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Abstract

Supramolecular, or necovalent, interactions neain a hallmark of biological
systems, dictating biologic activity from the structure of DNA to protein folding and cell
substrate interactionsdarnessing the power of supramolecular interactions commonly
experienced in biological systems provides numeréunctionaities for modifying
synthetic materialsHydrogen bonding, ionic interactions, and mdigénd interactions
highlight the supramolecular interactions examined in this work. Their broad utility in the
fields of nanoparticle formulations, polyme&hemistry, and additive manufacturing
facilitated the generation of numerous biological materials.

Metaktligand interactions facilitated carbon nanohorn functionalization with
guantum dots through the zusalfur interaction. The incorporation of platmtbased
chemotherapeutic cisplatin generated a theranostic nanohorn capable -bimeeal
imaging and drug delivery concurrent with photothermal theraptesse nanoparticles
remain nortoxic without chemotherapy, providingatientspecific Furthermore, rtal
ligand interactions proved vital to retaining quantum dots on nanoparticle surfaces for up
to three days, both limiting their toxicity and enhancing their imaging potential.

Controlled release of biologics remain highly sougftér, as they remain dely
regarded as nexgeneration therapeutics for a number of diseases. Geoeuowetinplled
release afforded by additive manufacturingvances nexgeneration drug delivery
solutions. Poly(ether ester) ionomers composed of sulfonated isophthalate and

poly(ethylene glycol) provided polymers well suited for lewmperature material



extrusion additive manufacturing. lonic interactions featured in the development of these
ionomers and proved vital to their ultimate success to print from filament. Contrary to
ionic interactions, hydrogen bonding ureas coupled poly(ethylene glycol) segments and
provided superior mechanical properties compared to ionic interactions. Furthermore, the
urea bond linking together poly(ethylene glycol) chains proved fully degradadtetoes
course of one month in solution with urease. The strength of these supramolecular
interactions demanded further examination in the photopolymerization of monofunctional
monomers to create fretanding films. Furthermore, the incorporation of bogtrbgen
bonding acrylamides and ionic groups provided faster polymerization times and higher
moduli films upon light irradiation. Vat photopolymerization additive manufacturing
generated -8limensional parts from monofunctional monomers. These soluble parts
created from additive manufacturing provide future scaffolds for controlled release
applicationsControlled release, whether a biologic or chemotherapeutic, remains a vital
portion of the biomedical sciences and supramolecular interactions providesutieeof

materials for these applications.
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Biology remains the unprecedented expert in the nudettipn of nonrcovalent (or
supramolecular) interactions to maintain structure and function. As an example, the
structure of DNA maintains many hydrogen bonding units which allow for dynamic
reading of genetic material but retain its characteristic streiclroteins, made from
linear chains of amino acids, utilize these interactions to fold into conformations
necessary for their function. Harnessing these interactions in the creation ef next
generation materials lies at the center of this work.

Metalsulfur bonds highlight initial work to encapsulate both drug and imaging
agent onto a carbon nanoparticle. This complex revealed favorable biocompatibility and
the ability to deliver drug in the elimination of bladder cancer aelstro. Furthermore,
the @mplex revealed the maintenance of imaging capabilities over many days and
continued to release low levels of chemotherapeutic during this time, potentially
eradicating cancer cells long after initial treatméifitlizing this nanoparticle, clinicians
canmonitor the location of nanoparticles in réiahe and tailor doses specific to each
patient.

lonic interactions provided enhanced mechanical properties of both sedidie
and watetinsoluble polymers. The watspluble polymers experienced signifidgnt
increased melt viscosity upon the addition of divalent cations, potentially creating non
covalent crosslinks in the molten state. Wssoluble polymers acted as effective

biological adhesives, likely arising from the interaction of ionic groups Wgh



surrounding environmentHydrogen bonding functioned to increase the mechanical
integrity of watersoluble polymers for enhanced processing. The incorporation of urea
groups into watesoluble polymers provided a readily available nitrogen sourceldot p
growth while eliminating potential downstream environmental toxicityrethane
functionality, generated with biologicatfyiendly byproducts, also provided hydrogen
bonding to improve mechanical integrity of waseduble polymers.

Traditionally, gereolithography 3D printing demanded the use of covalent (or
permanent) crosslinking to generate 3D shadgdrogen bonding and ionic interactions
coupled together to provide rapidigrmed freestanding films held together only
through norcovalent inteactions.Comparison of hydrogen bonding, ionic bonding, and
both together provided insights onto the kinetics and strength of these Tilrase
interactions proved strong enough to generate-eeflhed 3D structures through 3D
printing. Furthermore, tlse parts proved watsoluble after fully forming, proving the
reversibility of these bonds.

Biologically-inspired interactions drive the future of materials research, and
harnessing these interactions provides a bp#gorming material. Probing new
materials for controlled release applications utilizing reversible interactions provided new
families of ionic and hydrogebonding polymers.Whether soluble or insoluble,
biological or not, these interactions pave the way to increase mechanical intégrity o
commonplace materials with the added reversibility hallmark of supramolecular

interactions.
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Chapter 1. Introduction
1.1 Dissertation Overview

This work details the synthesis and characterization of nanomaterials and
polymers containing nenovalent interactions for biological applications. Chapter 2
reviews the state of light interactions with nanomaterials, leading into Chapter 3 which
describes the modification of a carbbased nanomaterials. Chapter 4 introduces non
covalent interactios in polymers. Chapter 5 describes the role of peptides in coating of
blended fabrics and a method of analysis. Chapters 6, 7, 8, and 10 detail the varied
modification of poly(ethylene glycoljPEG) or polycaprolactone for varied biological
applications. @Gapter 9 describes the use of combined ionic and hydrogen bonding
interactions in the creation of soluble 3D parts generated by vat photopolymerization.
Finally, Chapter 11 provides potential areas for future discovery.

