function, conclusions on how stem cells caused a positive therapeutic outcoene we

inconsistent and contradictoty3’

In this case, like many other regeatgve therapies using stem cells, preclinical
development relies heavily on histology to evaluate outcdrhedlthough histology

provides detailed information at the cellular and molecular level, drawbacks include highly
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invasive, destructive sample preparatiohA related approach iuorescent imaging of
pre-labeled cells in whole tissue using confocal microsco§ which is somewhat less
time-consuming than traditional histology hsialso destructive and typically suffers from
poor imaging resolution at depths beyond the-msilbmeter scale due to strong optical
scattering by the overlying tissu€sAs a result, longitudinal monitoring ihallenging,
making it more difficult to interpret results and inform future therapy design. Development
and clinical translation of this novel stem cell therapy would thus be expedited by
developing a minimally invasive, longitudinal stem cell trackitagfprm for the anterior

eye.

A variety of imaging technologies exist at the preclinical or clinical stage to address
this need, including magnetic resonance imaging (MR¥{aycomputed tomography
(CT), optical imaging, positron emission tomographi T, and ultrasound. Each has its
own advantages, and compromises are always made between resolution, sensitivity, image
acquisition speed, penetration depth, contrast, safety, and cost. Specific to ophthalmology,
optical coherence tomography (OCT) anttadound are widely used clinicafi§#273127
129 with contrast based on backscattering of optical and acoustic waves, respéttivély
Both modalities provide excellent anatomical information, but their contrast is inherently
poor. OCT faces an aifidnal challenge for anterior segment imaging due to light

penetration through highly scattering touissues, such as the scl&t&*?

One preclinical imaging modality, photoacoustic (PA) imaging, has been explored
for anterior and posterior segment imaging in ophthalmolbgy,current research is
limited 100133135 ynlike OCT and ultrasound, PA imaging is advantageous because

contrast is based on optical absorption that significantly varies between different tissue
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types. In PA imaging, a pulsed laser irradiates an optical absorber, such as an exogenous
contrast gent. Heat deposition upon absorption causes thermoelastic expansion of the
surrounding tissue to create transient acoustic waves, which can be detected with a
traditional ultrasound transducert®1520 PA imaging combines advantages of acoustic

and optical modalities to provide celllaor moleculadevel information with high
resolution and contrast at increased imagiepths>® Furthermore, combined ultrasound

and photoacoustic (US/PA) imaging simultaneously provisegoaical and functional
information!?** This multrmodal imaging approach is even more appealing due to

existing clinical use of ultrasind in ophthalmic applicatiort$

In this work, we describe development of a combined US/PA imaging platform to
track stem cells in the anterior eye. We fiesimpare the detection capabilities of a
traditional optical modality (confocal microscopy of flascently labeled cells) with
photoacoustic imaging in a simplified phantom system where the number of cells was
known a priori. We then proceed to image cells in whole, intact tissue using US/PA
imaging.Although PA imaging has been used to successfullyitoostem cells in other
applications, translation of US/PA imaging of stem cells in the anterior segment of the eye
has to satisfy several unique requirements involving the optical properties of anterior ocular
tissues, selection of a contrast agenatiel stem cells, lighissueinteractions, and laser
safety!®53136139\We show proobf-principle of the US/PA imaging platform to monitor
stem cell location in redalme and to distinguish stem cells from Highabsorbing
background tissues in the anterior segment of the eye. This work will inform future
development of stem cell therapies for glaucoma treatment and lays the groundwork for a

novel theranostic imaging tool in ophthalmology.
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3.3 Materials and Methods

3.3.1 Cell culture

Human adiposel er i v e d MS Cs ( L on znainimunw esseatial gr o wn
medium supplemented with 20% fetal bovine serum (FBS), penicillin, streptomycin, and
L-glutamine. At 8890% confluency, MSCs were detached using 0.05% Trypsin/EDTA
and seded in fresh T75 cell culture flasks at a density of 5,000 cefis/cm all
experiments, MSCs were used at passage numbers five or six. Each MSC donor strain was
validated by Lonza for expression of MSC surface markers (CD13, CD29, CD44, CD73,
CD90, CDD5, and CD166) and minimal expression of negative MSC markers (CD14,
CD131, CD45). Each MSC donor strain was also previously characterized in our lab for
adipogenic, chondrogenic, and osteogenic differentiation potential, as well as CD90

expression followig expansiof?°

3.3.2 Synthesis of gold nanospheres

Gold nanosphere$AuNSs) were synthesized following the citrate reduction
method, as detailed in previous repdfisBriefly, hydrogen tetrachloroaurate (I11) hydrate
(Alfa Aesar) and sodium citrate tribasic dihydréd@gmaAldrich), were used as received.
AuNSs, 20 nm diameter, were synthesized via the citrate reduatiethod as described
elsewheré#2Briefly, 0.5 ml of a 1% w/v solution of hydrogen tetrachloroaurate was added
to 47 ml of deionized ultrafiltere@®IUF) water. The solution was brought to a boil while
stirring, then 5 ml of a 1% w/v solution of sodium citrate was added. After approximately
15 minutes, the solution appeared red and was cooled to room temperatuféis UV

spectrophotometry (Synergy HT microplate reader, BioTek Instruments) between 400 nm

42



to 995 nm wasused to validate the absorbance spectrum. Transmission electron
microscopy (TEM; Hitachi HT7700 TEM, IEN/IMAT Materials Characterization Facility,
Georgia Institute of Technology) was used to validate particle size and morphology.
Carbon formvar TEM gds (Electron Microscopy Sciences) were prepared by drop casting

3 i of particle solution and drying overnight at room temperature. Images were acquired
at an accelerating voltage of 10220 kV. The hydrodynamic diameter and zgiatential

of AUNSs wee assessed (Malvern Zetasizer Nano ZS). Dynamic light scattering (DLS)
measurements to determine hydrodynamic di .
disposable cuvette. Six recordings were obtained, each consisting of 13 measurements.
Zetapotential neasurements were performed using a Folded Capillary Zeta Cell (Malvern)

to determine the surface charge of AUNSs. Six recordings were obtained, each consisting

of at least 12 measurements.

3.3.3 Labeling cells with gold nanospheres

AuNSs were sterilized under UV light for at least 12 hours prior to stem cell
labeling experiments. Adiposterived MSCs (Lonza) were incubated for 24 hours with
AuNSs at an optical density of 2, a measure of concentration according to light absorbance,
whi ch corresponds to approxi mat eimpmEn00 ¢ g/
essential medium (Mediatech) supplemented with EBS, 2mM L-glutamine, and 1x
penicillin/streptomycin. AUNSs were previously determined to have minimal cytotoxic
effects on stencell viability and multipotency*? We also carried out Alamar blue tests
and confirmed that, for the AuNS concentration used in this study, stem cell metabolic
activity was not impacted. Following uptake, gold nanosplareled stem cells

(hereinafter referred to as AuN&beled MSCs) wer collected and used for cell tracking
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experiments. AuN$abeled MSCs were washed with phosphate buffered saline (PBS) to
remove excess nanoparticles, detached with TryBIiMA, and centrifuged (300 x g, 10
minutes) to separate free AuNSs from AulBekd MSCs. Successful labeling was
confirmed by measuring cellular side scatter by flow cytometry (Attune NaW fl
cytometer, Thermo Fishegs previously described®43 brightfield micoscopy (Zeiss

Axio Observer) of naive (unlabeled) and AuldBeled MSCs stained with eosimvitro,
andUV-Vis spectrophotometry measurements (Evolution 220 Spectrophotometer, Thermo
Scientific) of AuNSlabeled MSCs and naive MSCs:or fluorescent cell etection, in
addition to AuNSs, MSCs were also labeled with 5 uM carboxyfluorescein succinimidyl
ester (CFSE, Affymetrix) for fifteen minutes at’87 followed by washing with cell culture

media to remove excess CFSE (hereinafter referred to as dabderl MSCs).

3.3.4 Assessing stem cell multipotency after gold nanospabeding

MSCs were seeded in arell plate with maintenance mediadallowed to adhere
to the plate overnight. Maintenance media was changed the following day, and MSCs were
incubated wih fresh media containinguNSs as described above (see Sect®8.3.
After 24 hours, the AuN$ontaining media was removed and AulBeled MSCavere
rinsed three times with PBS to remove residual nanoparticléen, tvo of the wells
underwent osteogenic differentiationtwo of the wells underwent adipogenic

differentiation and two of the wells were fed maintenance media.

Osteogenic inductiomedia consisted obul beccodbés Modi fied E
(DMEM; Corning), 10% FBS, 1% penicillisfreptomycin, 100 nM dexamethasone

(SigmaAldrich), 10 nM betg| ycer ophosphate (Cal biochem),
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(SigmaAldrich). AuNS-labeledMSCs were fed steogenic induction media every three

days for two weeks. A/on Kossa stainindit (Millipore Sigma)was used to evaluate

presence of calcium deposits indicatbif®steogenesisAuNSlabeled MSCs were stained

per the manuf act ur ediabwas agpiratethodthe AuNSlabeked i e f | vy,
MSCs were washed with PBS (w/o Tar Mg?") followed by fixation in 10% neutral

buffered formalin for 10 minutes. The formalin was aspiraad cells were washed with

PBS again.Cells werecovered with 5% silvenitrate for 40 minutes under UV light. The

silver nitrate solution was aspirateohd cells were rinsed with distilled wateZells were

covered with 5% sodium thiosulfate for 2 minutes, followed by rinsing in running tap

water. Cells werecovered wih nuclear fast red stain for 5 minutes, followed by rinsing in

running tap waterStaining was assessed with brightfield microscopy (Leica).

For adipogenic differentiationAuNS-labeledMSCs were grown in maintenance
media until reachin@00% confluerte At this point, AuNS-labeled MSCs werthen fed
adipogenic induction and adipogeni@aintenance media. Adipogenic maintenance media
consisted of DMEM supplemented with 10% FBS, 1% penitsiiieptomycin, and 10
e g/ mli (SgreaAldrich).  Adipogenic induction media consisted of DMEM
supplemeted with 10% FBS, 1% penicillie/t r e pt omy ci n, 1 M dexam
Al drich), 10 el krichjul 000 ( & MgAidich),amlet haci
10 eg/ml 3-isobutyt1l-methylxanthine(IBMX; SigmaAldrich). AuNSlabeled MSCs
were culturedn adipogenic induction media for 3 days followed by two days in adipogenic
maintenance media. This cycle was repeated three toth@sed by 7 additionatlays in
the adipogenic maintenance medi@il Red O staining (Sigmaldrich) was used to

evaluate presence of lipid deposits indicative of adipogenesis. A stock solution of Oil Red
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O was prepared by adding 300 mg of Oil Red O to 100 mL of 99% isopropanol. The
working solution consisted of 3 garstock solutionand 2 parts DIUF. The working
solutionsatat room temperature for 10 minutésllowed by filtration To stain the AUNS
labeled MSCsthe media was aspirateaind cells were rinsed with PBS. Auiibeled
MSCs were then fixed with 10%eutral buffered formalin for 10 minutes. The formalin
was aspiratedand cells were washed again with PBS. Each well was then covered with
60% isopropanol. After 4 minutethe isopropanol was poured pénd thecells were
covered withthe Oil Red Oworking solution. After 5 minutessells wererinsed with

runningtap. Stainingwas assessed with brightfield microscopy (Leica).

3.3.5 Overview of Vevo LAZR imaging system

A Vevo LAZR (FUJIFILM VisualSonics, Inc.) imaging system, incorporating
ultrasound ad photoacoustic (US/PA) imaging modes, was used for all imaging
experiments. US/PA images were acquired using a 256 element transducer array operating
at 20 MHz (LZ250) center frequency. The laser source waswitQhed Nd:YAG pumped
optical parametric adllator (OPO) laser (pulse repetition frequeney20 Hz, 7 ns pulse
duration). PA images were acquired within the 68870 nm wavelength range at a frame
rate of 5 Hz. Variations in laser pulse energy were corrected at the time of data acquisition
usingbuilt-in features of the Vevo LAZR. All thredimensional (3D) US/PA images were

produced using a translational motor stage.

3.3.6 AnalyzingPA signak of labeled cells in a tissu@imicking phantom

To verify successful cell labeling, AuN8beled MSCs were imaged in a tissue

mimicking gelatin phantor*. The base of th phantom consisted of 8% (w/v) gelatin
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and 0.2% (w/v) silica (SigmaAldrich). Inclusions were made by adding 16% (w/v) gelatin
to an equal volume of AuNRBbeled MSCs. Each inclusion was imaged over a range of
wavelengths (& = 68 Grements).t Data @as @xpanted aradtpostS5 n m

processed in MATLAB (MathWorks, Inc.).

3.3.7 ComparingPAimaging and fluorescent microscopy in agarose gels

Doublelabeled MSCs (AuNSs and CFSE) were collected, fixed in 10% neutral
buffered formalin for 10 minutes, asdspended at concentrations of 0, 1k, 5k, 10k, 25k,
50k, 100k, 250k and 500k celld/in 1% (w/v) agarose gels (Sigma Aldrich). Triplicates
of each gel were formed in 48 well plates. Once solidified, the gels were removed from the
well plate and stainedising DAPI (Thermo Fishersee sectiord.3.10 for detailed
protoco). Each gel was imaged using confocal microscopy (LSM Zé8s) followed by
US/PA imaging at a awvelength of 700 nm to produce thidienensional images for both
modalities. Total fluorescent signal, total PA signal, and cell counts from DAPI labeling
were determined. Although the cylindrical gels had a depth of approximately 17 mm,
analysis could nly be performed for a smaller region of interest with a depth of 0.5 mm
due to limited light penetration of confocal microscopy. The region of interest was selected
according to the optimum light focal depth for each modality, and cells were evenly

distributed throughout the gel.

3.3.8 Exvivo studies in whole porcine eyes

For ocular delivery experiments, porcine eyes from a slaughterhouse (Holifield
Farms, Covington, GA) were used within 3 to 4 hours after enucleation. Eyes were secured

on top of a tissuenimicking phantom base composed of 1% (w/v) agarose. To maintain
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physiological pressures during cell injection, a reservoir containing skeeayphenol red

free DMEM (supplemented with 1x penicillin, 1x streptomycin, 1x amphotericin, and 2
mM L-glutamire) was connected to each eye by cannulating the anterior chamber using a
23-gauge needle passing through the cornea. The elevated reservoir was placed 10 to 16
cm above the limbus (cornaalera transition region) to clamp IOP at 8 to 12 mmHg. A
250 pL swspension of doublabeled MSCs at concentrations of 1000, 2000, or 4000
cellsit were injected into the anterior chamber through the cornea usinggaugeé
needle. After injection, eyes remained pressure clamped at a physiological pressure of 8
to 12 mnHg and were stored in a cell culture incubator for 5 hours. During this time,
media from the elevated reservoir flowed into the anterior chamber and then out through
the trabecular meshwork, which naturally drains fluid from the anterior chamber; thus
allowing for continuous stem cell circulation in the anterior chamber and complete
exchange of the anterior chamber fluithe schematic of the perfusion set up is presented

in Figure 8. Eyes were then fixed by submersion in a 10% neutral buffered formalin

solution for 24 hours.
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Figure8. Perfusion set ugex vivoporcine eyes were hydrostatigatlamped using an
elevated reservoir to mimic tle vivosituation, specifically by maintaining physiological

IOP and fluid flow rates within the anterior segment and through the aqueous outflow
pathway. AuNS-labeled MSCs werénjected using a separasyringe. The elevated
reservoir remained in plackiringthe injection and 5 houncubation period Stem cells
circulated in the anterior chamber because inflowing media from the elevated reservoir
drained through th&éM, whi c h i s p aralfluidoutflowt patewaye y e 6 s nat

Eyes were fully submerged in PBS for US/PA imaging. In a subset of eyes, two
dimensional (2D) US/PA images were continuously acquired during cell injections at 680
nm wavelength. Spectroscopic US/PA images were also acquitred the 6801 970 nm
wavelength range in 5 nm increments for the first 15 minutesipestion. After 5 hours

postinjection, eyes were fixed, and then 3D spectroscopic US/PA datasets were acquired
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in all eyes (n=4 for each cell concentration). DRoehardware limitations, 3D US/PA
images were acquired at a subset of wavelengthsi (880 nm wavelength range; 5.0
nm increments). All datasets were exported to MATLAB for jpostessing. Three

dimensional volumetric US/PA images were producedgu8MIRA (Thermo Fisher).

3.3.9 Trabecular meshwork dissection studies

Five-hours after cell injection, fixed eyes were dissected to isolate the anterior
segment, similar to previously reported methdtfs“ to specifically assess double
labeled MSC localization at the TM. Briefly, orbital connective tissue was removed, and
eyes were hemisected with a razor blade to isolate the front half of the eye. The vitreous
humor and lens were removed, the iris was adtally back to the iris root and pectinate
ligaments until the TM was revealed, and the ciliary processes were carefully removed
while preserving the TM. Any remaining vascularized or pigmented tissue was removed.
Dissected anterior segments (n=4 for eegel concentration) were marked with stickers
of black printed letters and two small pieces of dowel rod to act as fiducial markers for

both fluorescent microscopy and US/PA imaging.