Chapter 3 begins with a focus onnesulfur interactions to effectively
immobilize quantum dots onto carbon nanohorn surfaces. Simultaneously, cisplatin (a
commonly used chemotherapeutic) is sequestered into nanohorn interiors to create a
nanoparticle which acts as both an imaging agettdang delivery vehicleCoupling of
analytical techniques to characterize the nanoparticlaramiro testing to evaluate the
drug delivery effectiveness highlighted the utility of this nanoparticle formulation. This
novel nanoparticle enables futuresacbvery as am vivo bladder cancer agent to deliver
both drug and, in concert with light irradiation, thermal treatment while acting as an
imaging agent for reaime clinician feedback.

Chapter 5 details the coating of a small peptide onto the swfadglon/Cotton

blended fabric as a model for peptide nucleic acid release. Design of the model peptide



included functional handles for analysis via W& spectroscopy (Phenylalanine) and
elemental analysis (Cysteine). Significant characterization ofdeepbatings served as a
model of coating and release from these fabrics. Scanning electron microscopy proved
useful in the characterization of surface roughness dictated by the peptide coating, a
direct translation to peptide nucleic acid coatings otuer§.

lonic interactions in the polymeric properties of poly(ethylene glycol) (Chapter 6)
and polycaprolactone (Chapter 7) reveal enhanced polymeric properties. Poly(ethylene
glycol) polymerized alongside sulfonated isophthalate revealed a stark inoraasé
viscosity upon successful incorporation. lon exchange to a variety of monovalent and
divalent cations provided a fundamental understanding of low levels of ion incorporation
on changes in melt viscosity and thermomechanical properties. The cadalimation of
these polymers proved useful in the creation of filament and subsequent material
extrusion at low temperature, suitable for the incorporation of biological active
ingredients. Polycaprolactone synthesized in a similar manner provided &angatable
analog to PEG. These polymers exhibited significant increases in melt viscosity upon ion
incorporation and surprising tensile and compressive forces characteristic of ionic
associations. These polymers proved useful as biological adhesivdstimxHavorable
cell attachment and peel strength at biological temperatures.

Hydrogen bonding in PEG, highlighted through the generation of low
concentrations of either urea (Chapter 8) or urethane (Chapter 10), provided a direct
comparison of polymerrpperties as a result of these supramolecular interactions. The
urea group, introduced through melt polycondensation without solvent or catalyst,

provided high molecular weight, watsoluble polyureas which exhibited significantly



increased melt viscosits. A series of these polymers probed the effect of weight percent
urea on thermomechanical properties. These polyureas served as effective sources of
nitrogen, degrading up to 100 % upon incubation with urease in solution after only one
month. Polyurethass, generated through reactions with carbonyldiimidazole, avoiding
toxic isocyanate reagents, and resulting in only imidazole byproducts, provided an
additional indication of low levels of hydrogen bonding on polymer properties. While
these polymers failbtexhibit the mechanical properties observed by either ureas or ionic
interactions, they provide a facile method for creating isocydnegeoolyurethanes.

Chapter 9 details theombination of ionic and hydrogen bond interactions in the
creation of watesoluble 3D structures created from vat photopolymerization. Screening
of varied monomer structure provided a metric for examining the role of supramolecular
interactions on the resulting mechanical properties of the part. Interestingly, crystallinity
in these parts also provides frsanding films which fail to dissolve in water. The
reversibility of the supramolecular interactions provided wstdmbility in these 3D
structures.

Finally, Chapter 11 provides new avenues of current and future reseaitoh of
role supramolecular interactions on polymer properties. The creation of biodegradable
tissue scaffolds from PEBLGA copolymers provides a way to induce tissue
regeneration while simultaneously releasing -tmtic byproducts of degradation. The
utility of the urea and CDI reactions remains relatively unknown in the creation of high
molecular weight polymers, providing significant framework in the creation of new

materials.
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2.1 Abstract

Nanoparticle research has seen advances in many fields, including the imaging
and treanent of cancer. Specifically, nanotechnology has been investigated for its
potential to be used as a tool to deliver viefited drugs in potentially safer
concentrations through both passive and active tumor targeting, while additionally
providing meansdr a secondary therapy or imaging contrast. In particular, the use of
light in conjunction with nanoparticlbased imaging and therapies has grown in
popularity in recent years due to advances in utilizing light energy. In this review, we will
first discus nanoparticle platforms that can be used for optical imaging of cancer, such as
fluorescence generation with quantum dots and sudabanced Raman scattering with
plasmonic nanoparticles. We then analyze nanopatrticle therapies, including photothermal
therapy, photodynamic therapies, and photoacoustic therapy and their differences in
exploiting light for cancer treatment. For photothermal therapies in particular, we have
aggregated data on key variables in gold nanoparticle treatment protocols, such as
exposure energy and nanoparticle concentration, and hope to highlight the need for

normalization of variable reporting across varying experimental conditions and energy



sources. We additionally discuss the potential td&lover chemotherapeutic drugs t@th
tumor using nanoparticles and how light can be harnessed for multifunctional approaches
to cancer therapy. Finally, currentvitro methods of testing these therapies is discussed
as well as the potential to improve on clinical translatability throutisssue phantoms.

This review is focused on presenting, for the first time, a comprehensive comparison on a
wide variety of photo based nanoparticle interactions leading to novel treatments and

imaging tools from a basic science to clinical aspects andefdirections.

2.2 Introduction

Cancer remains a leading cause of death worldwide and despite significant
medical advances to reduce the mortality rate of other major diseases (such as heart
disease), the number of cancer related deaths continuesréase every yearWhile
traditional cancer therapies, such as chemotherapy and radiation treatment, have had
limited success in the fight against cancer, there is much room for improveBgnt
capitalizing on tissue optical properties, the use of lasers for therapy has a wide variety of
applications, including laser eye surgery and Hks#uced thermal therapy for
eradication of cancerous lesiéis With large ranges of potential wavelengths, laser
powers, and treatment durations available for therapy, the light interactions with tissue
can vary from photochemical interactions to induce a chemical changssire tio
photomechanical interactions to ablate away layers of fis§he efficacy and potential
applications of lasers for biological applications is largely dependent on the depth to
which the light will penetrat the tissue. Due to the high absorbance of visible light by

hemoglobin in the bloodstream and the significant absorbance of far infrared light by



water, light penetration is maximized with wavelengths in the near infrared region (NIR,
7001400 nm). NIR Ight can reach up to centimeters below the surface, while light
penetration in other regions of the spectrum is limited to therslimeter scale (making
them attractive choices for ablation of surface layers of tissue). Surface and endoscopic
based lightimaging based on visible and far infrared wavelengths is possible, but the
high attenuation of light intensity limits the use of these wavelengths. Utilizing the NIR
optical window provides the greatest penetration depth in tissue and is thus the gold
standard for most lighbased imaging and treatment of carfcer
Nanoparticles offer added advantages to ilggded therapies due to their drug
carrying capacity and ability to selectively deliver energy dosesdettéissue for tumor
destruction. While lasdissue interactions are sufficient to cause heating or
photochemical activation of sensitizers in tissue, the addition of nanoparticles makes this
conversion both more efficient and more localizé@hotebased therapies that utilize
nanoparticles for energy conversion are able to deliver significant tissugeshanthe
nanoparticle level without altering the bulk properties of the tissue. This limits the
collateral damage to surrounding healthy tissue when used for the treatment of tumors.
This review discusses the use of nanopatrticles in conjunction witb gerapies
for imaging and treatment of cancerous lesions. While other review papers have
examined individual particlé&S or photebased applicatior$!! separately, there has yet
to be an comprehensive review to combind aompare both the nanoparticles as well as
the type of therapy used for the treatment of cancer. In conjunction with therapies,
nanoparticles have also been implicated for the imaging and detection of cancer, with

significant advances in the field of quam dots and Raman scattering leading the way.



Additionally, areas for future improvement will be discussed, including ginigtgered
release of drug from nanoparticles and improved 3D testing platforms to betterimimic
vivo tissue. We will focus on messary parameters that should be considered when
designing a nanopatrticle for cancer treatment, as we envision that the capability to
combine aspects of imaging, therapeutics, and drug release into one nanoparticle platform

will ultimately be the future focancer nanotechnology.

2.3 Imaging of Cancer with Nanopatrticles

The most effective way to improve the prognosis of a cancer diagnosis is early
detection. There are many different detection methods in practice today, including a wide
variety of imaging rodalities that can both detect tumors and act as a guide for clinicians
to plan treatment. Some of these modalities, such as'#R| CT', or nuclear imaging
such as PE®, are beyond the scope of this work and the reader is directed to other
works. Though they have yet to be translated to clinical use, there are a few imaging
modes that are based on light detection (i.e. Raman scattering and quantum dot imaging)
that have yet to translate to clinical use; the status of the research surrolnediag t

modes will be discussed.

2.3.1 Quantum Dots

Quantum dots (QDs) are semiconducting crystal lattice structures, usually
containing one or more heavy metals, that absorb and emit light related to their size and
elemental composition, as shown Figure 2.1 6 7. This unique property enables
researchers to precisely tune the fluorescence wavelength of the particles based solely on

their sizel® 18 Because their mechanism ofidrescence is different than traditional



fluorescent particldd QDs exhibit sible fluorescence over their lifetime and rarely
photobleach?® 2, Of particular interest are the cadmiselenide (@Se) QDs that
exhibit large quantum efficienci®sbut biological applications using these QDs are
limited becauseof cadmium toxicity®. Because of this heavy metal toxicity, QDs are
often coated with materials such as zsutfur (ZnS)!’ and attached to biocompatible
ligands?* for usein vitro and in animal studies. In addition to CdSe and other heavy
metatbased QDs, heawyetalfree QDs such as indinphosphorous (InP) are currently
under investigation to replace toxic cadmigopntaining specie$. However, quantum
efficiencies of these particles are rarely over 50%, and their wavelength range is

considerably smaller than cadmitcontaining particles’.
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Figure 2.1. (a) Quantum dot emission range based on elemental composition and size. (b)
Demonstration of varying emission wavelengt/|
excitation wavelength. From: ref. 17, Klichalet, F. F. Pinaud, L. A. Bentolila, J. M.

Tsay, S. Doose, J. J. Li, G. Sundaresan, A. M. Wu, S. S. Gambhir, and S. Weiss,
Quantum Dots for Live Cells, in Vivo Imaging, and Diagnostiesience 307, 538544
(2005).Copyright@ AAAS.

QDs can be attacbeto a variety of surfaemodifying moieties, such as
poly(ethylene glycol) (PEG§ 24 26 27 arginineglycine-aspartic acid peptides (RGE)
folic acid 2% 2%31, monoclonal antibodie$® 20 25 3234 transactivator of transcription
(TAT) protein'® 27 transferrin’?, vasular endothelial growth factor (VEGR), aptamers

36,37 lysine®, bovine serum laumin (BSA)® and epidermal growth factor (EGEJ



These targeted particles can then be used for a wide variety of applications, such as fixed
cell imaging, biosensing of tissue components, optical surgical aids, anuhlytczal
assays, just to name a féW As a tool for cancer, QDs have immense potential for
cancer diagnosis and detection; for example, conjugated QDs can be used to identify
properties of tumors such as VE@dceptor expressidh Gao et al. demonstrate the
immense power of QDs as an imaging tool by conjugating a variety of targeting
molecules and PEG to the surface of different sizes of @tiSeQDs!8. Using 3 types

of QDs (unmodified, PEG, and antibedgnjugated), they were able to demonstrate that
localizaton of QDs to the cancer cells, both vitro and in vivo, increases with
conjugation to PEG and antibody. In addition to histological analysis, they imaged QDs
in vivoto reveal the capability to resolve different emission wavelengths corresponding to
guantum dot suspensions of varied color, as showRigire 2.2. Gao et al. established

the potential of QDs for use in retiine, precisein vivoimaging*®.