For US/PA imaging, dissected anterior segments were secured witlortiea c
facing down on top of a tissuaimicking phantom base composed of 1% (w/v) agarose
and were fully submerged in PBS. This orientation was required to maintain light delivery
consistent with that of the inverted confocal microscope. Ttiraensionakpectroscopic
US/PA datasets were acquired in all dissected eyes (n=4 for each cell concentration) and

exported to MATLAB for posprocessing.
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For fluorescent microscopy, anterior segments were placed in PBS on a 50 mm
glassbottomed dish (Ted Pe)laAdditional scleral tissue posterior to the TM was removed
as needed to bring the TM in contact with the glass bottomed dish. Micrographs of the
entire TM circumference were captured by confocal microscopy (LSM 700, Zeiss) as z
stacks of tile scans aD%. Brightfield overlays were also captured. Maximum intensity

projections were created for eamf facemage for further processing.
3.3.10 Spectroscopic analysis of multiavelength PA datasets

All PA datasets were paegrocessed using MATLAB. Initially,lePA datasets
were spatially filtered using a 41 um x 45 um (3 x 3 pixel) median filter to suppress large
noise fluctuations. Then, for tawdimensional spectroscopieA datasets, a moving
average filter with a spatial kernel of 252 um x 405 pm, roudimgd times the axial and
lateral resolution, and a wavelength kernel of 15 nm was used. Fordthreesional
spectroscopic PA datasets, the spatial kernel was extended in the elevational dimension
(267um or 3 imaging slices), and no wavelength filterimgs performed. Finally, PA
signals below the noise threshold, defined (as T8¢ W 0 were
eliminated from the dataset, where and0  are the lowest antthe largest values of

the PA signalsrespectively

Following filtering, PA datasets were analyzed with spectroscopic analysis using
Equation 3 above (see Secti®218.5. In this casethe resulting PA signal at eapixel,
0 ofuh_ , wasassumed to ba superposition of individual PA signals from melanin, the
primary endogenousbsorber in the anterior eye, and AuldBeled MSCs. Therefore

» _ IS a matrix of optical crossections fori absorbers, melanin and AuN&beled
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MSCs. Optical crossections were determineal priori 4

, and linear least squares
regression was used to produce separate concentration &3 pkt depicting
melanin or AuNSabeled MSC localizatio in the anterior eye. The concentration maps,

0 , were restricted to positive values.
3.3.11 Locating stem cells in photoacoustic images

For whole,ex vivoporcine eyes, PA datasets were further processed to eliminate
signals from stem cells that had accuatetl on the lens, thus highlighting stem cells
localized to the irigind the TM region, as follows. The 3D concentration maps of melanin
and stem cells, obtained from spectroscopic analysis, were integrated with respect to
anteriorposterior depth, thusrgjecting the PA signals onto a 2D plane showing absorber
distribution (melanin or cells) around the circumference of the eye. To eliminate PA
signals from the anterior lens, the map of melanin distribution was used to define an annular
ringmask,asfod ws: t he maskds inner border was t a
edge of the mel anin map, representing the
was taken as 3 mm exterior to the inner border of the mask. The map of cell distribution

was ten multiplied by this annular ring mask to isolate cells at the iris and in the angle.

For dissected anterior segments, the 3D concentration maps were also integrated
with respect to depth to produce 2D maps of absorber distribution, and the map of melanin
distribution was used to create an annular ring mask defining the TM region. Uike t
situation in whole eyes, the iris had been removed from the dissected anterior segments;
thus, the melanin distribution essentially coincided with the TM, as the only remaining

melaninrich tissue. The inner border of the mask was defined to be theedge of the
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melanin map, i.e. the anterior margin of the TM (nearest to the cornea). The outer border
of the mask was defined as 1 mm exterior to the inner border to match the fluorescent
image processing technique (sction3.3.12below). The map of cell distribution was
multiplied by this annular ring mask to isolate cells in the TM region. The signals resulting
from the stickers and dowel rods, which wathered to the cornea as fiducial markers,

were removed during image processing.

3.3.12 Locating stem cells in fluorescent images

Due to inherent differences between visualization of anatomical landmarks in PA
imaging vs. fluorescent microscopy, differentskiag methods were required to visualize
stem cell distribution in the TM region by fluorescent microscopy. In dissected anterior
segments an annular ring mask was created with the inner border defined to be the corneal
margin, as observed in brightfidllages. The outer border of the mask was defined to be
1 mm exterior to the inner border of the mask, to match the mask created for PA images.
Fluorescent images were masked and exported to MATLAB for further processing. Images
were filtered with the sae approach used for PA image processing. Specifically, a 3 x 3
pixel median filter was used to remove noise spikes, followed by filtering using a moving
average with a kernel size of 400 um x 400 pum. The signals resulting from the stickers and

dowel rods which were adhered to the cornea as fiducial markers, were removed.

3.3.13 Evaluating laser safety in vivo

All experiments involving animals were performed under the guidelines of the
Institutional Animal Care and Use Committee (IACUC) of the Georgia Institute of

Technology. Female nude rats (RNU; n=2; Charles River Laboratories) with pigmented
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eyes were usedn these studies. Anesthesia was induced with 5% isoflurane at
approximately 500 mL/min and maintained at approximately 2% isoflurBime right eye
wasimaged with the Vevo LAZR systemnd combined US/PA images were acquired
using a 50 MHz transducerThe entire eyewas scannedising a threglimensional
translation motor anchulti-wavelengthsweepsrom 700 nmi 950 nm in increments of

25 nm. Theleft eye was not irradiated with the laser and served as a control. After laser
irradiation, rats were matored for gross changes in ocular morpholaggicative of laser
damageand any behavioral changes. Photographs were taken of both eyes before imaging,
24 hours after lasdight irradiation, and 1 week after laskght irradiation. US/PA
datasets we exported to MATLAB for posprocessing. Thredimensional volumetric

images were created using AMIRA.

3.3.14 Synthesis of Prussian blue nanocubes

Prussian blue nanocubes (PBNCs) were produced using previously reported
methods:*® All reaction components were used as receivéfiefly, PBNCs were
synthesized via a seadediated method using superparamagnetic iron oxide nanoparticle
(SPION) precursors (Ocean NanoTech). SPIONs with a 10 nm diameter seasmliese
of iron to form cubic nanoparticles. The reactant, 5% by potassium hexacyanoferrate (I1)
trinydrate SigmaAldrich) by mass irDIUF water, and catalyst, 5% by volume of 37%

HCI (SigmaAldrich) in DIUF water, were prepared. While stirring, 60 wigSPIONs

were added to 150 ml of DIUF water, followed by 7.5 ml of the reactant and 2.5 ml of the
catalyst. The reaction was stirred for at least 1 hour. PBNCs were dextran coated by adding
10 mg of dextran/mg of Fe.TEM (Hitachi HT7700 TEM, IEN/IMAT Maerials

Characterization Facility, Georgia Institute of Technologgs used to characterize PBNC
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morphology. The optical absomt spectrum was measured using -V
spectrophotomeyr (Evolution 220SpectrophotometeihermoScientifi. MSCs were
labded with PBNCs at an optical density of 2 following the same protocol used for labeling

stem cells with gold nanospheres (see Se@&idr8abovg.

3.3.15 Imageguided magnetic delivery of stem cells in vivo

All experiments involving animals were performed un@€2UC guidelines of the
Georgia Institute of TechnologyAlbino, female nude ratd\N{H; n = 2; Taconic) were
used in these studieg hus, eyesvere not pigmentedTo prepare for the procedure, ring
magnets (H125D; Amazing Magnets) wergbmergedn a vial containing 70% ethanol
overnight. In addition, a nitrile glowgas cutinto small squiees (approximately 1 cm x 1
cm). Eachsquare hadsmadl slit cutin the middle whichwasapproximately the size of
a rat eye andwere submergednto a second vial containing 70% ethanol to clea
Anesthesia was inducesith an injection ofketamine (75 mg/kg) and dexdomitor (.5
mg/kg). Only half of theacommended dose was administeradd then the rat was
prepared for the procedur&heratwas placed oits side ora heating pad covered with a
sterile drapeinder a dissecting microscop& tetracaine drop was delivered to the surgical
eye(the righteye) Once theatreached the surgicalgme, the right eye was injectadth
PBNGClabeled MSCs One rat received PBN{abeled MSCs only. The second rat
received PBN@abeled MSCs and a ring magnet placed around the TM for three hours.
The contralatel eye (left eye) of both animals was untreated. Injections were delivered

as follows.
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A 31G insulin syringe (BD) was filled with a 25volume of PBNClabeled MSCs
at 1000 cellsfl. One of the preut squaresvas removed from the ethanol and dried on
the sterile drape. Theght eye wasproptosedoy pushing the eythrough the slit in the
middle ofthe square Next, he needle was carefully insertéoiough thecorneafrom the
nasal side of the eye with thevel facing up.The syringe plunger was quickly depressed.
After the injection, the needle remained in the eye for 1 minute to avoid.réfhe needle
was themmremoved, and the square was pulled off of the eye. For the rat that received a ring
magnet prior to the injection the magnet was removed from the ethanol vial, briefly dried,
and placed around th@optosedight eye. Thus, the eye was injected while the magnet
was in place. After the injection, thilng magnet was brieflyemoved to pull dfthe
square butwas immediatelyeturnedo theeye. Sterile saline drops weadministeredo
both eyes tamoisturize After 3 hourspostinjection in both animals3D volumetric
US/PA datasets were acquired wiitle Vevo LAZR system using the 50 Mittansducer
from 7001 950 nm wavelengths in 25 nm incrementée diagram irfFigure9 depicts the

method used in the aforementionedrivo studies.
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Figure9. Diagram othemethod of imageguided magnetic delivery of PBNI@beled stem

cells to theTM. Cartoon depicts PBNd&beled stem cells being pulled to the TM using a

ring magnet (A). Schematic of tle vivo proceduran rats 8). The eye waproposed

and a ring magnet was pl ac-akledostera cells{1B0Ok ey e
c e | | veereinjécled into the eye. Thmagnet was in place f@& hourspostinjection

followed by US/PA imaging

Photographs were takdsefore and after injections andlS/PA imaging. After
imaging, ratswere sacrificed and eyes were enucleated. US/PA datasets were exported

for postprocessing using MATLAB, an8D volumetric images were created in AMIRA.

3.4 Results

3.4.1 Characterization of gal nanospheres and stem cell labelling

Gold nanospheres to label stem cells for photoacoustic imaging were successfully

synthesized, as verified by TEMFigure 10A) and U\-Vis spectrophotometryF{gure
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10B). The average hydrodynamic diameter andes@rtharge of AUNSs were determined
using DLS and zetpotential, respectively. The AuNSs had an average hydrodynamic
diameter of 17.89 nm +6.4 nm with an average petiispersity index 00.106 +/ 0.020.

The average surface charge of AUNSs ¥2&87mV +/- 11 mV. Both results agreed with

previous report$*,
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Figure 10. Characterization of gold nanospheres. &M confirmed uniform particle
morphology and particle diameter of approximately 20 nm. (B) -Wy/
spectrophtometry of AUNSs with a peak absorbance at 520 nm.

Brightfield microscopy confirmed successful labeling of stem cells with AUNSs
after incubation with nanoparticles for 24 howrsitro (Figure11Ci E) compared to naive
(unlabeled) stem cells=(gure 11ATB). UV-Vis spectrophotometryufther confirmed
successful stem cell labeling based on changes in optical propErgese(L1F). AuNS
labeled MSCs showed a peak at ~700 nm. AlthoigNSs typically absorb at ~520 nm
wavelength, surface plasmon resonance coupling upon particle endocytosis caused a red

shift in the peak absorptidf?®.
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Figurell MSClabeling with gold nanospheres. Brightfield micrographs of esisimed
naive (unlabeled) MSCs (A, B) and AulNibeled MSCs (CE). (E) Enlarged image of
the region of interest defined by the red box in (D). Yellow arrows identify AUNSs (black
spots). F) UV-Vis spectrophmmetry comparing the spectral signature of naive (black,
dashed line) and AuNBbeled MSCs (red, solid line).

Prior to proceeding with imaging experiments, AuldBeled MSCs were further

characterized by assessing differentiationassure the nanoparticles did not impact
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multipotency Figure 12). Adipogenic or osteogenic differentiation were induced in
AuNS-labeled MSCs.Brightfield microscopy showed changes in cell morphology upon
differentiation Figure12A and12D) compared to naive MSCEigure12G). Oil Red O
staining confirmed adipogenesiBigure 12C), indicated by ré stained lipid vesicles
(Figure12C). Von Kossa stainingonfirmed osteogenesisdicated byblack stainingof
calcium depositsHigure12E). Overall, gold nanospheres did not appear to impact stem

cell multipotency, whictagrees with previous resul®-1°

Unstained Von Kossa Oil Red O

Adipogenic

Osteogenic

Undifferentiated

Figurel12. AuNS-labeledMSCsmaintain multipotency MSCswere labeled with AUNSs
followed by adipogenic (A C) or osteogenic (D F) differentiation and compared to
AuNS-labeled MSCs that were fed maintenance media on the same schedulg. (G
Columns left to rightno (A, D, G), Von Kossa (B, E, H), and Oil Red O staining (C, F, I).
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After characterizing nanoparticles and labeled stem cells, photoacoustic properties
of AuNS-labeled MSCs were assessed. Tissuimicking phantom experiments showed
that AuNSlabeled MSCs had an increased PA signal at 700 nm wavelength compared to
naive MEs Figurel3A and13B). A representative PA spectrum of AulNtbeled MSCs
was compared to melanin, the primary endogenous absorber in the aetgmentFigure
13C).14"  Surface plasmon resonance coupling, initially observed from-Vigv
spectrophotometry, was also observed with ghcbustic imaging, indicatdxy absorption
of AuNS-labeled MSCs welbeyond 700 nm wavelengtRigure13C). Most importantly,
thePA spectra were distat, e.g., having different slopes. This supported the feasibility of

AuUNS labeling to identify and track stem cells within the anterior segment without

interferencérom melaninsignal
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Figure 13. Photoacoustic properties @&uNS-labeled MSCs Ultrasound (grayscale),
photoacoustic (color scale), and overlay images at 700 nm wavelength for (A) unlabeled
MSCs and (B) AuNSabeled MSCs. Scale bar = 2 mm. (C) Representative PA spectrum
of melanin at the iris and AuNBbeled MSCs.The distinct spectra, notably differences

in slope, make AuNSs a promising contrast agent choice for stem cell tracking in the
anterior segment, where melanin is the major PA signal source.
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Furtherin vitro analysis was conducted with stem cells in agarphantoms, a
simplified system that allowed us to evaluate the ability of US/PA imaging to detect cells
under wellcontrolled conditions and compare to fluorescent microsdeigyel4). Cells
were labeled with both CFSE, a fluorescent dye, and Aulmédi d o uldbélesl
MSCs o) . Known nlabeldd dASEs weré susbended lineagarose gel
phantoms at several different concentrations. Tapds were prepared for each cell
concentration. All agarose gels were imaged by confocal microscopy and PA imaging to
produce 3D datasets. Although our PA imaging system has a light penetration depth of
more than 20 mm, a region of interest with a degftB.5 mm was used to enable a fair
comparison to confocal fluorescent microscopy, which has more limited light penetration.
When comparing total PA signal to cell number loaded into the phantom, a linear
relationship was observed4{R 0.94), as was thease when comparing fluorescent signal
to cell number (R= 0.98). The lower detection limits were approximately 10k cells/ml
and 5k cells/ml for PA and fluorescence, respectivéliierefore, PA imaging is a viable
option for minimally invasive, longitidal monitoring, and information provided is
comparable to that of existing fluorescent cell tracking techniques, with the added benefit

of increased light penetration.
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Figure 14. PA and fluorescentmaging signals vs. cell nurabloaded into agarose gel
phantoms. Doubkabeled MSCs (labeled with AUNSs and CFSE) were suspended at
known concentrations in agarose gels formed in 48 well plates. Triplicates were prepared
for each cell concentration. Total fluorescent and totakigAal were compared to cell
nuclei count (DAPI staining) over a depth of 0.5 mm. Each point represents total signal
for one gel. PA and fluorescent microscopy produced similar results, which further
motivates use of minimally invasive PA imaging to tratskm cells in the anterior segment.

3.4.2 Stem cell detection in perfused porcine eyes

We next carried out studies in perfused whole porcine eyes, which are an excellent
model system due to similar pigmentation and anatomy to the humatP?éye A
physiological pressure was imposed using an elevated reservoir to mimic ¥he
secretion and flow of aqueous humor throughout the anterior chaFibgarg8). Thus,
after injection, stem cells were allowed to circulate in the anterior chamber because
inflowing media from the elevated reservoir continuously flowed out through the trabecular

meshwo k, which is part of the. eyebs natur al

AuNS-labeled MSCs were injected through the cornea into the anterior chamber.

Realtime, single wavelength PA imaging visualized the stem cell injection and circulation
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through the chambdpr the first 15 minutes po$tjection Figure 15A 7 D), showing
potential for imageguided delivery. However, singlgavelength PA imaging did not
distinguish the AuNSabeled stem cells from background signals from melanm
tissues, such as the iris and TMigure15A). Thus, multiwavelength PAmaging and

spectroscopic analysis were required.

We distinguished AuN$abeled MSCs from background (melanin) signal using
multi-wavelength PA imaging and spectroscopic analysis. Prior to injection of AuNS
labeled MSCs, melanin was accurately localizethe iris and TM Figure 15E), and no
cells were identified RKigure 1591), indicating minimal cross$alk between the spectra of
melanin and AuNSabeled MSCs. Immediately pestjection, AuNSlabeled MSCs and
melanin could also be distinguishdddure15F H and15JiL). Some PA artifacts were
also observed. For example, because the imaging plane was positioned to visualize the
syringe needle, it was not necadyacentered over the pupil and was closer to the pupillary
margin, where oubf-plane light absorption from the iris can occur. This created a PA
signal artifact that appeared at the surface of the Kgarg15A), which can be removed
by 3D imaging of the eye. In addition, the syringe needle produced a PA signal at the

center of the anterior chambé&igure 1561 H) %4
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Figure 15. Ultrasound and photoacoustic imaging of AuldBeled MSCs delivered into
the anterior chamber of perfused porcine egpesivo (A) Anatomical landmarks were
identified, including the TM. PA datasets were analyzed before injection, and
immediately, nine, and fifteen minutes pagection (columns left to right). (AD) PA
imaging at 680 nm wavelength. {E) Spectroscopic alysis of multiwavelength PA
datasets distinguished signals from endogenous absorbers andahelsl MSCs. Pixels
identified as melanifE i H) and AuNSlabeled MSCgIl - L). Scale bar = 3 mm.

Stem cells were similarly injected into the anterior chandfgerfused porcine
eyes and allowed to circulate for 5 hours, which is sufficient time for complete exchange
of all fluid in the anterior chamber due to flow resulting from fluid drainage through the
trabecular meshwork. To assess differences inatglefficiency, injections were carried
out with low, medium, and high cell numbers (250k, 500k and 1000k cells, respectively).
Multi-wavelength US/PA imaging and spectroscopic analysis was able to distinguish
melanin and stem cells at 5 hours piogtction (Figure16). When 250k stem cells were

injected, few cells were visible at 5 hours, and those that could be seen were primarily
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localized to the aetior lens Figure16C and16D). As cell numbers increased, stem cells
began to coat the iris and reach the angigure 16F and16H). In general, poor delivery

efficiency was observed.
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Figure 16. Ultrasound andPA imaging detects AuN®abeled MSC location five hours
postinjection in perfused porcine eyex vivo Multi-wavelength PA datasets were
processed with spectroscopic analysis. The left and right columns BAcsignals
separate@ccording tacontributionof melanin (Ai G) and AuNSlabeled MSCs (B H).