Figure 2.2. Demonstration of simultaneous quantum dot fluorescence to detect multiple
speciedn vivo. From ref. 18 X. Gao, Y. Cui, R. M. Levenson, L. W. K. Chung, and S.
Nie, In vivo cancer targeting and imaging with semiconductor quantum Natsire
Biotechnology22, 96976 (2004. Copyright@ Macmillan Publishers Ltd.



Characterizing tumor associated vasculature is a relatively new area of interest for
cancer researchersdone in which developments in QDs have shown particular value.
Diagaradjane et al. describe a method to use near infrared (NIR) QDs coupled to EGF for
the detection of EGF receptor (EGFR) expression, which is commonly overexpressed
within tumor vasculate 3°. They conjugated EGF to the surface of cadmaaienide
tellurium (CdSeTe)/dS QDs via a maleimide reaction, yielding particles that selectively
bind to EGF receptors on the endothelial cell surface. When injected into mice with
colorectal tumors overexpressing EGFR, the targeted particles show an increased tumor
to-background rab, indicating a significant difference in intratumoral accumulation
between targeted and ntargeted QDs. They concluded that this class of targeted QD
imaging probes could potentially be used in the future for early detection of cancers and
imageguidedbiopsy®. Chen et al. detail a study in which CdTe/ZnS QDs are conjugated
to the VEGF protein for the detection of tumor vasculatdte These particles were
injected and imageth vivo, demonstrating the effect of targetingdaroncentration on
the intensity profile of fluorescence. A look at biodistribution of these particles revealed
significant accumulation in liver, spleen, and bone along with the tumor tissue, indicating
that while VEGF may be an effective target for exaimg tumor vasculature, it is likely
ineffective as a target for therapy due to high accumulation in these other tissues. In a
more detailed attempt to distinguish different species within tumors, Stroh et al. utilized
CdSe/ZnCdS QDs conjugated either ®8G°or TAT protein or encapsulated within a
microsphere and imaged tumor structures using multiphoton micrddcopley

collected image of tumor vasculature, including Gferivascular cells resolved from

1C



blood vessels while tagged with 470 nm QDs. In addition;|62ded silica microspheres
showed heterogeneous extravasation, indicating that accessibility to the target
perivascular cellss strongly dependent on local vasculature. The resolution and imaging
properties of QDs make a valuable tool for characterizing tumor associated vasculature
and gathering information on tumor component relationships, though advancements
reducing toxicityand increasing specificity to the tumor microenvironment are still
needed.

With developments in the creation of heavy méta¢ QDs and QDs for use with
NIR imaging, the field of QD imaging for biological applications has the potential to
rapidly translée directly to clinical applications. For example, as previously mentioned,
Diagaradjane et al. demonstrated the use of NIR CdSeTe/ZnS QDs for imaging of tumor
vasculatur®. Kim et al. discusses the use of CdTe/CdSe QDs with a fluorescence
emission peak around 850 nm for sentinel lymph node mafdpilmgthat study, QDs
were injected into either the paw or thigh of mice and imaged at the sentmpdi hyode
during surgery. These particles have the potential to give surgeosisnedéedback in
order to avoid incomplete resections, which is especially important in surgeries for breast
cancer and melanorffa Yong details the use of manganesped CdTeSe/CdS with a
fluorescence emission maximum around 822 nm feaging of pancreatic canéér
These particles were coated with lysine and subsequeotljigated to monoclonal
antibodies specific to pancreatic cancer (algudin 4, antmesothelin or an{prostate
stemcell antigen) while maintaining quantum yield and fluorescence maximum. When
injected into mice, the particles showed the ability todbio and effectively image

pancreatic cancer lesions while maintaining healthy levels of blood serum proteins,
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demonstrating their impending use as a cancer diag#fodtican effort to demonstrate

the potential of cadmiurfree QDs for cancer imaging, Yong et al. detail the use of
InP/ZnS QDs with a fluorescence emission maximum around 650 Similar to
cadmiumcontaining species, these QDs have the ability to conjugate targeting ligands on
their surface, such as monoclonal antibodies demonstrated in that study. These particles
showed no decrease in cell viability after 48 hours with coragoris up to 100 mg/mL,
demonstrating their prospects asiarvivo diagnostic todP. Choi et al. describe a QD
composed of indiurarsenic (InAs)/ZnS which also fluoresces in the NIR range around
750 nm, combining the favorable qualities of cadmiuvee QDs wih the tissue
penetration depth allowed by NIR imagffigThey conjugated PEG to the surface of the
QDs and examined organ distribution as a function of PEG chain length; results suggest
that longer PEG chains allow for increased circulation time and reticuloendothelial
system (RES) escape, as shownFHRigure 2.3. This study shows a technique that
minimizes cytotoxicity, both by the exclusion of cadmium and inclusion of PEG chains,

while utilizing the NIR optical windo?.
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Figure 2.3. Organ distribution of InAs/ZnS QDs with varying PEG chain length. (&) QD
PEG4 (5.6 nm diameter) show accumulation in brain and RES organs. (PEGD4

(8.7 nm diameter) accunaibs in RES organs. Abbreviations used are: Sk, skin; Ad,
adipose; Mu, muscle; Bo, bone; He, heart; Lu, lungs; Sp, spleen; Li, liver; Ki, kidneys;
St, stomach; In, intestine; Br, brain; and BI, bladdenom ref 26, H. S. Choi, B. I. Ipe, P.
Misra, J. H.Lee, M. G. Bawendi, and J. V. Frangioni, Tissamd OrgarSelective
Biodistribution of NIR Fluorescent Quantum Dolano Letters9, 23542359 Q009.
Copyright@ American Chemical Society.