Each row corresponds to different numbers of cells injected: (A, B) control (perfused with
media for 5 hours, no cells injected), (C, D) 250,000 cells, (E, F) 500,000 cells, and (G, H)
1,000,000 cells. Mst AuNSlabeled MSCs were detected on the anterior lens, but some
reached the angle for the 500k (F) and 1000k (H) cell injections. Scale bar = 3 mm.
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Although the 2D US/PA imaging results above provided useful information, 3D
imaging was required to moeecurately localize stem cells, due to spatially-naiform
flow in the anterior chamber and through the TM. Thieeensional multwavelength
US/PA imaging at 5 hours pestjection and spectroscopic analysis confirmed 2D results
(Figurel7A and17B). Specifically, stem cells primarily accumulated on the anterior lens
(Figurel7B). Threedimensional volumes were then segmented via geometric masking to
eliminate stem cell signals at the lergy(ure17C), with the inner and outer margins of the
ring mask corresponding to .5 mm external to the pupillary margin and the codeeal
angle, respectively. Strong stem cell signals at the lens suppressed weaker PA signals from
stem cells at other anteritissues, where fewer cells accumulated. Masking allowed better
visualization of stem cell localization near the irid@oneal angle, permitting

circumferentially noruniform stem cell distribution to be observed.

A B c
Control - no cells injected 1000k cells injected AuNS-labeled MSCs

AuNS-labeled
MSCs

Figurel7. ThreedimensionalUS/PAimaging to detect location of AuN&beled MSCs

at five hours posinjection. (A, B) Overlays of ultrasound (gragalg and spectroscopic

PA (color scale) images. Spectroscopid analysis distinguished melanin (cool color
map)and AuNSlabeled MSCs (hot color map). (A) Control, (perfused with media, no cells
injected). (B) 1000k cells injected. AuN&beled MSCs accumulated on the anterior lens
and iris. (C) Spectroscopic datasets were further processed to identify-lAod&&
MSCs at the iris and th@M region. Noruniform stem cell delivery around the
circumference of the iris and TM was observed. A = anterior; L = lateral; E = elevational;
P = posterior.
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At five hours posinjection, intact porcine eyes were hemisected, etthneous
tissues were removed to leave a shell containing only the TM, cornea, and anterior sclera.
Dissected anterior segments were used to evaluate capabilities of existing fluorescent
microscopy techniques and photoacoustic imaging to track doaliéed stem cells.
Image posprocessing and electronic masking specifically showed stem cells in the TM
region Figure18). Four dissected anterior segnts for each cell concentration were
imaged using both modalities. Naomiform stem cell distributions around the
circumference of the TM were observed with both modalities, with some defyreet
less than perfect, overlap (see representative imadegure18).

A Fluorescent microscopy: B Spectroscopic:
Double-labeled MSCs Double-labeled MSCs

Cornea

Figure18. Comparison of the distribution of MSCs as visualized by confocal fluorescent
microscopy(A) and pectroscopidAimaging (B) in dissected porcine anterior segments.
MSCs were doubléabeled with a fluorescent marker (CFSE) and AuNSs. Images show
stem cell distribution around the circumference of the TM.

3.5 Discussion

This study shows proadf-concept fo the ability of a US/PA tracking platform to

longitudinally monitor stem cell delivery in the anterior eye. We labeled stem cells with
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AuUNSs for PA imaging and injected them into the anterior chamber of perfused porcine
eyesex vivo We were able to detestem cell delivery and circulation in the anterior
chamber in realime using singlevavelength PA imaging. The more powerful multi
wavelength PA imaging and spectroscopic analysis were able to distinguishi&di&d
MSCs from background signals, lagi the groundwork for futur@ vivostudies. Results
support further development of our US/PA platform as a tool to supplement information
from existing tracking methods, with the significant advantage of allowing minimally

invasive longitudinal imaging.

Gold nanospheres were used to label stem cells for several reasons. The first
important aspect is cytocompatibility; AUNSs have previously been shown to have minimal
effects on stem cell differentiation and viabilt§f. Second, this is an efficient way to
detect labeled cells due to surface plasmon resonance coupling of gold nanospheres upon
endocytosis®®. Without particle aggregation within cellular vesicles, free AuNSs absorb
at ~ 520 nm and would not be detected within thei6800 nm wavelengtrange. Third,
the PA spectrum of AuN$abeled stem cells was also distinct from background PA spectra
of tissues in the anterior ey#, further supporting the use of AuNSs to detect stem cells.
Previous work showed AuNRbeled MSCs imgcted in muscle could be detected at up to
10 days posinjection®3, indicating potential for longitudinah vivoimaging in ophthalmic

applications.

Although our initial studies were successful with AUNSs, many other confjerstsa
exist for labeling and tracking cells with PA imaging, including organic nanomaterials
155,156 dyes 'S’ other metallic nanoparticle$2%1% and photomagnetic nanoparticles

126138 The use of dyes is appealing because the small molecules can be cleared; however,
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dyes are prone to photobleaching, which may limit longitudinal ima§ingeyond gold
nanospheres, nanoparticle material, shape, and size can be varied to produce a more distinct
PA spectrum to better detect stem cells in the presence of bac#iggignal from adjacent
tissues!®. For ophthalmic applications, gold nanorods are also of interest; however,
potential instability and cytotoxicityare disadvantages compared to gold nanospheres
159,160 Beyond detection, the use of photomagnetic nancfesthas appealing qualities

for other purposes, such as mutodal imaging or magnetic steeritt§.

In agarose gel phantom experiments, fluorescent microscopy and PA imaging were
equally effective at detectindoublelabeled stem cells (AuNS and CFSE). These
experimental conditions favored fluorescent microscopy, since no additional optical
scatterers were introduced into the gel (unlike the situation in the eye) and a region of
interest with a depth of opl0.5 mm was selected to accommodate the limited light
penetration of fluorescent microscopy. Inthe anterior eye, the presence of highly scattering
tissues, such as the sclera, and strong melanin absorption, will further reduce light
penetration. Thusmplementing purely optical imaging methods to monitor stem cells in
the anterior segment may be challengiAgghough our current PA imaging system cannot
detect single stem cells, clinically relevant cell concentrations could be detected in agarose
gelsandex vivoporcine eyes with highly scattering tissues intact. The ability to image
intact ocular tissues was a key advantage of PA imaging compared to confocal fluorescent
microscopy, which required dissection of porcine eyes to image the TM andagsstam
cells. As a result, PA imaging can potentially facilitate minimally invasive, longitudinal

stem cell trackingn vivoin the future.
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In dissected samples from whole eyes, agreement between confocal fluorescent
microscopy and PA imaging rd&iwas reasonable but not perfect, which we believe can
be explained by several reasons. First, different masking methods were required for each
modality because visualization of anatomical landmarks differed, and it was impossible to
precisely align thenasks despite our best efforts. Second, fluorescent microscopy could
potentially detect single cells, while US/PA imaging detected groups of cells. Third, due
to sensitivity of confocal imaging to light attenuation, which limits imaging depth, we had
to dissect away tissue to visualize the TM because of the presence of highly scattering and
pigmented tissues in the eyeds anterior sSeEe
disturbed the remaining tissues and the labeled cell distributions. For dassas, we
concluded that confocal fluorescent microscopy was unfortunately an imperfect
comparison for our PA stem cell tracking platform in whole eyes. However, because
fluorescent microscopy is currently used as an assessment tool for monitoringetem c
delivery and is also an absorptibased modality like PA imaging, we believe it was the

most reasonable modality to attempt comparison.

Multi-wavelength PA imaging and spectroscopic analysis distinguished -AuUNS
labeled stem cells from background sg(primarily melanin) in 2D crossections and
in 3D volumetric images. Although studies were conducteskimivoporcine eyes, we
implemented flow in the eye to mimic tirevivoenvironment where there is a continuous
circulation of fluid in the ant®r eye. By 5 hours postjection, AuNSlabeled MSCs
accumulated primarily on the anterior lens. At higher cell numbers (500k and 1000Kk),
some stem cells reached the angle, where the TM is located, but challenges with delivery

efficiency were apparenfThe US/PA tracking platform clearly highlighted poor delivery
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efficiency to the TM target tissue. Thus, US/PA tracking provided valuable information
regarding stem cell localization. As the platform is translated to longitutinalvo
studies, correting stem cell localization and migratory patterns with changes in
intraocular pressure, one indicator of glaucoma risk, can provide valuable information to

better design stem cell therapies.

3.6 Conclusions

We demonstrate a US/PA imaging platform that peovide longitudinal feedback
to assess MSC delivery in the anterior eye. Compared to existing stem cell detection
techniques in the anterior eye, namely histology and/or confocal microscopy, which
requires timeconsuming, destructive sample preparatld8/PA tracking was minimally
invasive and could be implemented in intact porcine eyes. Thus, US/PA tracking can
provide additional, more holistic information on therapy progression to researchers and
clinicians. Initial results also showed poor stem dellivery efficiency, highlighting
opportunities for future development of a theranostic US/PA platform to expedite therapy

development and clinical translation.

3.7 Future Work

The key next steps for advancing the USiPwgingplatform for monitoring stem
cell therapies for the anterior eyge assessing laser safeityproving poor delivery
efficiency, andexecutingn vivo studies in small animal model&easibility of all aspects

have beemssessed in preliminary experiments detailed herein.
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Developmentof custom ophthalmic US/PA imaging hardwasegcifically high
frequency transducers afatusedight delivery systens,will be critical for small animal
imaging,clinical translationand safetyof anterior oculatJS/PA imaging system&1162
Our current imaging set up using the Vevo LAZR US/PA imaging system is not ideal for
ophthalmic applications. One issuetig resolution of the transducerThe highest
availabletransducefrequency forthis systemis 50 MHz, whichleads toa resolution of
approxi mately 100 ishamansothers reportiusingse-80 MHzt udi e s
transduces to visualize detailed anterior segmentnatomy, such as the trabecular
meshworki®® This highlights clear hardware inadequacies for small animal stirdiess
and mice, where the diameter of the eye is only several millimeters compar2aito in
large animamodels andhumans. Thus, compatibility of the US/PA imaging system with

high frequency transducers is desired.

Another issue is light delivgr The currenUUS/PA imagingsystemirradiatedthe
entire anterior segmentor initial studies, this was beneficial by allowing assessment of
off-target stem cell localizatiaiue torapidacquisition of 3Ddatasets to create volumetric
US/PAimages On the other handechnical challengeserealso introduced by irradiating
the entire anterior segment. Fromimage processing perspectiviers cell detectiowas
more challenginglue tobackground PA signalsutside theregion of interest, the TM.
More imaging artifactavere also introduced by irradiating extraneous tissué4ost
importantly, rradiating the entire anterior segmeanised safety concernsdue to the

potential for unintentional, unnecességer lightirradiation ofthe retina.

To inform design of a custom light delivery and US/PA imaging system in the

future, laserparameters obur existing systenwere compared tather laseibased
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technologies specifically designed for ophthalmic applicatioigble 1 summarizes
parametersf a pulsed laser systenesigned for retinal imagin§*and aclinical system

165167 ysed for lasetrabeculoplasty proceduresThe retinal imaging systenfrom the

literature( r ef erred to as ¢evahlatedicular danageaused bya sy st el
pulsed femtosecond laser at 730 nm wavelengthd!l i g ht was focused t
diameter spot size directbnto the retina® Ourcurrentsystem has a 2 &spot size that

is focused at the anterisegmentwhich is inherently less riskyResultdor the literature
systemindicatedthat average powers below 68 mW at the retiaaised nalamage to
photoreceptor$® Although our system has an incident average paf@60 mW, the

retina would be exposed to lower power dulggtat absorption from melanin and scattering

at the scleraExact valuedor our systentanbe determined by modeling. However, it is
important to note that PA signal&renot observed at atar structures posterior to the iris

in our ex vivoporcine studiegFigure 2 and Figure 15), which indicatedlimited light

delivery to the retina.

From a safety perspective, using the lowest possible laser power is ideal. However,
from an imaging perspectiyaising the highegtossiblelaserpower is ideato increase
imaging sensitivity and detect low concentrations of stem cell®velopinga US/PA
imaging systenthat focuses light at the andteirradiate the TMcan balance imaging and
safety requirementsA relevant systeno informdesign is currently used atlinic for laser
trabeculoplasty Table 1).155167 |n |aser trabeculoplasty, a goniolens focuses light at the
angle, wherehte TM is located. Byocusing lightat the ™, higher average power is
allowedbecause riskf off-target irradiationat the retinais minimized Compared to the

Vevo LAZR andfemtosecond retina systerasertrabeculoplastyhiasapproximatelya 5-
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fold and 15fold higher average power, respectivelyNote that the goal of laser
trabeculoplasty is to induce slight damage of the TM to stimulate healing. However, even
at the high power used in laser trabeculoplasty, off target damage at the retina is avoided
with focused light deliveryand highefaser powers are allowed with laser trabeculoplasty.
Ultimately lower laser power would be needed for US/PA imaging purposes, but focused
light deliveryallows more flexibility in determining parameter@verall, parametergor

retinal imaging and laser trabeculoplaptgvide an excellent starting point fdesign of

our customlight delivery systenin the future

Tablel. Comparison of laser parameters used in relevant ophthappiications.

) Clinical system —

Wavelength (nm) 750 nm 730 nm 532 nm
Spot Size 2 cm? 3.5 um diameter 400 uym diameter
Pulse duration 7ns 55 fs 3 ns
Energy/pulse 13 mJ .85nd 3t02.0mJ
Exposure duration 200 ms 94 ms 300 ms
Peak power in one 1.86 kW 15.5 kW 467 KW
pulse
Average Power 260 mW. 68 mW._ 1000 mW._

Prior to developingany custom hardware, initial assessments were condircted
vivousing theVevo LAZR systento assess safetf the current systein practice.Three
dimensional multwavelength US/PA datasets were acquokthe righteye in nude rats
(n = 2)using the 50 MHz transducat the highest laser power possjd& mJ,with the
Vevo LAZR. The contralateral eye was not irradiat&tswere observed for behavioral

changesandphotographs were taken of both eyes befordyd@#s, and 1 week after laser
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light irradiation toevaluateany gross changes in ocular morphology, especially opacity
(Figure 19). No differences in behavior, morphological changes, or ocular clouding
indicative of ocular damageere observedThe white line across the eyeFigurel19B is

t h e whiakierd Jofully characterizedamage histologyis required toassess retinal
changes and an optomotor responsedastdetermineisual function. However, initial

studies provideencouraging resuli@s noobvious,extreme damage was observed.

Before 24 hours 1 week

Laser irradiated

Contralateral

Figure 19. Assessing laser safeiy vivo. Rats (n = 2) were anesthetized for combined
US/PA imaging using the Vevo LAZR.The entire righteye wasirradiated (A7 C)
according to the parameters in Table 1 framvelengths off007 950 nm in 25 nm
increments. The contralateral eye was not irradiated FI Photos were taken of both
eyes before lasdight irradiation (A, D), 24 hours (B, E), and 1 week after |dggt
irradiation (C, F). No gross changeslicative of oculadamagewere observed in either
eye.

In vivo US/PA datasetBom the safety studwere posiprocessed tassess image
quality usng the 50 MHz transducer and ladght irradiation of the entire anterior

segmen({Figure20). Anatomcal features, such as the corneg, eye lid,and angle wexr
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identifiable in twadimensional US/PAmages, andPA signals from melanin were also
observed at the irisF{gure 20A). However, threalimensional US/PA images were
difficult to decipher(Figure20). High background signals from black fur surrounding the

eye created imaging artifacts and suppressed PA signals from relevant aegnient
structures. This can be noted by the fact that PA signals were not observed throughout the
iris (Figure20B). Overall, b strike a balance between safety, @lepment of a clinical

system, andimprovedimage quality, focused light deliveryneeded

Cornea

Figure20. Ultrasound and photoacoustic images of rat @yes/0. Representative two

(A) and threedimensional (B) ultrasound (grecale) andPA (color scale) overlay images
acquired withthe Vevo LAZR and50 MHz transducer.In 2D crosssectional views,
ultrasound depicted anatomy, including the cornea, eye lid, anamisPAsignals were
observed at the iris (A). Threkmensimal US/PA volumetric images depicted
inconsistent PA signal at the iris and a potential source of imaging artifacts resulting from
PA signals from blackair, whichcaninaccurately extendntothe eye (B). US/PA images
may be improved by developing focddeht-delivery systems. Scale bar = 3 mm.

In a proofof-concept studysingex vivoporcine eyes,raearlystagefocused light
delivery system was implementesh external3 0 0 & m dptical ieetwvas rcoupled
to a traditional ultrasound transducer, i.e. the transducer had nanbotical fibers for

PA imaging(Figure21). The external optical fiber was positied fortransscleralight
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delivery, and FA signals were isolated to the angklegure21B), unlike images acquired
with the Vevo LAZR Figure 21C). Furthermore, theability to easily implement
trarsscleral light deliverywhich is challengingvith purely opticaltechniques like OCT
highlighted another benefit of PA imagingranscleral light delivery eliminates concerns
of unintentional retinal irradiation and simplifies light delivery as sophisticajeital

components are not required to direct light at the angle.

Transducer

— n -~
l Eye holder Optical fiber

Figure21. Demonstration of focused light delivery in a porcine eyesivo Photograph

of the imaging set up (A). An enucleated porcine eye was secured in a holder and
submerged i?PBS A 20 MHz ultrasoundnly transducer was positioned above the cornea
onraxis Light wasfocused by positioning an external optical fiber for transscleral light
delivery to the angleCombined ultrasound (grayscale) & (color scale) images were
acquired using the focused light delivery system ¢Bthe Vevo LAZR (C), which
irradiates the entire anterior segment. Focused light delivery only proBAcgdnals at

the region of interestthe angle andM (B). Scale bar =3 mm.

To address the issue of poor delivery efficiency, we are currently developing

PBNCswith combin@ magnetic and optical properti€®d. Magneticproperties allow
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PBNGClabeled stem cells to be pulled to a tissue target, such as th&®TMDptical
properties allow detection of PBN@bekd stem cells with PA imaging. Thus, PBNC
labeled stem cells may allow imageaided magnetic delivery in the futurdzigure 22
shows initial characterization of PBNCs and verifies stem cell labeling. Further details

PBNC characterizatioare described in Chapter 4.
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Figure22. Characterization of photomagne#BNCsand ldbeled stem cells(A, B) TEM

of PBNCs with an edge length of ~200 nm. (C) Absorption spectrum of PBNCs, measured
by UV-Vis spectrophotometry, with a peak at 734 nm wavelength. Histology of eosin
stained adiposderived MSCs confirmed successful cell Baling with PBNCs (BH).