As QDs develop further into widelysed imaging tools, they hathe potential to
be combined with other nanoparticle platforms to create a multifunctional
nanocomposite. Hu et al. described how QDs can be conjugated to the surface of
graphene oxide particles; upon conjugation, the composites could then be usemt both f

imaging the tissue distribution of particles and for photothermal treatment upon

13



irradiatior?®. Interestingly, they observed a decrease inréisoence intensity upon
heating of the graphene oxide, which they were able to reproduce in a pure heating
experiment. Additional experimentation on the interplay between surface chemistry,
heating, and laser irradiation are needed to evaluate the pbfentf@Ds to be used
effectively in conjunction with photothermal therapies. Quantum dots have also been
added to singlevalled carbon nanohorns for use in characterizing transport of
nanoparticles of varying properties and external conditiots This gives insight into
nanoparticlecell interactions that could otherwise not be imaged and has the capacity
give real time feedback into the cytotoxic effects of delivering drug payloads to cells.
Future work utilizing QDs for cancer imaging involves overcoming great
obstacles. The development of heavy mé&tg QDs to limit systemic toxicity while still
retaining high quantum vyield has yet to be accomplished. In addition, development of
QDs capitalizing on the NIR region for deep tissue imaging still requires further research
and optimization. The combination of QDs with other therapies to develop a
multifunctional nanoparticle/nanocomposite will give the ability to image particles in

reattime while simultaneously delivering a therapy directly to tumor tissue.

2.3.2 SurfaceEnhanced Raman Scattering (SERS)

Raman scattering is based on the vibrational enanglyrelaxation experienced
with different elemental bonds seen in complex structures. Parameters such as element
size and bond length play an important role in the ability of particles to scatter and shift
incident light to a particular barfd. Detailed discussion of the mechanism is beyond the
scope of this review; the reader is directed to more fundamental reviews for the

mechanisnf®. For imaging applicati®) SERS is most commonly studied in metals such
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as gold, silver, and copper, though other metals have limited*&t@hrbon nanotubes

have also been used for SERS because of their characteristic grapkté pae
concentration of these particles at a particular location corresponds to an increased
intensity seen in the characteristic SERS spectra of the delivered nanontaterials

Due to the unique Raman interactions found in metals and gragamtaining
structures mentioned previously, there are a wide variety of particle types that can be
used br SERS; these include gold nanordd®¥, gold nanospherés silica core/gold
shell nanoparticlé8>, gold/silver core/shell particlés gold nanoparticlé$®*, silver
nanoparticle® °°, carbon nanotubél °"°, metal coated carbon nazmbe$!, and
polymer$2. In addition to the large variety of particle materials used for SERS imaging,
there are a number of surface modifications that can be made to particlesassuc
monoclonal antibodié§ 4> 4748 51.53 58,63 oy pEE6 48, 49,5153, 59,61 for enhanced delivery
to cancer lesions. The combination of particle type and surface modification eaables
large number of candidate molecules for effective SERS imaging.

In a classic example of Raman imaging with SERS, Lee et al. detail a hollow gold
nanosphere used for SERS imaging that outperforms its silver counterpart, which is
shown inFigure 2.4 %". They adsorb the Raman reporter crystal violet and thénantan
epidermal growth factor receptor HER2) antibody to the surface of the particles,
yielding a targeted particle for the detection of the breast cancer cell line”MCF
Fluorescence imaging and Raman scattering showed that particles associate selectively
with HER2expressing cells, which exemplifies their capability to be a diagnostic and
imaging agenin vivo. Huang et al. described the use of gold nanorods with a plasmonic

resonance in the NIR region to selectively image human oral squamous cell carcinoma
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through conjugation to the afiGFR antibod{?. They also examined the effect of
orientation on the strength of the Raman signal, indicating that cancer cells may align
particles through #interactions with the EGFR and the antibody attached to the particle
surface, thus enhancing the signal produced. Signals from cancer samples were sharper
and had a greater intensity than those seen from normal cells, indicating that there may be
an enhaced benefit to using gold nanorods for SERS imaging of canceivo. In

another regime of cancer detection, Wang et al. described the use -®G&Ri
conjugated gold nanoparticles with QSY reporter molecule for the detection of
circulating tumor cellex vivd®. Blood collected from patients was exposed to the SERS
nanoparticle and subsequently imaged with Raman. They were able to correlate the
intensity of the SERS signal with the concentratiocaricer cells, as well as distinguish
cancer and noeoancer cells. This procedure has the potential to selectively identify
circulating tumor cells in patients and, with the application of additional surface molecule

tags, could lead to information on thegression and prognosis of disedse

16



= 13nm Au NPs
— Aulfg NPs

U
Ay o
. 1 :
" ’ ‘ =
400 500 600
“ . Wavelength (nm)
0% & ©
(a)

AufAg NPs (R6G 10-'"M
WQ ‘ws WI\#I\WNMMMW,

AwAg NPs (R6G 10-M) IHU‘ b, o
ernwﬂﬂ‘me ' W o) W pamemtoncdbinnsd Yoy Jbnr

Lo
AulAg NPs (R6G 108M) J AL |
e T Lt L L P Wl bt Vst oS

wAuWJAg MW“NPS (Rec 10 M)\JMUW

(b) REG 10°M

ey T U .

Raman Intensity

20nm

2200 1800 1400 1000 600
Raman Shift (cm?)

(d)
Figure 2.4. TEM and AFM of (a) gold nanoparticles and (b) antib@dyjugated Au/Ag
coreshell nangparticles. (c) Absorbance spectra of both particle types. (d) SERS spectra
of R6G conjugated Au/Ag particles with varying concentrations. From ref 44, S. Lee, S.
Kim, J. Choo, S. Y. Shin, Y. H. Lee, H. Y. Choi, S. Ha, K. Kang, and C. H. Oh,
Biologicallmag ng of HEK293 Cel | s Ex pBntascediRangagn PL Co 1
Microscopy.Analytical Chemistry79, 916922 (2007). Copyright@ American Chemical
Society.

Exemplifying the next generation of SERS imaging, Feng et al. described a
method to spatially mafissue constituents of cancerous vs.-gancerous tissue with a
signal enhancement from gold nanopartitde®/ith the inclusion of gold nanoparticles,
not only is the Raman signal more intense, but the sharpness of the peaks is also
enhanced. Thus, it is possible to distinguish tissue constituents by scanniag &ssu
selecting specific bands corresponding to tissue components; 2D spatial maps can be
created that can highlight microenvironmental differences between normal and cancerous
tissues. In an extensiwe vivo study, Qian et al. described the use of gudorods that

have been modified with the fluorescent molec®@diethylthiatricarbocyanine iodide
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(DTTC) and PEG foin vivo imaging and biodistribution analysis, as showrFigure

25 %, This study examined NIR fluorescence and SERS to determine the spatial
distribution of particles, identify sentinel lympimodes, and evaluate excretion
mechanisms of these modified gold nanoparticles. SERS in particular showed a sharp
signal increase when gold particles were present and was able to bypass many issues
associated with autfiuorescing tissue commonly seen incenistudies. By utilizing only
light-based imaging for their work, Qian et al. demonstrated the future of diagnostic tools
that take advantage of favorable optical properties associates with using NIR light for

tissue imaging.
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Figure 2.5. NIR fluorescene (a) and SERS spectra (b) from REGETR-GNR injected
skin. (c) NIR fluorescence of injected particles showing diagnostic potentialvo.
From ref 46, J. Qian, L. Jiang, F. Cai, D. Wang, and S. He, Fluoresseriaee
enhanced Raman scatteringfoactonalized gold nanorods as neafrared probes for
purely optical in vivo imaging.Biomaterials 32, 16011610 (2011). Copyright@
Elsevier.
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The creation of a multifunctional nanoparticle has long been of interest in the
scientific community. Wang et atlescribed a patrticle consisting of a single walled
carbon nanotube (SWNT) coated with either gold or silver, made biocompatible with the
addition of PEG, and targeted to cancer cells through attachment of foli&*.aTlese
particles selectively bind to cancer cells vitro and can be imaged with Raman
spectroscopy. In addition to these favorable imaging qualities, the particle can also be

used as a photothermal agent, as an increased changeperdaame of goleoated
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SWNTs (SWNTAu) compared to previously studied SWNTs was demonstrated. When
compared to gold nanorods, SWMI's showed an enhanced photostability after
irradiation, indicating the potential of these particles to be used for imamseg
treatment. Although there are many parameters not discussed in the manuscript, such as
degree of metal coating and its effect on imaging and therapy, thesecomfionent
nanoparticles may indicate an exciting new direction for future study.

Raman eattering and its capacity for imaging cancer lesiongivo is still a
rapidly growing field. With recent developments such as spatial imaging and extensive
vivo work in mice, the field of SERS has demonstrated the capability to specifically
identify tumors. Concerns about the clinical potential of using SERS particles for
imaging, such as the effect of circulating gold in the body and significant clearance by the
RES system, must be addressed. In addition, advancements in detection of Raman signals
would enhance the resolution of spatial images gathered fronvivo work, a

development that is essential for clinical translation of SERS particle research.

2.3.3 Photoacoustic Imaging

In photoacoustic imaging, nanoparticles absorb light (usually in tRer&dhge to
maximize tissue penetration of light) to produce a surface plasmon and subsequently
generate an acoustic wave in the ti§$G& With the use of an ultrasound detector, these
waves can be identified and used for imaging the location of nanoparticles within the
tissué*. When targeting agents are added to the surface of these particles (such as anti
EGFR antibody), determination of the location of these particles can be used as a
diagnostic tool to distinguish surface markers and identify their location within t¥fimors

Common particle types for photoacoustic imaging include®§SRY°, iron oxide’ 72,
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cobalf® and coppéP 4 nanoparticles, although carbbénand polymes’® have also
demonstrated the capability to generate acoustic waves. Because generation of an
acoustic wave also prodiga local heating event, these particles are all good candidates
for photothermal therapy when used with different laser parameters.