Naive MSCs at 20x (D) and 40x (E) magnification. MSCs incubated with PBNG3&t 1

at 20x (F) and 40x (G) magnification. MSCs incubated with PBNCs at 2 OD at 40x
magnification (H). PBNCs are blue in color, indicated by blackvesr Proceeding studies
were conducted with PBNCs at a concentration o2 O
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The first set of studies to ass@ssgeguided magnetic delivery & BNC-labeled
stem cells were conducted usithgex vivoperfusion set up in porcine eyeSince results
with AuNS-labeled MSCs showed cells primarily fell to the lens, a disc magnet was placed
on the cornea to essentiabiytempt to reverse the problenith PBNGlabeled MSCs
(Figure 23). A -l1&bBléd stem cellg at L00Gke2| log / 1B NWa s
in the anterior chamber of perfused porcine eyes. The disc magnet was placed on the
cornea for 24 hours while fluid in the anterior chamber continually circulated due to natural
outflow through the TM. Minimal PA signal was obsenadhe lens after 24 hours, and

PBNGC-labeled stem cells were localized to the cornea at the location of the disc magnet.

_f —

= «f== Stem cells

PBNC-labeled
stem cells

PA signal (a.u.) 1

Figure23. Photoacoustic imaging and magnetic delivery of PBaligled stem cells in
perfused porcine @gex vivo Two-dimensional lirasound (grayscale) arféA (color
scale) overlay images of PBN@beled stem cells in the anterior chamber immediately
postinjection (A). After 24 hours of magnet exposure, PBIdkeled stem cells were
pulled to the corneat the location of the disc magnet (B). (C) Thdaaensional US/PA
images confirme@D results, indicating initial feasibility of using PBNCs for magnetic
guidance and imaging of MSCs. Scale bar =3 mm.
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Next, preliminaryin vivo studies were conduatein nude rats (n = 2) to assess
PBNGC-labeled MSC guidance with a ring magnetNotethat these ratdhad an albino
phenotype tdocus attention on magnetic delivery and minimize challeagssciated with
in vivo detectionand image processingore spedically due to high background signals,
modification of PA spectra from melanin (see Chapter 2), and high sensitivity required to
detect a smaller amount of PBNé&beled stem cell® vivoin small animals Due to lack
of melanin, minimal PA signals were observe®ih and 3D imageprior to delivery of
PBNGC-labeled MSCgFigure 24A an@4B). A 25>| volume of PBNCGlabeled stem cells
at 1000 cells#l wasinjected intatheanterior chamber of thigght rateye. One rat received
no magnet (Figure 24C ardD). The second rat received a ring magnet placed around
the TM (Figure 24 Eand4F). The ring magnet had a power
thru hole diameter, andasaxially polarized Both animalsvere imaged after 3 hours.
Without the magnet, PBNG@beled stem cells were primarily localized at the center of the
anterior segment and appeared to coat the lens and cornea (Figure 224Danwith
the magnet, PBN{@abeled stem cellwere detectedloser to the angle, and less PA signal
was observed at the center of the eye (Figure 24 B4iRd Based on anatomy from
ultrasound, PA signals located outside of the eye were disregarded (Figure 2Z2MERnd
i.e itis extremely unlikely that stem teetan accumulate on the surrounding eye lid. These
PA signals were inconsistently observed across images and may come from changes in

light fluence, transducer height above the eye, and transducer orientation.
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Figure24. Imageguided magnetic delivery of PBNI@beledMSCsto theTM in vivo. in

nude rats. Two(A, C, E) andhreedimensiona(B, D, F) combined ultrasound (grayscale)
and PA (color scale) datasets were acquired for eyes that received no injection (A, B);
PBNGlabeledMSCsonly (C, D); and PBN&@abeledMSCsanda ring magnet (E, F)
Minimal background PA signals were observed in control eyes due to lack of melanin (A,
B). PAsignal from PBNGabeledMSCswasvisible in injected eyes (€F), andmore
PBNGC-labeledMSCsappearedahearthe angle after magnet exposure for 3 hours (E, F).

Initial results fromin vivo magnetic delivery studies appeared promising. In
addition, ra$ that received PBNdabeled MSCswere observed for changes in ocular
morphology indicative of laser damage (Figure 25). Although further assessment is
required, nagrosschanges were observed, which was a positive result considering lack of
melanin in abino rats,and thus lesscular protection from light.Together, optical and
magnetic properties of PBN@sayfacilitate imageguidedmagneticstem cell delivery to
the TM to improve therapeutic outcomes and clinical utility, adding to the theranostic

potential of the US/PA platform in the future.
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Figure25. Photographs of eyes after imageded magnetic delivery of PBNI@beled
MSCsin vivo. Top row (A1 C): images from the rat that received PBNGeledMSCs

and a magnet. Bottom row {F): images from the rat that received PBNGeledMISCs

only. In both cases, the contralateral eye received no injection. Contralateral eye before
(A, D) and after (B, E) imagindC, F) Injectedeye after imaging. No greshanges in
ocular morphology were observed in eyes that received inje@mhsere imaged.

3.8 Contributions from collaborators

In this chapter, specific contributions were madeEbg Snider Bailey Hannon
Heechul Yoon and Andrei Karpiouk For theex vivo porcine experiments using gold
nanospheres, Eric Snider maintained and prepared cells, injected cells into porcine eyes,
dissectedgorcine tissue, prepared agarose gels, and imaged with fluorescent microscopy.
Bailey Hannonshaed her expertise angrovided training to executen vivo ocular
injections Heechul Yoon shareghveadvice on improvig imageprocessing techniques.

Andrei Karpiouk assisted in designing and building the focligld delivery set up.
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CHAPTER 4. TRIMODAL IMAGING TO GUIDE STEM CELL
THERAPY OF THE SPINAL CORD USING PRUSSIAN BLUE

NANOCUBES

This chapter is adapted from several articles which have been pubdishedepted for
publication are currently under review, or are in preparation:

Donnelly, E. M.,* Kubelick, K. P.,* Dumani, DS., & Emelianov, S. Y. (2018).
Photoacoustic Imagéuided Delivery of PlasmonislanoparticleLabeled Mesenchymal
Stem Cells to the Spinal CodanoLetters 18(10), 66256632.*Equal Contribution

Laffey, M.,* Kubelick,K. P.* Donnelly, E M., & EmelianovS. (2019). Effects of freezing
on mesenchymal stem cells labeled with gold nanopartidiessue Engineering Part C:
Methods. Accepted *Equal Contribution

Dumani, D.S.,* Cook, JR.,* Kubelick, K.P.,* Luci, J.J., & Emelianov, SY. (2019).
Photomagnetic Prussian blue nanocubes: synthesis, characterization, and biomedical
applications.NanomedicineAccepted *Equal Contribution

Kubelick, K.P. & Emelianov, S.Y. (2019). Trimodal imaging to guide stem cell therapy
of the spinatord using Prussian blue nanocubémder review.

Kubelick, K.P. & Emelianov, S.Y. (2020)n vivo intraoperative guidance of stem cell
delivery in the spinal cord using photoacoustic imaging augmented with Prussian blue
nanocubeslin preparation.

Kubelick, K.P. & Emelianov, S.Y. (2020)n vivo longitudinal monitoring of stem cell
therapy in the spinal cord usiagrimodalimagingtool. In preparation.

4.1 Abstract

Translation of stem cell therapies to treat injuries and diseases of thecepthed
hindered by lack of realme monitoring techniques to guide regenerative therapies intra

and posbperatively. Thus, we developed a trimodal ultrasound (US), photoacoustic (PA),
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and magnetic resonance (MR) imaging approach augmented with Ripissiananocubes
(PBNCs) to guide stem cell injections intraoperatively and monitor therapies in the spinal
cord postoperatively. Per the clinical procedure, a laminectomy was performed .in rats
For intraoperative guidanceBNGC-labeled stem cells were injected directly into the spinal
cord while US/PA images were acquirdebr postoperative guidanc&)JS/PA/MR images

were acquired up to 14 days after surger$everal featuresf the trimodal imaging
approactweredemonstrged including detection of low stem cell concentrations;ties
needle guidance and feedback on stem cell delivery, and agreement between US/PA/MRI.
These benefits span intrand postoperative environments to support further development
of this trimadal imaging tool. Althougtthe ability to monitorstem cell locatiorcan
provide useful information ostem cell migration in the spinal cord, this research is
ultimately a building block on the road to functional monitorimgivo. To this endthe

focus of future work isdevelopment ofa photoacoustic probe for stem cafloptosis

detectionin vivo.

4.2 Introduction

Regenerative medicine holds great promise to offer novel treatment methods for
injuries and neurodegenerative diseases of the spinal leatrabtherwise have no cure.
Stem cell therapy has received substantial interest, but has not yet reached its clinical
potential*3'69173 Development and translation of stem cell therapies for the spinal cord is
hindered by lack of: 1) red@ime guidance of stem cell injection; 2) noninvasive,
longitudinal monitoring techniques to assess treatment progression and improve

understading of stem cell behavior; and 3) functional stem cell monitgfig’+17
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Development of imaging tools to guide and detect stem cells in the spinal cord would

expedite therapy development and clinical translation.

Others have recognized this need and substantial effort has been spent developing
magnetic resonance imaging (MRI) tools to detect stem cells in the spin&t¢bte.
MRI is the gold standard for central nervous system imaging. Advantages include
noninvasive, longitudinal, highesolution, wholebody imaging. Although MRI is an
excellent option for posbperative monitoring, challenges exist for intraoperative imaging,
including high cost, slow acquisition, large foot print and lack of portability, and
incompatibility with tools and instruments the operating room (ORJ%182 For these
reasons, the use of MRI to guide stem cell therapies throughout the entire course of
treatment is challenging. Other modalities can address this need, such as combined

ultrasound/photoacoustic (US/PA) imagfny:%0-138.18185

Ultrasownd signals are produced by backscattering of acoustic waves to convey
anatomical information at high resolution. However, contrast is poor due to similar
backscattering properties across many tissues. Photoacoustic imaging can address this
challenge. IPA imaging, contrast is based on absorption of light rather than scattering of
sound. By irradiating an optical absorber with a pulsed laser, thermal deposition and
compression of the surrounding tissue produces transient acoustic waves that can be
deteted by a traditional ultrasound transdut@rl!”1® Advantages of PA imaging
include high contrast, gh resolution, reaime imaging, and a variety of exogenous
contrast agents exist to obtain cellular information. Furthermore, US/PA imaging systems

are portable to facilitate intr@r postoperative imaging.
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We previously explored the use of US/PAagmng augmented with gold
nanospheres (AuNSs) to provide rale guidance of stem cell therapies in the spinal
cord!™ Although results showed some intraoperative benefits, applicability to the post
operative environmermwas not demonstrated. time currentwork, a trimodal US/PA/MR
imaging approachvas introducedo facilitate intra and posioperative guidance in the
spinal cord by labeling stem cells with Prussian blue nanocubes (PBNCs). PBNCs are a
unique nanoconstruct that simultaneously possess optical and magnetic properties to
produce PA and MR contra$ By labeling stem cells with PBNCs, US/PA imaging can
facilitate intraoperative imaging, and MRart facilitate posbperative imaging per the
current clinical standard.This work demonstratedeveral features of the US/PA/MR
imaging approach, including detection of stem cells at low concentrationprealeedle
guidance and injection monitorinfigedback on stem cell delivery, and strong agreement
between PA/MR images, to lay the groundwork for a clinical rmtidal imaging

protocol.

4.3 Materials and methods

4.3.1 Materials

Dextrancoatedsuperparamagnetic iron oxide nanoparticBIONg, 5 nm and
10 nm diameter, were purchased from Ocean NanoTech (San Diego, CA). Small SPIONs
(3 nm diameter) were synthesizedhiouse Prior to use, lhglassware and stir bars were
washed with aqua regia:(BHCI:HNOgs; SigmaAldrich). All chemicals were used as

receved.
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Adiposederived mesenchymal stem cel(#1SCs) were cultured following

methods described above in Chapter 3 (see SexiBof).

4.3.2 Synthesis of small SPIQMecursorsand PBNCs

A 1,000 ml threeneck round bottom flask containing an egdwped stir bar was
suspended in a silicon oil bath placed on a heated stir plate. One neck was used as a gas
inlet, and the second neck was connected to a condenser to &eeadtion under reflux.
A 200 ml volume oftriethylene glycol (TEG)was addedto the round bottom flask,
followed by 12.714 g of iron(lll) acetylacetonate. The iron was dissolved, and the solution
washeated to 140 eC f or ogoreor ritrogem gadwexti dne st i r
additional200 ml of TEG wasaddedo the flask to remove any iron deposited on the sides
of theglassware Thesolution waghenheatedto20@ C. Af ter 2 hours t he
from a reddish color to a dark brovlaback color indicating the formation of R®4
nanoparticlescommonly referred to as SPIONEhe SPION solution was cooled to room
temperaturavhile continuingto stir under argon or nitrogen gas overnight. The volumes
and massesf reagentsvere carefully measured throughout the synthesis to keep track of
Fe concentrations. The SPION solution was diluted 10x with deionizedfilitrad
(DIUF) water containing dextraat a concentration of0 mg dextraning of Fe The
reaction was gently sted overnight to allow the dextran to coat the SPIONs. Excess
dextran was removed from the solutlncentrifugation in 58Da filtered centrifuge tubes
(Amicon).

Synthesis of PBNCasing iron oxide precursorsas described in Chaptey &d

the same mthod was useldere(see Sectio.3.14.
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4.3.3 Characterization of nanopatrticles

Transmission electron microscopy (TEMylifachi HT7700 TEM, IEN/IMAT
Materials Characterization Facility, Georgia Institute of Technglogms used to
characterize PBNC morphology. Carbon formvar TEM grids (Electron Microscopy
Sciences) were prepared by drop castimg 8f particle solution and drying overnight at
room tenperature. Images were acquired at an accelerating voltage df 100 kV.

PBNC edge length and SPION diameter were determined using ImageJ (NIH).

The optical absorption speatf 20 nm, 40 nm, and 200 nm PBN@asmeasured
using U\-Vis spectrophotontey (Synergy HT microplate reader, BioTek Instruménts

Readings were taken in 5 nm increments from 400 nm to 995 nm.

Magnetic propertiesf PBNCswere first assessed using superconducting quantum
interference device (SQUID) magnetometryPrior to meaurements, samples were
concentrated by centrifugation using 50 kBlfered centrifuge tube@Amicon). The final
concentrations were 8.7 mg/ml for PBNCs (2fedge lengt)y and 20 mg/ml for SPIONs
(3 nmdiamete). Each sample was scanned separatelyflr00 ul of the concentrated
nanoparticle solution was added to a polycarbonate capsule (AGC3, Quantum Design). The
capsule was sealed with namagnetic tape and inserted in a amagnetic straw to be held
inside the magnetometerA capsulefilled with DIUF water was used to confirm no
significant background magnetization. The temperature was set to 5 K, and the magnetic

field was varied from 5 T to 15 T twice

moment.
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Longitudinal and transvergelaxivity of all PBNCs(20 nm, 40 nm, and 200 nm
edge length) werdetermined using a lofeld 0.5T NMR spectrometer (Maran Ultra 23,
Resonance). Solutions at concentratioasging from 533 tol6 pg of Fe/ml were

prepared. The average relaxation time walsulated using four scans per sample

Further characterization of PBNCs was conducted using fregmecking phantom
experiments. All particle phantom experiments were conducted following methods
described above in Chapter 3 (see Se@i8r5. PBNCs(20 nm, 40 nm, and 200 nm edge

length) were all at a concentration of 2 optical density (OD) in inclusions.

4.3.4 Imaging Equipment

All US/PA imaging experiments were conducted using the Vevo LAZR and 20

MHz transducer.The imaging system was describedletail above (see SectiB3.5.

A 7T preclinical MRI system (Bruker PharmaScan) was used to acquire all MR
images. Samples were secured in a cylindrical holder and inserted in a 38 mm imaging coil
for phantom studiesin vivo studies were conducted usin@@ mmimagingcoil. Built-
in puse sequences were used wstlght modifications to the repetitio(iTR) and echo
times (TE), described in detaibelow for each experiment, to improve nanoparticle
contrast. MR imageswere postprocessed using thauilt-in Bruker Pharmascaimage

analyss software.
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4.3.5 In vitro studies of PBN{Tabeled stem cells

Stem cells were labeled wi200 nmPBNCs using the saniecubationmethod
described in Chapter 3 (see Sect®®.3. In this case, stem cells were labeled 209

nm PBNCs at a&oncentration of 2 OD.

Histology was used to verify PBNC uptake. Microscopy coverslips were cleaned
using 70% ethanol. Onckied, each coverslip was placed in a well ofwedl cell culture
plate. A monolayer of MSCs was grown on top of the coverslips. MSCs were labeled with
PBNCs(see Sectior3.3.3. PBNCGlabeled MSCs were fixed onto the coverslips, stained
with eosinfor 15 minutes(VWR; see Sectiom.3.10, and mounted onto slides for

brightfield microscopy.

Tissuemimicking gelatin phantom experiments were conducted to assess PA and
MR detection sensitivity of PBN@beled MSCs at known concentrations. Phantom
experiments of PBNdabeled MSCs were conducted following the same phantoiperec
described above (see Secti®3.6. In this case, each dorsbaped inclusion contained
PBNClabeled MSCst 10k, 5k, 2.5k, 1.25k, 625, 311%6, 78, 39, 20, and 0 celis/ The
sameexactphantom was imaged using US/PA and MRItosssectional US/PA images
of the cell inclusions were acquired at 740 nm wavelength, correspondirige tiptical
absorption peakf PBNCs,determined by UWis spectrophdometry. The average PA
signalof the inclusion, manuallisolatedusing ultrasoundyas calculated over 20 frames
to accommodate fluctuations in laser enefgfr images were acquired using a mslice
multi-echo (MSME) pulse sequence to deteenT2 relaxation times starting with TR =

1955.2 ms and TE =20 ms. TE increased by 20 ms increments for 32 steps. Coronal views
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were acquired and analyzed due to better visualization of inclusions. Although different
slice orientations were used forAPand MRI, PBNClabeled MSCs appeared
homogenously distributed throughout inclusions in either case. Thus, slice orientation
should not impact results.For MR image analysishé built-in Bruker Pharmascan
software was used to define a circular regionntérest corresponding to theclusion

The average T2 relaxation time and standard deviation was calculated using tire built

parametric fitalgorithm

4.3.6 Exvivo pinal cord access and stem cell injection protocol

All studies involving animals were conducted following guidelinesf the
Institutional Animal Care and Use Committ¢ACUC) of the Georgia Institute of
Technology Spinal cord procedurésllowed previously reported methotfg:173186.187|
brief, SpragueDawley rats (Charles River Laborats) were sacrificed, antthe spinal
column was removedA multilevel laminectomy was performed to expose the underlying
spinal cord. Up to 51 of PBNGlabeled MSCs suspended at 10k cellsyere directly
injected into the spinal cord per the clinicabpedureat a rate of 16 nL/sec using a 33G

syringe attached to an ultraicropump World Precision Instrumenté*

4.3.7 Exvivo intraoperativé) S/PAimageguidance

During needle insertiorsinglewavelengthUS/PA datasets were acquired at 740
nm wavelength and exported to MATLAB for pgsbcessing. Reverberation artifacts
extending below the needle shaft were removed by creating a mask with a width of 2x the
outer diameter of the 33G needle used for thectign and aligning the mask with the

length of the needle shaft. Small gaps in the PA signal were occasionally observed along
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the needle shaft. The MATLAB image processing toolbox and morphological operators,
specifically image dilation followed by efios, were used to connect gaps and display a

continuous needle shaft.