Mallidi et al. discuss the use of 50 nm gold nanospheres conjugated to the anti
EGFR antibody for the selective detectiodnhoman epithelial carcinoma cekéx vivo
through photoacoustic imagitfg When these gold nanospheres were conjugated to the
anttEGFR antibody, they underwent a sliged shift from a 520 nm maximum and
increased their absorbance across all wavelengths. Targetet@dyrgeted, or no particles
were incubated with cells; cellular mixtures were subsequently mixed in gelatin and
injected intoex vivomice skin (fourth ifection of NIR dye for control). Images were
taken at different wavelengths of light to highlight differences in the optical absorption
properties of the implants (532 nm, 5 ns pulses; 680, 740, 800, 860 nm, 7 ns pulses) and
are shown irFigure 2.6. While nontargeted particles are seen to some degree under 532
nm irradiation, targeted particles are seen at all wavelengths with a strong correlation to
their corresponding absorption spectra. This method createsdsglution images with
high selectivity toantrtEGFR gold nanospheres while sacrificing the ability to image in
reattime; the combination of these two elements will greatly enhance the value of

photoacoustic imaging.
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varying wavelength. Blue inset: NIR dye, Green inset:-tawgeted Au nanoparticles
with A431 cells, White inset: control A431 cells, and Red inset: targeted Au
nanoparticles with A431 cells. From ref 64, S. Mallidi, T. Larson, J. Tam, Pshi, A.
Karpiouk, K. Sokolov, and S. Emelianov, Multiwavelength Photoacoustic Imaging and
Plasmon Resonance Coupling of Gold Nanopatrticles for Selective Detection of Cancer.
Nano Letters9, 28252831 009. Copyright@ American Chemical Society.

Capitalzing on the optical properties of tissue, Zha et al. discuss the use of NIR
light for photoacoustic imaging with the addition of copper sulfide particld2 (8m) in
tissue phantoni& When placed under a layer of chicken breast muscl® (2 cm
thick, focal patterns of nanoparticles were still able to be imaged (808 nm, 2.25 MHz
transducer). They subsequently used this technique for imaging the cerebral cortex of
mice injected with copper sulfide nanoparticles and demonstrated titg sthgnhance
contrast between blood vessels and brain parenchyma. With further refinement and
additional studies, copper sulfide particles have the potential for widespread use due to
their relatively small size and imaging capability in the NIR region.

Since photoacoustic imaging using nanoparticles is a relatively new field,
significant advancements in both image quality and selectivity of nanoparticles used for
imaging must be made before this becomes a viable clinical option for tumor imaging.
For suface cancers, the use of shorter wavelength light (such as 532 nm) does not pose a
significant barrier to detection; however, for use in most cancers, particles that can be

used in the NIR region are ideal candidates. In addition, Bayer et al. discuss the

enhancement of photoacoustic signals with increased accumulation of gigsmen
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generating nanoparticles, an area that warrants further investigation as a potential
quantitative measure for imagirfg. Furthermore, the use of teegparticle types in
photothermal therapies (discussed below) offers the ability to both image and treat tumors

with minimal modifications.

2.4Photothermal Therapies

As the name suggests, photothermal therapy is based around the conversion of
light energyinto heat, either through plasmon resonance energy transfer or a vibrational
energy transfer from atoms in nanoparticles to atoms in surrounding media or tissue.
Although irradiating tissue with laser light without the presence of nanoparticles will
causeissue heating, the capability to transfer heat efficiently in a localized area is unique
to nanopatrticle photothermal therapy. The specificity of nanoparticle heating is limited to
the area directly surrounding the particle, thereby limiting damageetsutrounding
healthy tissue. Specific mechanisms of energy transfer are beyond the scope of this
review, but the reader is directed to specific papers for further information regarding the
mechanisms behind photothermal therag$:

Nanoparticles for use with photothermal therapy vary widely; the most commonly
used particles revolve around the use of gold tostesrplasmon resonance from the
particle to the surrounding tissue. These include gold nanorods, gold nanospheres, and
silica core/gold shell particles, among others. A wide variety of other metals are also
used, including silver particles, iron oxidentining particles, and coppeontaining
particles. Carbon particles in photothermal therapy, including carbon nanotubes,
graphene oxide, and carbon nanohorns, capitalize on the transfer of vibrational energy

from the graphene atoms to the surrounding ¢isf®olymer systems have also been
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explored recently as a potential biodegradable particle for photothermal therapy,
bypassing many common concerns of higher costs and tissue retention associated with
metal particle®. Each of the particke retains the ability to modify their exterior with

PEG or targeting molecules to both increase biocompatibility and circulation time and
also selectively treat tumors. Between the wide variety of particle types, attachable
moieties, and laser parametesed for treatment, few groups are able to compare results
based on one parameter, such as concentration of particles, wavelength of light, or laser
power used. As highlighted ifiable 2.1, laser parameters for three main types of gold
particles alone areigihly variable; to effectively move nanopartidd@ased photothermal
therapy from the lab to the clinic, many of these variables must be controlled and industry

standards established which will subsequently be discussed.
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Variation in Parameters for Photothermal Therapy with Gold Nanoparticles
. Laser Nanoparticle . La_ser
Particle Type Wavelength | Concentration Laser Duration Irradiance | References
(W/cnr)
671 nm 400 pg/mL 10 minutes | Not reported 86
780 nm Not reported | 178.5 secondy 26.4, 41.5 88
0.195.70 41.7,27.8,
800nm | Notreported |\ yiseconds | 19.4,13.9,5.6
35 mg/kg 5 minutes 0.6,2 60
1000 pg/mL 4 minutes 4 87
OD(800) = 40, .
Gold Nanorod 120; 15uL 10 minutes 1,18 89
808 nm
75, 150, 300 2 minutes 1,2,3
pg/mL 1 & 257
Varied 5 minutes 2 255
200 ug 5 minutes 24 83
10 mgAu/kg 30 minutes 0.75 258
810 nm 1 mgkg Not reported 3.82 259
20 mg/kg 5 minutes 2 118
1.7 x16* .
800 nm particles/mL 3 minutes 4 99
Varied 5 minutes 2 255
2.4 x 13* .
nanoshells/mL 3 minutes 4 94
808 nm 1.5 x101 3 minutes 4
Silica particles/mL 98
Core/Gold 5 x1@ .
Shell nanoshells/ml] 2> Minutes 10 260
2.9 x10 ,
particles/mL 7 minutes 0.8 o5
3 x10 .
820 nm nanoshells/mL 7 minues 0.008 %6
4.4 x106 .
particles/mL 7 minutes 35 97
514 nm 0.2 nM 4 minutes 76, 57, 25, 19 92
530 nm 0.13 nM 5 minutes 4,7,14 261
Gold 660 nm 60 nM 10 minutes 5,6.5, 8, 10 93
Nanospheres 8;‘6" (1)2?
i . y = ’ 90
800 nm 4 nM 2 minutes 2.82. 5.65.
8.95,17.8