During stem cell injectionssinglewavelengthUS/PA datasets were similarly
acquired at 740 nm wavelength and exported to MATLAB for-postessing. PA signals
from the needle stit and PBNGabeled MSCs were segmented to better visualize the
injection. To segment imageblS/PA images were split into two regions of interest: 1) the
region containing the needle, and 2) the region containing the stem cells. In the needle
shaft regpn of interest, reverberations artifacts were removed as described above. In the
stem cell region of interest, a threshold was applied to reduce background noise. Any
remaining pixels in the stem cell region of interest were identified as HBIb&Ed M5Cs
andweremultiplied by a scaling factor. As a resi#BNC-labeled MSCs were primarily
colored redand the needle shaft was primarily colored blue. The average PA signal was

calculated for the region containing the PBN®eled stem cells.

4.3.8 Ex vivotrimodal US/PA/MRmaging

Locations of PBN@abeled MSC injectionsiere markedy glass capillary tubes
which were visible in ultrasound and MR, inserted in the surrounding muschssure
the same injections were compared across modallti8sPA daasets were acquired with
and without a layer of muscle covering the spinal cord. MR images were only acquired

with a layer of muscle placed on top of the spinal cord.

Threedimensional (3D) US/PA datasets wereatedby attaching the transducer

to a tanslational motor and compiling twbmensional (2D) crossectional views
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acquired at 133mim steps and 740 nm wavelengtiDatasetswere then exportedto
MATLAB for postprocessing Anatomical information provided by ultrasound was used
to spatiallydistinguish PA signals from different species: 1) blood vessels/background
signalsthatappearean top of the spinal cord; 2) PBN@beled stem cellhatappeared
within the spinal cord. PA signals from each species were further segmented by
thresholdig andscaling such thabackground signale/ere primarily coloreblue and
PBNClabeled MSCswere primarily coloredred. Reverberation artifacts were
occasionally observed below strong PA signals from blood veas#ie surface of the
spinal cord. Thesartifactsvere removed by finding the local maximum PA signal, which
corresponded to the vessel, and eliminating PA sigoellsw a0.5 mm vessel radius.
Sagittal US/PA images were produced by integrating 3D datasets alonglithension,

i.e. image with, and interpolating to display resulting images with square pixelsnfm40

X ~40mm).

MR images were acquired using several different pulse sequem2eseighted
images wer@roduced using the T2urbo RAREpulsesequence with TR = 2500 ms and
TE=35ms. T2*weighted images wemoduced using the TELASH sequence with TR
=310 ms and TE =5 ms for axial images or TE = 10 ms for sagittal images. Four averages

were acquired for all pulse sequences.

Following US/PA/MR imaging, spinal cord tigs was fixed in 10% neutral
buffered formalin, followed by submersion in sucrose for one week. Tissue was frozen in
embedding medium for histology and sectioned inton20sagittal slices. Sections were

stained by submersion in eosin for 75 seconds.ghBreld photomicrographs were

94



acquired using the Axi®@bserver microscope (Zeiss). Wifield views were produced

by compiling tile scans.

4.3.9 In vivo surgical procedurandimaging protocas

All studiesnvolving animalsvere conducted following IACUC guidelines per the

Georgia Institute of Technology.

First, the procedure room was prepareBuring room preparationthe PBNG
labeled stem cellwereprepared by a second pergeae Sectio.3.3. Three tables were
cleanedwith 70% ethanol or Sporcidin disinfectant solution (Contec Healthcare). While
still in the packaging, a surgical gown, surgical gloves, hair net, face staske hand
towel, and scrub brush wertaped directly ontd@able 1, which was nesterile The two
remainingtables were covered with sterile drapdable2 was used to display akerile
surgicaltools: smallmedium/largescissorssmall animabone cutters, two glass syringes
equipped with a 3G needleneedle grabbers, two forceps with teeth, retractor, curette,
spatula, and Vannas scissors (World Precision Instruments). Steijile, Gterile sutures
(5-0 vicryl, undyed, braided, reverse ting), andfenestrated drapes were also placed on
Table 2 Table3 wasusedas the surgical table and contained the disinfected stereotax,
heating pad, transducer holder, amdtramicroinjection pump (World Precision

Instruments)

After the room was prepared, rats were anesthetized using either isoflurane or
injectable anesthetics. For isoflurane, anesthesia was induced with 5% iscdiusfxte
ml/min and maintained with.0%- 2.5%isoflurane at the same flow ratEBor injectabés,

anesthesia was induced usingambination ofdexdomitor(.5 mg/kg)and ketamine (75
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mg/kg). However, only half of the recommended dose was required to maistaigical
planefor approximately 3 hours, which was enough time to completertdo=due. Once
anesthetized, an intramusculasr subcutaneousinjection of sustained release
buprenorphine (.6.8 mg/kg) was administered for pain relidfheratwas then prepared
for surgeryby removing hairon the back between the shoulder blades and hipe
exposed skin wasterilizedby wiping the area with poviodine iodine swab stidBgr{are
followed byalcohol wipes (BD) for two cycles. On the third cycle, the iodine was left on
the skin to maintain stédity. A hard toe pinchi.e. nail onbone, confirmedhe surgical

plane was reached. At this point, surgical garb was donned.

A lumbarlaminectomy was performed to expose the spinal cdndincision of
approximately 2 cm was made in the skiong the spineA fenestrated drape was adée
to the skin with the incision centered in tiepehole. The skin was held open with
retractors or sutusz Two cutswere made in the muscle on either side of the spinous
process, and the muscle was removed with blunt dissection until the spiocessgs and
laminae werdully exposedand cleaof muscle Finally, the bone wagmovedo expose
the spinal cord for direct injectiorJp to 5m of PBNC-labeled MSCs suspended at 10k
cellsit were directly injected into the spinal cord per the cihfroceduret a rate of 16
nL/sec using a 33G syringe attached to an -utieropump (World Precision
Instruments** The needle remained in the spinal cord for 5 minutes mffection to
prevent reflux. After injection, the muscle was sutured back over the spinal cord, then the

skin was sutured back over the muscle. The bone was not replaced.
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Forin vivointraoperative studietwo strains of rats were used: Spradeavley
(CharlesRiver Laboratoriesn = 4) and nude rats (n = 2; Taconic) for a total of 6 rats. All
rats were female. US/PA datasets were acquirgdraoperativelywith the Vevo LAZR
during surgery following the imaging protocdéscribed aboven ex vivostudies(see
Section4.3.7). Figure26 depicts the surgical and intraoperative imagingupetAfter 24
hours, MR images were acquirgmvalidate US/PA resultgsingthe 7T preclinical MRI
system Bruker PharmaScam@ndthe T2-RARE sequencdescribedn ex vivostudieqsee
Sectiond.3.8. Ratswere then sacrificed, and the spinal cord was harvested for histology.
US/PA datasets were exported to MATLAB for ppsbcessing. MR datasets were

processed using the buift BrukerPharmascasoftware.

Figure26. Surgical and imaging set up for vivo intraoperativestudies. The combined
US/PAimaging transducexaspositioned on top of the exposed cord while the negde
brought into position (A, B). US/PA images were acquired as the needle was inserted,
during, and immediately pestjection after needle removal. Zoomed in photograph
depicting the position of the transducer and syringe (B).

For longitudinal studig nuderats(Taconic;n = 5)were imaged 3, 5, 7, 10, and 14
days posinjection with US/PAimagingand MRI. All rats were female. The albino

phenotype was preferred, but some black and white spotted nude rats were also used. For
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the spotted rats, adik patch was frequently observed on the spilrethis casethe
pigmented skin was moved outside the field of vidwing US/PA imaging For
longitudinal imaging,hie Vevo system was operated with an external laser (Phocus Mobile,
Opotek) because highkaser energy waachievabldo penetrate overlying muscle and skin
postoperatively Otherwise US/PA and MR datasets were acquired using the same
imaging protocol asin ex vivo studies (see Sectiord.3.7 and 4.3.8 and in vivo
intraoperative studieslUS/PA datasets were exported to MATLAB for ppsbcessing.

MR datasets were processed using thedoulBtrukerPharmascasoftware. After 14 days,

animals were sacrificed, and the spinal cord was harvested for histology.

4.3.10 Histological analysis of PBN@beled stem cells

Spinal cord sections were stained with eosin (VWR) or DARErmo Fisher) In
both cases, slides were removed from-th® e C rfandeaie dried at room temperature

for 30 minutes.

For eosin staining, slides were submerged in PBS for 1 x 10 minutes, followed by
1 x 1 minute in 95% EtOH, 75 seconds in diluted eosin (4:1 Eosin: 95% EtOH), 1 x 1
minute in 95% EtOH, 2 x 1 minute in A% EtOH, and 1 x 10 minutes in xylene. Slides
were mounted andried in the fume hood for at least 24 hours. Brightfield images were

acquired(Axio Observer Zeiss.

For DAPI stainingslides were rehydrated with PBS for 20 minutes. A 1:1000
dilution o f DAPI was prepared in PBS per the

stained with DAPI for 10 minutes in the dark at room temperature, followed by 3 x 5 minute
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washes with PBS. Slides were mounted and dried overnight at room temperature in the

dark. Confocal fluorescent microscopy images were acquired (LSM 700, Zeiss)
4.3.11 Ex vivo porcine studies

A porcine spine was obtained from the slaughterhouse (Holifield Farms,
Covington, GA). Muscle was removed and a laminectomy was performed per the clinical
proceduré® A hand saw and bolt cutters were used to cut the thick porcine bond$ A 3
insulin syringe (BD) was used to inject 2bof highly concentrated 200 nm PBNCs (50
OD). Multi-wavelength US/PA datasets were acquired in this intraoperative mimicking
situaton using the 15 MHz and 20 MHz transducer. Each transducer was coupled directly
to the exposed spinal cord using ultrasound gel. Data acquired using the 20 MHz
transducer was further processed in MATLABnatomical information from ultrasound
was usedo identify the region of interest corresponding to the spinal cord, and background
PA signals in surroundintssuewere suppressed. Thrdanensional volumigic images

were created in AMIRA.
4.3.12 Stem cell viability probe

A caspases sensitive photoacousimaging probe was synthesized to assess MSC
apoptosig®® The probe consisteaf three components: (1) a hydrophilic DEVD peptide
sequence (aspartaggutamatevaline-asparateAsp-Glu-Val-Asp); (2) an aggregating and
guenching (AgQ) unit consisting of -&ance6-aminobenzothiazole (CABT; Sigma
Aldrich); and (3) acommerciallyavailable fluorescent dyeabsorbing at 800 nm
wavelength(IRDye 800 CW NHS estel;I-COR Biotechnology). The DEVD peptide

motif is synthesized using wedistablished Fmoc chemistry methd#fs. Briefly, after

99



synthesizing Fmot.ys(alkyne}COOH (SigmaAldrich) and coupling teeachamino acid
in the sequence, the Fmoc group is deprotected using pigbditk (VWR) to connect
the DEVD peptide sequence The overall chemical structud the imaging probe is

depicted inFigure27.
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Figure 27 Chemical structure photoacoustic imaging probe for sensing apoptosis. The

probe consisted of an aggregating/quenching unit (AgQ); red circle), IR800 dye (purple

circles), and peptide sequence (green giradldleavage of the DEVD peptide by caspase

3 uponapoptosis induces aggregation of the probe through a condensation reaction that
takes place between CABT (red circle) and the thiol and amino groups of cysteine (blue
circle). As a result of aggregation, fluorescent signal is quenched and PA signal is

erhanced. Thus, enhanced PA signal corresponds to cell death.

4.4 Results
4.4.1 Characterization of PBNCs

To demonstrate size control of the PBB\&ithesis methqgd, 5,0r 10 nm diameter

SPIONswere used as the iron soutogproduce PBNCwith different edge legths TEM
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imagesconfirmedthat PBNC size variedith SPION precursor sizé-igure28). Small
PBNCs with~20 nm edge length resulted from 3 nm diameter SPION p@asFgure
28A and 28D). Medium PBNCswith ~40 nm edge lengtresulted from 5 nm diameter
SPION precursorgFigure 28B and 28E). Large PBNCs with ~ 200 nm edge length
resultedfrom 10 nm SPIONprecursorgFigure 28C and28F). The plot summarizethe

distribution of resulting PBNC edge length eBION precursodiameter(Figure28G).
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Figure28. Characterization afizecontrolled PBNCs synthesized frda®IONprecursors.

TEM images of PBNCs. PBNCs with an edge length of<2) nm, (B)~40nm, and (C)
~200nm synthesized from 3 nm, 5 nm, and 10 nm diameter SPIONSs, respectivély. (D
F) Imagesat increased magnification for 20 nm, 40 nm, 26dnm PBNCs, respectively.

(G) Scatter plot showing relationship between SPION diameter and resulting PBNC size.
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Optical and magnetic properties dBNCs were assessedvith UV-Vis
spectrophotometry and SQQJ} respectively The optical absorption spectrum of the 20
nm, 40nm, and200 nm PBNCs were comparabland each particle hadpeakoptical
absorption at 685 nm, 720 nm, and 740 nm wavelength, respectrigiyre 29A).
Spectral shifts likely resulted from increased optical scattering of larger PBNCs. The
magnetism of small 2@m PBNCs and their Bm SPION precursors was analyzeith
SQUID (Figure29B). PBNCs exhibited superparamagodiehavior and haa magnetic
saturation 0f104.0 emu/g. SPIONshad a magnetic saturation of 20.5 emu/Jhis
corresponded to a-fold increase in magnetization. OverallV-Vis and SQUID

measurements supported further assessment of PBNCs as MR and PA contrast agents.
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Figure 29. Magnetic and optical properties BBNCs (A) UV-Vis spectrophotometry
shows the peak absorption for the 20 dhpm, and 200 nm PBNCs, with a peak at 685
nm, 720 nm, and 740 nm respectively. (B) Magnetic moment curves shtmdaricrease

in magnetization for 20 nm PBNCs compared to the 3SmtONsbas& on nanoparticle
mass. Resultsonfirmedphotomagnetic properties of PBNCs.

To test feasibility of our PBNCs as MRI contrast agents, relaxometry studies were
performed using a 0.5 T NMR spectrometer. To calculate the molecular weigids, Fe

and GgFe/Nig were assumed for SPIONs and PBNCs, respectively. The measured
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transverse relaxivity values are foundTiable2. Transverse relaxivity was 1.11 rhid *

for 3 nm SPIONs. After synthesis, 26m PBNCs had a 10.05 mf4' ! transverse
relaxivity, showing a gold increase ovethe 3 nm SPIONprecursor. However, the size
matched 2(hm SPIONs had a transverse relaxivity of 920 'fdt. Thus, for the same
particle size, SP®Ns still providal better relaxivity than their PBNC counterparts. The
large200 nm PBNCs had a transverse relaxivity of 402.4'AsM, a 46fold increase over

the smaller 2@m PBNCs, showing the scalable magnetic properties with increasing PBNC
size. Tle r/r1 ratio, an indicator for effectivezlcontrast agents, ranged from 1.02 to 16.43

for 20nm to200nm PBNCs at 0.5 T.

Table2. Relaxometry measurementsRBNCs and SPIONs

Nanoparticle

Magnetic field
size & type
05T 2-nm SPION 1.11
05T 10-nm SPION 316.0
05T 20-nm SPION 920.8
05T 20-nm PBNC 10.05
05T 40-nm PBNC 34.0
05T 200-nm PBNC 402.4

To assess the feasibility of PBNCs as mmoitidal ontrast agents, nanoparticles
were imaged in a tisstmimicking phantom.Domeshaped inclusions contained PBNCs
with 20 nm, 40 nm, or 200 nm edge length at 2 the phantom, PBNCs of all sizes

generated high contrast underweighted MRI EFigure30Bi D). US/PA imagingat 740
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nm laser lightirradiation confirmedPA contrast Figure 30Ji L). Additionally, thePA

spectra matched the expected absorption based evii¥)vieasurements-{gure30M).
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Figure30. TrimodalUS/PA/MRI of PBNCsdn a tissuemimicking phantom. All PBNCs
were suspended at the same concentration based on optical densityOhe ghantom
containedfour domeshaped inclusian One containedelatin only and the other three
contained different types of PBNCs. The same inclusion was imaged with all modalities:
top row (A7 D) T2-weighted MR images; middle row (EH) US images; bottom row (I

T L) PA images at 740 nm waveleng@olumns(left to right). gelatin contrgl20 nm, 40

nm, or 200 nm PBNCs. AFPBNCs produced MR (B D) and PA (J K) contrast Plot

of PA spectraor all PBNC types (M).



4.4.2 Characterization of PBNdabeled stem cells in vitro

Tissuemimicking phantormexperiments were repeatetith PBNC-labeled MSCs.
MSCs were incubated with PBNCs at 1 OlOEach domeshaped gelatin inclusion
contained PBN@&abeled MSCs at known cell concentrationdS/PA and MR images
were acquired to compare detection sensitivifigre 31 and Figure 32). First, the
representative PA spectrum of PBNebeled M5Cs Figure31B) was similar tdJV-Vis
spectrophotometry resultf PBNCs alongFigure 29). Qualitatively, ultrasoundignal
(top row; grayscale) and PA signal (bottom row; codomale) both decreased with
decreasingell concentrationHigure31C). The average PA signal was calculated for each
inclusion and confirmedPA signal decreased with cell concentratigfigure 31D).
Together, the US/PA images and average PA sigdalateda detection limibelow~100

cell s/ gl
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Figure31. PAsignal ofPBNC-labeled MSCs vitro. (A) Brightfield microscopy of eosin
stained cel verified successful labeling based on blue pigment, indicative of PBNCs,
colocalized with pink cytoplasn{B) Representative PA spectrum of PBiN®eled MSCs

at b5k (€dmabes 6fall dome inclusionsTop row: ultrasound (grayscale) only.
Bottom row: US/PA (color scale) overlagy (D) Bar graph of comparinBA signal with

cell concentration. Scale bar =2 mm.

Next,MR images were acquired for the same tissummicking phantom to confirm
PBNGClabeled MSCs produced MR contrast and compare detection limits of PA versus

MRI. The average T2 relaxation tina¢ 7T was determined using the MSME sequence
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and parametric fit Unction. Relaxation time increased as PBldBeled MSC
concentration decreasdeigure32A). PBNCGlabeled MSCs at concentrations above ~300
cell s/ el hxdtfiaosnt ean mMmExZ rndlaam the 0 cell / el
respectively. However, gualitative differences we
inclusion and igwes2B). Overallthe in vitra studyirsdicated PA

imaging was more sensitive to lower cell concentrations than MRtesults will varyn

vivo andboth modalities successfully detected PBldGeled MSCs.
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Figure32. MRI of stem cells labeled with PBNQ@s vitro. MRI studies were conducted

with the same phantom used in the PA studies. Coronal images were acquired using a
MSME sequence to determine average T2 relaxation times (A). T2 relaxation time
increagd with decreasing cell concentration. Representativedighted MR images (B;

top row) and parametric fit images depicting relaxation time (B; bottom row

4.4.3 Intraoperative studies, ex vivo and in vivo

Feasibility of US/PA imaging as an intraoperative tool to guide needle insertion
and injection of PBN@abeled MSCs wa#rst assessedx vivoin SpragueDawley rats

(Figure33). After performing a multilevel laminectomyS/PA images were acquired in



reattime as the needle was advanced into the spinal cord. Ultrasound (grayscale) imaging
provided anatomical context for needle placemé&igure 33AT D). Although the33G

needle shaft was difficult to detesfth ultrasound at 20 MHZFigure 33A1 D), it was

easily visualized with PA imaging (colscale) Figure33Ei H).
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cord _:ﬁuscle
— ? =

—= “
==

(‘ne) [eubis vd

Figure33. US/PAimage guidance akaktime needle insertion in a rat spinal caxivivo
Top row: ultrasound (grayscale) only. Bottom row: combined ultrasound (grayscale) and
photoacoustic (color scale) imagas740 nm wavelengtiRed arrows indicate th@3G

needle tip. Scale bar =2 mm.

Real-t i me US/ PA i mages were acquired thro
labeled MSCsKigure34) ex vivo PA images were pogirocessed so that the needle shaft
primarily appeared blue and PBN&beled MSCsprimarily appeared redPBNC-labeled
MSCs suspended at 10k cell s/ el , a cdftearni cal |
onlyle | was Figarp3R).t hel avdrage PA signal increased as a function of
injection volume Figure 34E). Results provided proaif-concept that PAmaging
augmented with PBNCs can provide rgale feedback on MSC delivery succeaich

is based on injection location, volume delivered, and stem cell retention in the spinal cord
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Figure34. Injection of PBNGlabeledMSCsin a rat spinal coréx vivo Throughout the
injection, combined ultrasound (grayscale) and photoacoustic (color scale) images were
acquired using a 20 MHz transducer and a laser operating at 740 nm wavelerigh) (A
US/PAmagesat0, 1, 2, exndked4 glesiprecti vely, at a
(E) Plot comparind?A signal with injection volume. Scale bar =2 mm.

Thus far,optical properties o0PBNCswere utilized to implement PA imaging in
the spinal cord. However, PBNCs also possaagnetic propertiesandthe imaging
approach can extend to pagierative MRI. The spinal cord was injectdwo locations
in the spinal coréx vivowith~2e | or 5 -kabeleddMSCsugpdhded at 10k cells/
¢ | First, US/PA images were acqeil and posprocessed to distinguish PA signals from
the background and PBNI@beled MSCsKigure35A1 C). Next, a layer of muscleas
placed on top of the spinal cotd mimic the transition from intraoperative to post
operative imaging and MR images were acquired. PBi€led MSCs showed negative
contrast in T2weighted(Figure 35Di F) and T2*weighted(Figure 35Gi 1) MR images.
Both the ~Z |Figyre35BiH) ad 5 Figude35Ci I) injections were observed at similar

locations inthe US/PA and MRmages
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Figure35. Multi-modal detection dPBNClabeled stem cellsPBNC-labeledMSCswere
suspended at 10k cell s/ el . Top row: contro
of PBNGI abel ed stem cell s. B o-labeledstem aelisPA 5 ¢ |
images (A- C) were acquirg at 740 nm wavelength. Muscle was placed over the cord

prior to MR imaging to mimic the clinical procedure atid postoperative imaging
scenarioMR images were acquired using T2{B) and T2* (G- I) pulse sequences. Red

arrows indicate location ofesn cells. Scale bar =2 mm.

Sagittal US/PA/MR images of the spinal cord were atsatedFigure36). In this
orientator~2e | and 5 of RBNGlabgke M$Csnvere wsible inhe same frame
to allow further comparison otJS/PA and MR detectiorof PBNGlabeled MSCs
Additionally, US/PA images werdisplayedwithout (Figure36A) and with Eigure36B)
a layer of muscle on top of the spinal cord to mimic intraoperative anebpesitive

scenariosrespectivelyand evaluate the feadibi of extending US/PA imaging to pest
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operative monitoringBoth PBNClabeled MSC injections were detected with PA imaging
in either case. T2*-weighted MR imagesconfirmed PA resultsand bothstem cell
injections were detected at similar locatiorgy(ire36C). Brighfield photomicrographs
further confirmed injection locations for PA/MRFiGure36D, E) and verified MSCs were
still labeled with PBNCs, indicated laggregatedlue pigment speckles docalized with

pink cytoplasm Figure36F).
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Figure36. Multi-modal detection of PBN@GbeledMSCswith overlyingmuscle. PBNE
labeledMSCs (red arrowsp t 10k cell s/ ¢l were injected
SagittalUS/PA (A, B) andT2* MR images (Cpepictedt he ~ 2 ¢l (left) a
injections of PBNGabeledMSCsbefore (A) and after (BC) a layer of muscle was placed

over the spinal cordBrightfield microscopy of eoststained tissuat 10x (D, E) and 40x

(F) magnificatiorfurther verified injetion locationgD i F).
Ex vivo studies validated surgical techniques, imagimgtocols,and detection
algorithms. Agreemeritetween US/PA and MR data setstivategprogressiono in vivo

studies. The first set ofin vivo studies similarly assesselde ability to guide needle
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insertion Figure37), visualize stem cell delivery intraoperativeRigure 38), and detect
PBNGC-labeled stem cells pesperativelywith MRI 24 hours after surgeFigure39). In

vivo US/PA datasets were acquired during-teak while the needle was inserted into the
spinal cord following the methods usedeix vivostudies. Ultrasound imaging provided
anatomical context, while PA imaging clearly highlighted the needle Jrgiiré 37).
Substantial reverberation artifacts from the needle were observed with both modakties
artifacts could be removedlith postprocessing.Realtime in vivoUS/PA imaging also
visualizedbreathingand resuihg motionin the spinal cord. This movement can change
the location of the injection target, thus visualization with US/PA imaging during needle

insertioncanimprove accuracy and safety of the procedure.

t = 0 seconds t = 5 seconds t = 30 seconds

Figure 37. In vivo US/PA imageguidance of needle insertion the rat spinal cord
Combined ultrasound (grayscale) aRA (color scale) images were acquired with a 20
MHz transducer at 740 nm wavelength in +idale. Red arrowindicate the needle tip.
Images from t = 0 seconds, 5 seconds, and 30 secondS)Aespectively. Scale bar =3
mm.

After needle insertion, US/PA images were acquired duringtdra cellinjection
in vivo (Figure38). PA signals from the needle and PBNMeledMSCswere segmented
such that the needle was primarily colosadid red to better distinguish PBN@abeled

MSCs. During the injection, accumuian of the PBNGlabeled stem cells was visible
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from O to 4>l (Figure38Ai1 C). Realtime guidance also highlighted a problem with stem
cell delivery in this casespedically reflux of the injection out of the spinal cord&Gtem
cell reflux would not have beerisible without image guidancelhus, results can inform
researchers or clinicianfanotherit is worth attempting another risky injection based on

stem cellretention at the tissue target

Figure38. In vivoUS/PAimaging during PBN&abeledMSC injection into the rat spinal
cord. Combined ultrasound (grayscale) &#d(color scale) images acquired with a 20
MHz transducer at 740 nmvavelength duringnjection of PBNCGlabeledMSCs at 10k
cell s/ edtt =10nmagza,s and),rspectively. Bgale lgat ==3dnm( A

Once the needle was removed from thaabcord, a finaset ofUS/PA images
wereacquired prior telosing the incision focomparisorio MR images acquired 24 hours
after surgery(Figure 39). Thus, this stdy mimickedthe transitionfrom intraoperative
guidancewith US/PA imaging to posbperativeguidancewith MRI, the gold standard for
clinical spinal cord imagingPBNGC-labeled stem cell injections weobserved asimilar
locationswith a similar footpint in US/PA (Figure 39A) and T2weighted MRimages
(Figure39B). After completing MR data acquisitioratswere sacrificedand the spinal
cord was excised. A photograph of the excised cord showed a superficial blue spot in the

center of thespinal cad, indicativeof PBNClabeled MSCgFigure39C).
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Muscle

Figure 39. In vivo intraoperative US/PA and pesperative MRI. (A) Combined
ultrasoundgrayscale andPA (color scale) images were acquired intraoperatively with a

20 MHz transducer at 740 nm wadabadedMSECgpat h af t
1 0 k c ePodtoperativie MR images were acquiradl hours late(B). Photograph of
theexcised spinal cordepicting PBNGlabeled MSCs (C)Scale bar = 3 mm.

Histological analysigurther verifiedpresence of PBN{abeled MSC<4 hours
after injection. Blue PBNCs were visible on eosstained tissue sections with brightfield
microscopy(Figure 40). However, brightfield microscopy only confirmed presence of
particles, notstemcells. To confirm the latter stem cells were doublabeled with a
fluorecent dyein addition to PBNCs prior to injection. Thugreen fluorescence

confirmed presence ¢fBNC-labeled stem cellwith confocal microscopy.
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Figure40. Histology of PBNClabeled MSCsat 24 hours Stem cells were doublabeled
with PBNCs and a fluorescent df@ellTracker Green) in cultuggior to injection into the
spinal cord.(A) Brightfield microscopy of eoskstained spinal cord and blue PBNCs. (B)
Confocal microscopy of DAPS$tained spial cord andyreenPBNClabeledMSCs

4.4.4 In vivo longitudinal monitoring

The abovein vivo studies highlightedhe feasibility of intraoperativeUS/PA
imagingand postoperativeMRI to monitorPBNC-labeled MSCst a single, early time
point. Howeverinformationis desiredat multiple, later time pointso more fully develop
the imaging platform In addition,extendingJS/PA imaging to posbperative monitoring
is of interest taddnew opportunities for therapy assessnant provide complimentary
information to MRI According to these goalsnore extensive longitudinal monitoring

studies were conducted.

For longitudinaiin vivostudiesPBNGClabeledMSCs( 5 ¢ | vidlkumge ldts/ ¢
weresimilarly injected directly into the spinal coaf immunecompromised rats (n = 5)
Multiple sites were injectedspace permitting After stem cell delivery,ite muscle and
skin were sutured back over the cohbdit the bone was not replaced per the clinical

procedure.Both US/PA and MR datasets were acquiredattiple time poinsi at most
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3,5, 7, 10and 14 days poshjection In all US/PA datasets belowabkground PA signal

outside of the spinal comleresuppressed using anatomical information from ultrasound.

Figure 41 displayspostoperativeaxial views of a PBN@abeled MSC injection
in the spinal cord at 3, 5, 7, 10 and 14 daysvo. Axial views were first assessed because
the orientatiorwas mosstraightforwardor image acquisition, processing, and visualizing
injections. PA signals from PBN@abeled stem cells were visible at all time poifig(re
41ATE). The T2weightedMR image at Day 14onfirmed presence of the PBN&beled
stem cell injection. Overaltesults indicateéxtendingUS/PA imagingto postoperative

stem cell monitoring in small animals seemed feasible.
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Figure 41. Longitudinal monitoring oPBNC-labeled MSCsn vivoi axial views.Post
operative ombined ultrasound (grayscale) aRé (color scale) images were acquired
using at 20 MHz transducer at 740 nm wavelength at 3, 5, 7, 10, and 14 days, respectively
(A7 E). PBNGlabeledMSCswere still visibleat day 14 with PA imaging (E). T2
weighted MR images confirmed presence of PEBlGledMSCs(F). Scale bar =3 mm.

To further establish a ground truth az@mparedetection withT2-weightedMRI,
sagittal and coronal views were also acquifgadyre42). Sagittal and coronal orientations
allow visualization of multiple injections in the spinal cord, which is common clinical
practice** The spinal cord was injectewith PBNGlabeled MSCsat three distinct
locations. By day 14sagittal views did not clearlgtepict injections(Figure 42Ai D).

However,negative contrasndicative of PBNCGlabeled MSCdrom all three injections
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wasmore clearly identifiable itoronal viewqFigure42Ei H). Coronal views may also

better visualize stem cell migration from the injection site.

Day 5 Day 7 Day 10 Day 14

Coronal

Figure42. Longitudinal monitoring oPBNGClabeled MSCIVRI in vivoi sagittal and
coronal views. PBN@abeledMSCs( 5 ¢ | at 10k cell s/ el) wer

cord at three separate locations. Sagittal (top rowDA and coronal (bottom row; EH)
Paost-operativeT2-weighted MR images at 5 (A, E), 7 (B, F), 10 (C, G), and 14 days (D,
H). Blue arrows indicatmjectionsof PBNCGlabeledMSCs

Givenbettervisualization of PBN@abeled MSC injections in coronal MRI views,

threedimensional US/PA datats were processed to display images in a similar orientation
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(Figure43). PA datasets were integrated with defytdlimension)o createa coronal view

of thethree PBIC-labeled MSC injectionand visualize thénjectionfootprint. The red
box indicates thapproximatdocation of the spinal cord. Changes in the injection location
and footprint of PBN@abeled stem cells were observed at each time pSormeimaging
artifacts may be preseifFigure 43B), and resultdid not perfectly agree with MRI
However, expecting perfect agreement was unrealistic due to differeneracinspinal
column orientation, MR image slice selection, contrast mechamms8 and MRI, and
detection sensitivity. In spite of this, three injection sites wepactedwith both PA and
MRI. With further developmenRA imaging mayultimately betier visualize stem cell
migration in the spinal corith small animalsn vivoas more subtle variations in the stem

cell footprint were observed with PA imaging.



Figure43. Longitudinal monitoring oPBNClabeled MSCs with US/PAnagingin vivo
T coronal views.ThreedimensionaPA datasets were integrated with defytaimension)
to create a maximum intensity projection gmducecoronal mapsf PBNGlabeled
MSCsatday5, 7, 10, and 14 posiperatively (Ai D), respectively. Redbox indicates
approximatdocation of the spinal cord. Scale bar =3 mm.

After 14 days, animals were sacrificed fostologyto verify presence oPBNG
labeled MSCs PBNCs were visible on eosstained tissue sections with brightfield
microscopy due to their blue coldfigure44A and44B). The large aggregates of PBNCs
may indicate internalization in cell§igure 44B). However, as was the case for
intraoperative studies, brightfield microscopy only confirmed presence of parholes
stem cells. Stemcells werealso doublelabeled with a fluorescent dye, indition to
PBNCsin cultureprior to injection into the cord. Thus, presence of PBA&lG2led stem

cells was confirmed with confocal microscopy by gréearescencéFigure44C).
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Figure44. Confirming presence &fBNC-labeledViSCsafter 14 days poshjection. Stem
cells were doubkabeled with PBNCs and a fluorescent d@gellTracker Green (A, B)
Brightfield microscopy of eosistained pinal cords and blue PBNCs. (C) Confocal
microscopy of DAPistained spinal cord argteen fluorescentesm cells.

4.5 Discussion

In previous workwe demonstratedse of AUNSSs to detect stem cells in the spinal
cordwith US/PA imagingt™* Although AuNSsare a widelyused contrast agent f&A
imaging, PBNCs have several benefits. Regarding optical properties, HBNEs peak
optical absorption at longer wavelengthi40 nm wavelength compared to ~680 nm
wavelength forAUNSs which allows PA imaging at greater depths and may improve
detection. Regarding magnetic properties, PBg@xluceMR contrast, which is not
possible with pure AuNSs. Magnetic contrast may expedite translation due to
compatibility with MRI, which & the gold standartbr spinal cord imaging. Although
PBNCs are in preclinical development, precursor components are FDA approved, which
may further simplify regulatory hurdles and translatiom addition, we previously
explored PBNC cytocompatibilii?® No effects on stem cell potency or viability were
observed, even when MSCs were exposed to higher concentrations of PBNCs compared to
those used here. Cytocompatibility over longer time periods remainsagséssed. For

these reasons, PBNCs are a promising contrast &gestem cell imaging in the spinal
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cord with clear benefits compared previous studies with AuNSs. Theimodal
US/PA/MRI platform augmented with PBNCs provides a variety of opfionsitra- and

postoperative detection adtem cells in the spinal cord in research and clinical settings

PA and MRI detection capabilities of PBN&beled MSCsvere compareth vitro.
Results indicated PA imagingas able to detect less thHDO cellgul. MRI had a detection
threshold of ~300 cells/pl. Althougim vitro results indicated PA imaging was more
sensitive to PBN@abeled MSCs, PA and MRI detection limits may vary in tissue. More
specifically, light penetration will reduce detection cali@ds of PA imagingin vivo.
However, forinvivos t udi e s Wdrdinjeateeder the Llipital protocolvhich is
roughly a 30 and 106fold increase over the MR and PA detection limits obseimed
phantom studies. As a result, we were able to detect HBbEIed stem cells vivoup
to two weeks posinjection. Considering the low detection thresholdpbfantom results,
it may be possible to detect stem cells at even longer time poiotsever, this may not

be required based on clinician feedback.

Features of the US/PA/MR imaging platform augmented with PBNCs were
demonstrated in experiments mimicking intaad postoperative situationsx vivoandin
vivo. PA imagingwasinherently vell-suited for intraoperative imaging due to the smaller
footprint, OR compatibility, lower cost, and fast image acquisition to allowtiraal
imaging. Although intraoperative MRI exists, implementation is challenging and high cost
is limiting.189182 One feature of intraoperative US/PA imaging weasttime guidance of
the direct stem cell injection into the spinal cord. Research has shown that direct injection
into the spinal cord has higher likelihood of therafmesuccess®® However,it comes

with higher riskdue to moe likely damage to the spinal codliring needle insertion
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Intraoperative needle guidance can help assure safe needle placement and success of the
stem cell injectionindicated by stem cell retention in the spinal cord, dose delivered, and

accuracy ofrijection locatiorr:431%

We previously investigated the use of ultrasound only to guide needle placement
into the spinal cord®’ Here, the use of PA imagingvas investigated for the same
purpos€’ In theex vivostudy, the needle shaft was barely visible using ultrasound alone
at 20 MHz imaging frequenc¢yut was clearly highlighted with PA imagiag 740 nm
wavelength One reason for this is the angular dependence of ultra$éuddmpared to
ultrasound, PA imaging is less dependent on thecblajegle relative to the transducer
because contrast is based on light absorption, not backscattering. As a result strong PA
signalswere generated from the needle regardless of orientdfiohhus, intraoperative
PA imaging may be a better option for needle guidance, while intraoperative ultrasound
provides anatomical context.Needle guidance was also possible duringvivo
intraoperative imaging. An additional benefit of reale guidance with US/PA imaging
was highlighted as movement in the spinal cord from breathing was also visible, which
may change the injection location and have implications on injection safltyfad,
neurosurgeons have developed a spinal cord derrick to guide and stabilize direct injections
into the spinal cordor this very reasanwhich further highlights the importance and

clinical need for image guidanéé

After needle placement, the PBN&beled MSC injection was detected in reale
using US/PA imagingvith bothex vivoandin vivo studies From a clinical perspective,
results can provide physicians with immediate feedback on injection success

intraoperatively. Currentlieedback on injection volume, location, and stem cell retention
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would likely be confirmed with posipemtive MRI due to limited availability of
intraoperative MRI systems.Thus, intraoperative information is often unavailable to
indicate failed stem cell delivery in re@ine, highlighting abenefit of the intraoperative
US/PA imaging approach. In a resdasetting, therapy development can also proceed
more efficiently by immediately confirming delivery success. US/PA results from
intraoperativemimicking studies were compared to MRI. There was good agreement
between modalities, and PBN@&beled MSCs we detected at similar locations. Some
differences in injection morphology were observed and were suspected to result from
differences in imaging sliceat orientationand detectionsensitivity of PBNCslabeled

MSCs withPA and MRI.

Toinitially asses postoperative potential of the trimodal US/PA/MRI approach, a
layer of muscle was replaced on top of the spinal cordipjesttion to mimic the clinical
procedureex vivo Even in clinic, bone is not replaced after the surg€rgroviding a
convenientUS/PA imagig window. PBNClabeled MSCs were still detectable with PA
imaging in spite of the additional muscle layer, indicating feasibility of-ppstative

US/PA imagingand motivatingn vivo, longitudinal studies with US/PA/MRI

For in vivo longitudinal stuges, scattering from the skin and increased imaging
depth due to swelling at the surgical site required use of higher laser energigsvivo
studies, PBN@abeled MSCs were visible with approximately 7 m¥an 740 nm
wavelength. However, approxinedy 20 mJ/criwas required to visualiZeBNG-labeled
stem celldor in vivostudies. PBN&@abeled MSCs were ultimately visible at 14 days post
injection with both MRI and PA imaging in rats. Although MRI still has the advantage for

postoperativeimagingdue toease ofvhole body penetration, detection of PBifDeled
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stem cells with PA imaging fdn vivo longitudinal studiedringsa new opportunityo

implementa low-cost alternative that provides complimentanfgprmation to MRI

Results fromin vivo longitudinal studies were confirmed with histology in addition
to MRI. Although MRI isthe best comparison for verifying PA results, neither modality
can distinguish the presence of PBMNMeled MSCs versus PBNGdone or PBNCs
transferred to another cell typeBy doublelabeling the PBNGlabeled MSCs with a
fluorescent dye, CellTracker Gregresencef doublelabeled MSCs in the spinal cord
verified US/PA/MRI resultswith optical methods However confirmation with confocal
fluorescent microscopy was not ideal. One issue was physical blockage of fluorescent
signal from highly concentratdBNCs within cells, which diminished green fluorescence
from doublelabeled MSCs.In spite of this, optical microscopy still depicted sogneen
fluorescent signal froRBNGC-labeled MSCs. Together with PA aliR results, histology

furthervalidatedpresence of PBN@abeled MSCs at 14 days pasjection.

4.6 Conclusions

Results showed proaff-concept of a trimodal US/PA/MR imexy appoachfor
intraoperative guidance sefem cell delivery in the spinal coaddlongitudinal monitoring
of stem cells up to 14 days pagteratively A key aspect of this approaalasthe useof
a unique formulation of Prussian blue nanocubes, develogealise'*®to produce multi
modal PA/MR contrast. MSCs were labeled with 200 nm PBNCs in culExe&ivoand
in vivoUS/PA/MRI studies in rats demonstrated several features supportirgimdrpost
operative usability, including reéime needle and injection guidance, immediate feedback

on stem cell delivery success, dodgitudinalmulti-modal stem cell detection. PA and
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MR images showed good agreement on stem cell location ir artch postopeative
scenarios.In the future, long term effects of PBNCs must be assessed. To fully evaluate
PBNC cytocompatibility, impact on stem cell secretory profile should also be assessed,
and particle clearance must also be evaluat€iverall PBNCs may fadtate new
opportunities to guide stem cell therapies in the spinal cord, and results lay the groundwork

for a customizble trimodal imaging approach.

4.7 Future work

The key next stepto advancehe trimodal imaging approadbr applications in
the spinal ord are large animal studies and implementation of functional imaging.
Althoughin vivostudies in rodents werecessary to justify future warktudies in porcine
models areritical to assess clinicdeasibility. Regarding functional imaging, detexi
stem cell locationvasfirst required tgorovide foundational monitoring informatiotNow
that location was detected, the platform can be fudkgeloped for more sophisticated
monitoring.  Specifically, functional monitoring is desired to providecfional
information regarding stem cell status and therapy progression, ssiamasell viability,
proliferation, and differentiation, or blood flow and oxygenatioRor these reasons,
current efforts are focusedn spinal cord imaging in porcine moslednd developing a
sensor to detecttem cellapoptosis Both aspectshave beerexploredin preliminary

experiments detaileldere

Translationof intraoperative US/PA imaging to aXx vivo porcine spine was
assessed. A porcine spinal column was obthfrom the slaughterhouaadwas similarly

prepared by performing a laminectomy to expose the undedgimglcord. In this case,
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PBNCs alone were injected at two sites altregspinal cordollowed by US/PA imaging

to mimic the intraoperative scenario. The spinal cord was imaged with both a 15 MHz and
20 MHz transducer. It wasitially expectedhat the 15 MHz transducer would faeored

for large animal studies due tpeater possiblémaging depthof the lower frequency
transducer. However, the 20 MHz transducer praterred. Themaller footprint of the
transducer allowedloser positionindo the spinal cord to maximize fluence at the PBNC
injection sites andhigher frequencyettervisualized anatomy Both injecton sites were
visible with US/PA imaging ir2D sagittalviews (Figure45A and45B). Although each
site was theoretically injected with 2bof PBNCs, the injection fdprint differed. Three
dimensional volumetrit)S/PA images confirmed this result, whiblghlightedvariability

in the procedure anain opportunity to improve consistency withage guidancéFigure
45C). After imaging, thespinal cord wagxcisedfrom the spinal column and cut in half

to confirm presence of PBNCEiQure45D).



Figure45. US/PAimaging of PBNCsn a porcine spinex vivo A 25 &BNCsg ol
(blue arrows)vas injected directly into the spinal cord at two locaiofwo-dimensional
US (grayscale) and PA (color scale) sagittiegws before (A) and after (B) injection.
Threedimensional US/PA volumetric image visualized the injedtiolus(C). The spinal
cord was excised and both injections were obse®@d Sale bar = 3 mm.

Although a high concentration of PBNCs was injected in this(e#&#k0D) results

indicated feasibility of intraoperative US/PA imaging in a large animal medeth isan
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important steps towards feasibility in patienttowever, manyactors must be considered
for translation of the trimodal imaging approach to large animalsvo andhumans for
postoperative monitoringFirst, ight penetration and imaging dette concernfor post
operative monitoring. Currently))S andPA imaging depths of15 cm and ~7 cm
respectivelycan be reache®!®! In humans, the distance from the spinous process to the
spinal column is approximatelyil2 cm in the cervial region, 3i 7 cm in the thoracic
region, and 3 cm in the lumber region. Dimensions are similar forffiggased on these
dimensions postoperative US/PA imaging may be feasilolee tothe imaging window
created by lack dbone but anatontal distance to the spinal cowdll still challenge the
penetration limit of current PA imaging hardwar#. the currentPA imaging depthis
insufficient it may bepossible to detect PBN{abeled MSCs using more complex
ultrasounddetection mechanisms, such as magnetomotive imagfing\lternatively,
technological advances light delivery mayeventudly allow postoperative PA imaging

of stem cell therapies in the spinal cafdarge animals or huma In the meantime, the
great advantage of PBNCs that MRI can be used for posiperative monitoring
immediately, whildJS/PA imaging can still benefit stem cell therapies with intraoperative

guidance.

To address the need for functional stem cell monitoring, a PA imaging probe to
assess stem cell apoptosis was developed. Although substantial functional information
related to cell and tissistatusis desired our initial focus is on apoptosis due toenednce
to a wide range aftem cell tracking applications. A probensisting of the DEVD peptide
sequencean opticallyabsorbingdye, and an aggregating/quemzh (AgQ) unit was

synthesized.Note that the probe design does not include any nanopartithesoverall



detection scheme is illustrated kigure46. While a cell is alive, thelye component of
the probe is fluorescently active, anak a resultthe photoaoustic signal is low.Upon
cell apoptosisheDEVD peptide motif is cleaved by casp&&e key mediator of apoptosis
that is activated by a variety of signals triggering programmed cell #&atbleavage
allows the probe to seffolymerize andiggregate More specifically, ggregationof the
dyequenchedluorescent activityanddecreases quantum yield, whialturnincrease®A

signal'®*1%® Thereforeenhanced PA signal correspondsell apoptosis-:197

( Stem cells labeled \

Fluorescence: On PA: Off with probe

O, A
Caspase-3
O A

. ‘&

Q-0

L]
Fluorescence on PA on
Fluorescence: Off PA: On PA off

Fluorescence off)

Figure46. Detection scheme of the stem caghloptoss probe. Theprobeconsists of the
DEVD peptide sequendgreen oval)dye(purple polygon)and an ggregating/quenching
unit (AgQ; red trianglg. Upon cell apoptosjsaspases cleaves the DEVD motiallowing
the probe to aggregate aedhancdA signal corresponding to cell apoptosis.

After synthesis, probe function was tested in tissumicking phantom

experiments MSCs were incubated with the probe overnight in cell culture. The next day,
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the media wasollected and MSCs were washedtwiPBS to remove any residual probe.

The media was repl aced ofdodorubicinpAdtér oumleonrs, e d wi t
the cells and media were collected for phanfeparation and US/P#naging. Dome

shaped inclusionsonsisted ofhe naive livecells, probelabeled dead cells, and the probe

alone. Representative US/PA images showed deadlabkded with the probe produced

a PA signal at 700 nm wavelendtiigure47B). Analysis of the PA spectrum of each

inclusion showed rmaincreasedPA signal and spectral shifipon cell deathKigure47B

andC). While it is difficultto make conclusions based on changes in magnitude of the PA
signal, the spectral shifbbserved from ~800 nm wavelength to ~700 nm wavelength in the

probe alone versus the preladeled MSCsnay better distinguish cedipoptosis
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Figure47. Assessing stem celpoptosisletectionin vitro in a tissuemimicking phantom.
Combined ultrasound (grayscale) &l (color scale) images of live, unlabeled MSCs (A)
and dead MSCs incubated with the probe (@) PA spectra oflead cells (red line), live
cells (green line), and the probe alone (black line).

Although results demonstrated changes in the PA signal from the probe upon cell
death, there were many issudsntified inthis study. First, cell death was primaripused
by the probe itself. Afteovernightincubation with the probe alonmany MSCs were
discovered floating and lysed the mediahe following daybefore any doxorubicin was
added To salvage the experiment, the media containing the dead, lysednceibated
with the probe was also collected and imaged in the tissue mimicking phantom. This
samples i dent i f i eidw/a sp rfiolbecadd acbebhVhter s{udies, dutthere 4 7 ) .
purification stepsduring probe synthesisliminated cell death ahlysis caused by the

probe. However, once the probe no longer caused cell lysis, there was lalsgarany
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change in the PA signal upon cafloptosis Thus,cells didnot efficiently endocytose the
probe to allow PA detection of caspase activatiotiimé cytoplasmOverall, hitial success
(Figure47) was observed because cell lysis allowed caspaseccess the probe external

to the cells

To address thigproblem, laser delivery of the prohesing perfluorocarbon
nanodroplets was attempted. The idea is similar to sonoporation, but ilasteatight
irradiation of nanodroplets provide the mechanical stimulus to open the cell
membrané®®1% The labeling scheme is depictedFigure48A. Briefly, stemcells were
incubated with a cocktail of the@p@tosisprobe andight-activatednanalroplets, which
contaireda dyeabsorbingat 1064 nm wavelength. Upon laser irradiation at 1064 nm, the
droplets vaporizeéto generate acoustic waves, which can mechanically stinttdatgent
opening of the cell mennaneto allowthe probe to enterin tissuemimicking phantom
studies, results indicated delivery of photoacoustic absorbers into theFoglisee@8Bi
E); however, shstantial background signal was obsennedhe light-irradiated cells
incubated with nanodroplets onllyigure48D and48E). Thus, it appeared that the 1064
nm dye morefavorably crossed the cell membrareher than the apoptosgobe.
Although development of this lasbased delivery techniqgue would be beneficial for
various applications, use of existing technologies, such as electroporation, may be a better

immediate solutiono deliver the apoptosis probe to MSCs in culture
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Figure 48. Apoptosisprobe delivery using light-activated nanodroplets. Laskght-
activatechanalroplets may be able to temporarily permeabilize themoeibraneghrough
acoustic stimulatiomo improve delivery efficiency (A). Combined ultrasound (grayscale)
andPA (color scale) images of live (B, D) and dead stem celitdcewith doxorubicin
(C, E). Top row (B, C): stem cellsncubated with the prabandnanalroplets. Bottom
row (D, E): stem cells incubated wittanalroplets only. All groups werieradiated with
300 laser pulsefor duration of 10 nat afrequency of 10 Hz.

4.8 Contributions from collaborators

In this chapter, specific contribotis were made by Eleanor Donnelly, Diego
Dumani, Jisha V.S., Andrew Zhaand Johannes LeisenEleanor Donnelly provided
training to execute thie vivosurgeries. Diego Dumani conducted the SQUID experiment
for PBNCs. Jisha V.Synthesizedhe apoptas probe. Andrew Zhao synthesizZight-
activated nanodroplets and tested lpsgameters to delivéine caspas8 probe.Johannes

Leisen provided expertise and training to execute magnetic resonance imaging studies.
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CHAPTER 5. TRACKING PARTICLES T O INFORM VACCINE

DESIGN

This work was presented at two conferences:

Kubelick, K.P., Pradhan, P., Roy, K., & Emelianov, S. Ultrasound and Photoacoustic
Imaging to Aid Design, Optimization, and Validation of Patheljlem Particle Vaccines.
IEEE International Ultrasnics Symposium, Kobe, Japan, October 2018.

Kubelick, K.P., Pradhan, P., Roy, K., & Emelianov, S. Tracking Vaccine Particle
Trafficking to the Lymph Node using Ultrasound/Photoacoustic Imaging Tools.
Biomedical Engineering Society (BMES) Annual MeetinglaAta, GA, October 2018.

5.1 Abstract

Development ofparticulate vaccines, termed pathogie particles (PLPs), is of
interest to stimulate a more robust immune response compared to traditional, small
molecule formulations. Physical properties of PLPAs loa tailored to impact trafficking
to the lymph node, ceparticle interactions, and ultimatelaccinemechanism of action.

To expedite development of PLPs, a minimally invasiergitudinal monitoring tool is
needed to understand the impact of vae@article design on the immune respansavo.

Thus, wehave developed an ultrasound/photoacoustic (US/PA) imaging platform to track
PLPsduring traffickingto the lymph nodewhich can provide insiglan how to effectively
design PLPs to stimulate alqust immune respons&everal types dPLPs composed of
poly(lactideco-glycolic acid) (PLGA), were synthesized using a waiéwater double
emulsion method Different optical absorbers foPA or fluorescent imagingvere

encapsulated within the PLPEhe most promising formulatipnanesized PLPs (nPLPS)
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~300 nm diametaandloaded with dye absorbing at 950 nm wavelengts assesseuth
US/PA imagingin vivo. BALBL/c mice received subcutaneous injections of Dye950
nPLPs, and the inguinal lymptode was imaged at multiple time points up to 48 hours
postinjection Dye950nPLPs were then coated with an adjuvant, Gp@&imic vaccine
particles and compare differences PLP trafficking. Spectroscopi@nalysis of mult
wavelengthPA datasetsdetected presence of uncoated and adjuveated Dye950
nPLPs. Accompanyg changes in lymph nodavellingand bloodaccumulatiorwere also
observed Several technical challenges remain, including sensitivipadicledetection
and crosstalkbetweenparticles andendogenous absorbedsie to overlapping optical
spectrawhich motivateresearchareas forfurther development. Overall initial results
indicated thepotential of the US/PA imaging platform to infoparticulatevaccine design,

which may le applicable to particlgackingin other applications in the future.

5.2 Introduction

Development oparticulate vaccines, termed pathodiée particles (PLPS), is of
interest to stimulate a more robust immune response compared to traditional, small
molecule formulation§®°° Physicalproperties of PLPs can be tailored to control vaccine
deliveryand ultimately mechanism of actibg manipulatingrafficking to the lymph node
andcell-particle interactions? Particlesize, compositionandsurface coatingan all be
tailored to engineer immunity,leading to endlessdesign combination®200201  For
example, considering surface coating alone, the type of coatirfgce moleculdensity,
resulting particle charge, and hydrodynamic radius all impact immune resptisegh
an incredible variety of particles have been developed to datieomes are not well

understood® This can bepartly attributed tdahe lack ofin vivo monitoring techniques to
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evaluateparticleinteractions with the immune systemo expedite development of PLPs,
a minimally invasive longitudinal monitoring tool is needed to understaneidtgonship
betweervaccine particle desigandtheresultingimmune rgponsean vivo.

Other than histology, e existing option to address this need tiwo-photon
intravital imaging Two-photon intravital imaging has drastically advanced understanding
of theimmunesystemin vivo.8%®! This purely optical method ian excellent option for
cellular and moleculalevel imaging due to high resolution and compatibility with existing
optical dyes tanonitorcomplexcellular and moleculaesponsesAlthoughcertainlymph
nodes are quite superficidlyo-photon microscoputill lacks sufficient imaging depth for
in vivomonitoring which is why twephotonintravital imagingwas developedIntravital
imaging requires ahighly invasive, specialized surgical procedure, whbeeskin is
removed and replaced with a transpangatving window to facilitate optical imaging.
Thus, twephoton intravital imaging increases imaging depth by eliminating light
scattering and attenuation at the skin alternative option ithe commercidly available
fluorescenin vivoimaging systen(lVIS; PerkinElmer) However, resolution is poor and
sensitivity and imaging depth are limited by optical scattering from the skin.

Although current optical imaging techniques are not ideal, the desatblaites
of these systems are clear, specifically higolution, highcontrast, and the potentit
detect many cellular or molecular events simultaneously tisewgide variety of available
optical absorbers Considering the characteristics of aleal system, ultrasoun@S)
guidedphotoacousti¢PA) imaging is an excellerditernative As a combined optical and
acoustic modalityPA imaging captures the best of both worlds for lymph node imaging

by providinghigh resolution opticatbased contist at greater imaging depttisan purely



optical methods For this reasor?A imaging has been widely used @iher applications
of lymph node imaging using nanodroplets, metallic nanoparticles, endogeptice
absorbersand dyes?%265  However, US/PA imagingpols havenot been specificbl
developedo monitor vaccine particle trafficking to the lymph node

In this chapter, anosized PLRB (nPLPs)with a diameter of approximately 300 nm
were synthesizetf->>°’ An optically absorbinglye, Dye950 wasencapsulatedithin the
nPLPsto generate PA contrasthe first batch of Dye958nPLPsreceived no further
surface modification A secondbatchof Dye956nPLPs wasoated with an adjuvant,
CpG, to mimic a vaccine particleBALB/c mice received subcutaneous injections of
uncoated or adjuvaitipated particlesvhile US/PA datasets were acquingato48 hours
postinjection. Spectroscopic PA analysiasimplementedo distinguishDye956nPLPs
from the backgroundResults provided information guarticletrafficking to the lymph
node particle localization within the lymph node, amdrphological changest the lymph
node. Furthermore thrabmensioml (3D) US/PA volumetric images visualizghrticle
distributionfrom the injection site to the inguinal lymph nodeogéther, these pieces of
informationcanindicatepassive drainager active cellular transpodf PLPsto the lymph
node If and howPLPsarriveto the lymph nodeltimatelyimpacttheimmune response
and vaccine mechanism of actitfrf’22%4 Thus,results lay the groundwork faeveloping
a US/PA imaging platfornto inform vaccine desigrand monitor more compbe cell-

particle interactions in the future.
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5.3 Materials and methods

5.3.1 Particle synthesis and characterization

All materials were used as received. PLGA (RG502H, Sigidach) PLPs were
synthesized via a wat@il-water double emulsiorand all subsequentoating steps
followed previously established methodsscribed elsewheré >’ Small modifications

were made tthe protocol tancorporatephotoacoustic or fluorescent dye

Briefly, to synthesize micmesizedPLPs(mPLPs)with ~ 1 micron diameter200
mg of PLGA and8 mg ofhydrophobic dygeither Dil (SigmaAldrich), Epolight 9151
(Epolin; refered to as Dye750), or Epolight 3832 (Epolin; referred to as Dye Q&
dissolved inl0 ml ofdichloromethane (Sigmaldrich) and added to 308 bf deionized
ultrafiltered (DIUF) water The solution was homogenized at ~10,000 rpm (SL2T) for 2
minutes. The first emulsion was then added to 50 ml of 1% polyvinyl alcohol (PVA,
SigmaAldrich) and homogenized at the same speed for 2 minutes. The second emulsion
was added to heaker containing 100 ml of 1% PVA and stirred gently for 3 hours in a
fume hood. Following solvent evaporation, particlese centrifuged 2500 rpm for 20
minutes. The pellet was resuspended in 2 ml of DMater, and the process was repeated
three times. After the finalentrifugation steptheresuspended PLPs wdtash frozen in
liquid nitrogen and the sampleas lyophilized FreeZonel.abconco) for at least @ays

After drying, the sample was weighed atdred at2 0 e C .

Methods tosynthesizenPLPs with ~300 nm diametervere also previously
establishealsewherg*>’ Briefly, the same amount &LGA and hydrophobic dywas

dissolved id ml of dichloromethane and sonicatg@d700, QSonicaat approximately 85
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W for 2 minutesin the presence df mI DIUF water. In the second emulsion, the sample
was added t@6 ml of5% PVA and sonicated at the same power for 5 minutes. The double
emulsion was poured into a beaker and gently stirred for 3 hours in a fumeduodioding

solvent evaporation, particles were centrifuged at 3500 rpm for 20 minutes to remove large,
pelleted PLPs. The supernatant was then centrifuged,@d@ G for 20 minutes. The
pellet was resuspended in DIMRAterand centrifuged two additionaimes. After the final

spin, the pellet was lyophilized following the abguretocol

In preparation for adjuvartoating, nPLPs were coated withbranched
polyethylenimine YPEI, Polysciencesyia well-establishedsurface activation methed
describedy others®>’ Briefly, 200 mg of PLPsvereresuspended in 3 ml of ice cddl
M MES (SigmaAldrich) buffer. Two separate solutions af0 molar excess EDC (Sigma
Aldrich) and 25 molar excess sufdHS (SigmaAldrich) in 1 ml of 0.1 M MES were
prepared. Theulfo-NHS solution was added to the PLPs, followed byHEReC solution.
Samples were covered in aluminum foillowed by gentle shakingt room temperature.
After 2 hoursa bPEI solution consisting of 14.1 ml bPEI, 28.2 m0& M MES buffer,
and 1.8 ml HC[37%, VWR) was added to the PLP solution. The solution was stirred for
2 hours. The PEWPLPs werecenfiuged at 22, 000 G for 20 mi
was resuspended in 20 ofl LM NaCl and centrifuged again using the same parameters.
The pellet was resuspended in 20ahDIUF waterand centrifuged again using the same
parameters. After the fingbm, the pellet was resuspended in 5 ml of RNAse/DNAse free

water and lyophilized following the aboveopocol.

PEFNPLPs werenext coated with an adjuvant, CpG (ttB26; Invivogen)

according to methods previously described elsewtferd sodum phosphate loading
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buffer (pH 6) was obtained from collaboratansthe RoyLab. Two centrifuge tubes
containing reaction components were prepatedlTube 1, 50>g of CpG was added tb

ml of loading buffer ina 2 ml low adhesion centrifuge tube (USA Scientific). In Tube 2,
5 mg of PEAPLPswereadded to 1 ml of loading buffém a 2 ml low adhesion centrifuge
tube Tube 2 was briefly sonicated fori 510 seconds to resuspend RELPs. Tube 1
wasthensecuré in avortex. While Tube 1 wasontinuallyvortexedat low speedthe
solution from Tube 2 was added dropwiseTube loveroneminute. Once the entire
solution from Tube 2 was added to Tube 1, the lid on Tube 1 was cévsthe solution
was vortexd at high speed for 30 seconds. Tube 1 was wrapped in foil and rotated
ov er ni g hThe falowing daythe Cp@PLPswere centrifuged at 3000 G for 20
minutes. The supernatant was keptdébermineCpG surface loadingn theCpG-nPLPs
(Synergy HT meroplate reader, BioTek Instruments; singleanded DNA setting The
pelleted Cp@GPLPs were resuspended atdCpG#l in sterile PBS to prepare far vivo

injections.

PLP hydrodynamic diameter and surface charge was measured with DLS and zeta
potertial, respectively KMalvern Zetasizer Nano ZS). Prior to measurements;nPEPs

were sonicated in a bath sonicator for 10 minutes.

5.3.2 PAassessment &fLPsin a tissuemimickingphantom

A tissue mimicking phantom was preparadd imaged with US/PA imaging
according ® the methods described abovegsSectior3.3.69. In this case, the dome
shaped inclusions contained uncoatedand nPLPsloaded with Dye750 or Dye950.

Seven different domes were prepared for each oydeLP containingifferent particle
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concentrations: 12.5 mg/ml, 6.3 mg/ml, 3.1 mg/ml, 1.6 mgdaai3 mg/ml, 0.39 mg/ml,

and0.195mg/ml.

5.3.3 In vivo studies

In vivo studies were conducted followirtge Institutional Animal Care and Use
Committee (IACUCQuidelines per the Georgia Institute of Technology. Female, BALB/c

mice (Charles River Laboratoriesere used in these studies.

For US/PA imaging experimentsjyice receivedDye950nPLPs with different
coatings. More specifically, twmice received uncoate®ye956nPLPs,and twomice
received Cp&oatedDye9568nPLPs( hencef ort h r eDieS50mBdPR & @) as
Anesthesia was induced with 5% isoflurana #bw rate 0f500 m/min and maintained at
1 - 2% isoflurane at the same flow ratelair wasremoved on thabdomerbetween the
legs and ribs Mice were injected on thieft side near the mammary fat paith 20 >| of
Dye9506nPLPsor CpGDye956nPLPs which mrresponded to 20 mg oPLPs an@0>g
of CpG where applicable Threedimensional multwavelength US/PA datasets were
acquired using the Vevo LAZR (see Sectihf.2and3.3.5. Datasets were exported to
MATLAB (Mathworks, Inc.)and postprocessed with spectroscopinalysis (see Section
2.3.5 to distinguish PA signals from endogenous and exogenous absorbers, in this case
blood andDye956nPLPs or Cp@ye950nPLPs Threedimengonal volumes were

created in AMIRA Thermo Fishex

Fluorescent imaging experiments usingithgivoimaging system (IVIS Lumina,

PerkinElmer) and fluorescent microscopy were conducted to establish a ground truth for
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comparison of photoacoustic resulForin vivofluorescenexperimentsfemale, BALB/c
mice received DHoadednPLPs( r e f e r r e dn PtLdP with iffefer icdatings.
More specifically, threenicereceived uncoateil-nPLPs and threenicereceived CpG
Dil-nPLPs Mice were similarly anesthetized for hair removal and particle injectilms.
this casea 20>l subcutaneoumjection wasadministerean the underside of the left leg
further away from the left inguinal lymph nodsompared to the injection with
phaoacoustic particles After 24 hours,mice were anesthetized again for fluorescent
imaging withlVIS. Afterin vivofluorescent images were acquired, mice were sacrificed
for acquisition ofex vivofluorescent images with IVIS. In this catiee skin wa removed

to exposebothinguinal lymph nods, andthe injection site was covered with a piece of
gauze tesuppresshe high fluorescent signal from the injection $dellow detection of

low concentrations gbarticlesat the lymph node.

After sacrifice bothinguinal lymph nodes were harvestiedm all mice Lymph
nodes were sectioned and stained with eosin for brightfield microscopy (Axio Observer,
Zeiss) or DAPI for confocal fluorescent microscopy (LSM 700, Zeiss). The staining

protocol folowed methods described above (&=rtiond.3.10.

5.4 Results

5.4.1 Particle synthesis and characterization

Sevendifferent types of photoacoustic PLPs were synthesized with different
photoabsorbers, diameters, and particle coatings, as describatleé3. The original
formulation of PLPs, composed of PLGA, does not optically absorb for tracking with

photoacoustic imaging, IVIS, or fluorescent confocal microscopy. Thus, various
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photoabsorbers were encapsulated within the PLP by adding hydrophobic tye®ilo

phase during the double emulsion synthesis.

Table3. Description of PLP formulations. The size column indicates target diameter of
~1 pm (micro) or ~300 nm (nano). The absorberolumn indicates type of dye
encapsulatedThe coating column indicates whether®id>has no coating anadjuvant
(CpG)coating Themodality column indicates Pér fluorescentontrast

Micro Dye950 None
2 Micro Dye750 None PA
3 Nano Dye950 None PA
4 Nano Dye750 None PA
5 Nano Dye950 CpG PA
6 Nano Dil None Fluorescence
7 Nano Dil CpnG Fluorescence

The optical properties of uncoated photoacoustic Pisb#&ch contained Dye750
or Dye950, were assesed with U\Vis spectrophotometryFgure 49). First, the
absorbance spectra of free Dye750 and Dye950 was measured and compared to the known
spectra of endogenous alsers, specifically Hb@and Hb.1°9112 Both photoacoustic
dyes had a distinct optical signature compared to endogenous absorbers, which indicated
potential to distinguish Dye95@ or Dye7506PLPsin vivo with multi-wavelength PA
imaging and spectroscopic analysis. The extinction spect2zye®50 and Dye750

mPLPs Figure49B) or nPLPs Figure49C) had similar spectral signatures to the free dye,
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indicating successfulencapsulationof absorber Optical scattering waapparent in
measurements of Dye958nd Dye756mPLPs, indicated by noise in the sped&aure
49B). Less optical scattering was observed in the measuremeDi&850 and Dye750
nPLPs due to their smaller si@eigure 49C) Unlike, PA imaging, UWVis measurements
weresusceptible to scatteringspectral kifts were also observed in the dgadedPLPs

compared to free dye becaube optical signaturecanvary based on concentratiar

encapsulatedye
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Figure 49. Characterization oPLPswith UV-Vis spectrophotometry. (A) Absorbance
spectra ofree Dye750green), free Dye950 (pink), and relevant endogenous absorbers for
lymph node imagingn BALB/c mice Hb (blue) andHbO: (red). Extinction spectra of
mPLPs (B) and ALPs (C)loaded with Dye750 or D@50. Similar spectral signatures
were observed for théree dye and dyeencapsulatedn the PLPs however, some
differences were observed. Noise in the spectra of mPLPs resulted from scattering of the
larger particle. Differences in the ratios between extinction peaks can result from
differences in concentiian of dye encapsulated in each particle type.
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The PA signal of uncoatedPA-taggedPLPswas assessed in tissumimicking
phantom experiments. Seven domes with decreasing concentrations were prepared for
each typeof PA-tagged PLP to determine the deiectimit. PA signal was detected from
all four types of PAtaggedPLPsat the lowest concentration 6f195 mg/ml: Dye950
mPLPs Dye750mPLPs Dye950nPLPsand Dye75PLPs However, a higher PA
signal was observed from the nasieed formulations. Furthermorepompared to
endogenous absorbddye950 tada more distincspectral signaturthan Dye750, which
hasa sharedpeakwith Hb (Figure49). For these reasonthe followingin vivo studies
described hereaftewere conducted with Dye956nPLPs becausecharacterization

determinedhis was thanost promisingormulationto allow US/PAdeection.

Dye950nPLPs were further characterized with DLS to determirike
hydrodynamic radiusT@able 4). Results were compared to uncoated PLPs that were not
loaded with any dye, and DHPLPs for fluorescent imaging. Additionakasurements
wereacquired after coating theye956 andDil-nPLPs with PEI. The uncoated nPLPs
had a smaller hydrodynamic diameter of 277.5 nm compared to that of the EnfROB6
or Dil-nPLPs, at 301.7 nm and 330.9 nm, respectively. This may indicate some dye coating
the PLP surface. As expected, hydrodynamic diameter increased when the particles were
coated with PEI. Particles also tended to aggregate after the PEI coating step. -The PEI
Dye9506nPLPs seemed more susceptible to aggregation than thBiREPLPs with a

hydrodynamic diameter of 2654 nm compared to 479.7 nm.
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Table4. Averagediameter of different types ofPLPs PDI = polydispersity index.

) Z- average
Particle type diameter (nm) “

nPLP 277.4 0.054
Dye950-nPLP 301.7 0.074
PEI-Dye950-nPLP 2645 0.334
Dil-nPLP 330.9 0.289
PEI-Dil-nPLP 479.7 0.373

Particle surface charge was assessed withpgtntial(Table 5. The surface
chargechanged after each coating step as expected baggéwausresultsfrom others
> The uncoated particles had a negative surface chafier PEtcoatingthe surface
charge became more posgivFinally,the surface charge became more negaititex CpG
coating Plate reademeasurementdetermined th€pG surface loading wasl 0 of ¢

CpG/mg of particles for both CpBye95GnPLPs and Cp®il-nPLPs.



Table5. Comparing surface chargem®LPsafter each coating step

Particle type Zeta potential (mV) Zeta deviation (mV)

nPLP -31.0 5.73
Dye950-nPLP 343 583
PEI-Dye950-nPLP 38.4 5.86
CpG-Dye950-nPLP 9.86 3.09
Dil-nPLP -19.5 4.06
PEI-Dil-nPLP 20.2 4.76
CpG-Dil-nPLP -3.31 5.60

5.4.2 In vivo studies using uncoate®LPs

For the first set ofin vivo experiments, Dye958PLPs (uncoated)were
subcutaneously injected near tleét mammary fat pad. Uncoated PLPs were initially
studiedto assess feasibility d?A detectionprior to studying a more realistic and complex
adjuvantcoated vaccine particle Multi-wavelength US/PA datasets were acquired
continuously for the first 2 hours peasjection andat 24 hourpostinjectionfollowed by

spectroscopic analysis.

Prior © injection of Dye95ePLPs, only Hb and HbfQvere identified, indicating
minimal crosstalk between optical absorbeFsgygre 50ATC). Crosstalk between
endogenous andkxegenous absorbers creatietection inaccuracies due to overlapping

spectral signaturesvhichultimatelyleads to incorrectidentificationof blood orparticles
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As expectedo Dye956nPLPs were detected prior to injectiomhus,thereappearedo

be mnimal crosstalk between absorheagd results gaveonfidence irparticledetection

at later time points By 2 hours posinjection, some PLPs were observed at the lymph
node periphery (pink arrovifigure50L). By 24 hoursmore substantial accumulation of
PLPs was detected surrounding the lymph node and in surrounding vEgs#ie 500).
Changes in bloodpatial distributiorwere also observed at each time pokig(re 50D
and E, G andH, J and K, M and N)However, the difference between signal from Hb and
HbO;, at 2 hours and 24 hours pasfection could result from differences in the imaging
frame acquired, as mice were allowed to wake up at 2 hoursnpesion and were
anesthetied again for US/PA imaging 24 hours later. Note tiniatinjection site was not
visible in the same frame as the lymph node in any of the images in Figur@eveoall
results indicated feasibility of detecting Dye9%BLPs andsome accompanying

physiolagical responses.



Figure 50. In vivo US/PA imaging of Dy850-nPLP trafficking to the lymph node.
Ultrasound (grayscale@nd PA (color scale) overlamagesafter spectroscopic analysis to
distinguish Hb, Hb@ and Dye95PLPs (columns left to right). Maps absorber
distributionbeforeinjection(A 7 C), 30 minutes (D F), 1.5 hours (G 1), 2 hours (J L),
and 24 hours (M O) after injection. PLPwere detectedear the lymph nodey 2 hours
postinjection (L) and more substantial accumulation was observe@4oyours post
injection (O). Pink arrows point to particlesScale bar = 3 mm.
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