Table 2.1. Variation between groups investigating photothermal therapy with the three
main forms of gold nanoparticle. Parameters not listed include cell type treated and
injection site and variationdeomes more marked when all particles currently being used
for photothermal therapy is taken into account.
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2.4.1 Gold Particles

2.4.11 Gold NanorodsGold nanorods are particles composed of gold that are
characterized by their high aspect ratio and tilityako resonate at a specific wavelength
(usually in the NIR). They are most commonly formed by a seediated growth
method, where gold seeds are placed in growth solution that limits growth in only one
direction to yield rods of high aspect rdfic®®. For application in cancer therapy,
particles are ordinarily tuned to absorb in the NIR range to maximssgetpenetration of
light, thereby increasing the numbers of eligible lesions for photothermal therapy. Gold
nanorods can be used with a simple silica coating or®PE®r in conjunction with
targeting molecules such as aptarfferRGD peptides, folate 8, anttEGFR *°, or
transferrin®® to avoid cytotoxicity seen with cetyltrimethylammonium bromide (CTAB)
used in nanorodynthesis.

Yi et al. describe a gold nanorod system designed that can identify high levels
matrix metalloproteinase (MMP) expression while simultaneously providing therapy in
the form of he&f. They develop a NIR fluorescent peptide coating for gold nanorods that
is degraded by MMPs; the fluorescent signal from their reporter molecule Cy5.5 is
guenched untilhtere is peptide degradation by the MMPs, giving an indication of the
number of MMPs expressed by a particular tumor. By using a NIR fluorescent dye, they
simultaneously administered heat and captured fluorescence using a 671 nm laser (200
W, area not spefed). Ultimately, these particles were used for simultaneous imaging
and therapy of tumors, showing an increase in fluorescence and temperature
corresponding to longer incubation and irradiation time. In an effort to minimize

cytotoxicity caused by the esof CTAB commonly seen in gold nanorod studies, Choi et
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al. describe the use of loading gold nanorods into a chi®kaonic F 68 conjugate
nanocarriét’. The use of a chitosan nanocarrier does not significantly change the
diameter of particles while significantly cleasing the zeta potential of gold nanorods
(from +35 mV to +10 mV). The chitosagold nanorod particle caused significant
photothermal death of SCC7 squamous cell carcinoma cancer cells with limited
destruction of nortancerous NIH/3T3 cells (780 nm, 2@r 41.5 W/cr). When usedh

vivo, the chitosargold nanorod particles accumulated significantly at the tumor site,
showing a remarkably similar percentage of injection dose accumulated in liver and
tumor, which is rarely seen in nanoparticle biodistitiu studies. As shown iRigure

2.7, the use of chitosagold nanorods with photothermal irradiation (808 nm, 4 Wycm
resulted in significantly stunted tumor growth; with the addition of a second irradiation

after 48 hours, tumors exhibited complete pszarance.
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Figure 2.7. Use of gold nanorods for tumor regression. Gme laser irradiation on
changes in tumor volume (a) and corresponding images (b). 24 hr and 48 hr irradiation
(two-time irradiation) on changes in tumor volume (c) and correspgnithages (d).

From ref 87, W. I. Choi, JdY. Kim, C. Kang, C. C. Byeon, Y. H. Kim, and G. Tae,
Tumor Regression In Vivo by Photothermal Therapy Based on-SaithrodLoaded,
Functional NanocarriersACS Nano 5, 19952003 @011. Copyright@ American
Chemctal Society.

In an effort to increase the conversion of light to thermal energy, Li et al. detail
the use of circularly polarized light to specifically irradiate gold nanorods with laser
powers that would ordinarily cause no particle heating with lingaokarized light®,

Gold nanorods were conjugated to transferrin and PEG to facilitate specific uptake and
biocompatibility, respectively. When particles were incubated with HelLa icellgro,

the expoare time required for effective photothermal therapy was significantly less for
circularly polarized light than for linearly polarized light, indicating energy efficiency.

While the overall threshold of energy density required to kill cells was not ditfere

between the two types of polarization, the exposure time was significantly less than other
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reported values. This is a significant finding because delivering less laser energy to tissue
in an effort to eradicate cancer lesions is medically safer. Wiiler gyroups have
investigated the use of circularly polarized bemmore research into tissue effects and
therapy effectiveness is needed.

Ultimately, the goal bgold nanorod work is to translate these therapies to a
clinical setting; however, there are many factors requiring investigation before clinical
translation that are not considered in manyivo studies. One such consideration is how
the gold nanorodsvill be delivered in a clinical setting. As shown Hkigure 2.8,
Dickerson et al. discuss the influence of injection site (direct injection or intravenous
injection) on particle accumulation and effectiveness of photothermal tHrapy
PEGylated gold nanorods were injected into either the tail vein or directly into tumor
space and subsequently irradiated with a 800 nm laser. For direct injection of particles,
photothermal treatment was performed after 2 minutes ofnadation at a power
density of 0.91.1 W/cnf?; intravenous injections were allowed to accumulate for 24 hours
and were irradiated with a power density of-1.9 W/cnf. These varying protocols
demonstrate similar temperature elevations in the tissu€420); direct injection
treatments resulted in slightly lowered tumor volume, though the decrease was not
significant. These findings highlight the potential use of a direct injection system for
translatable photothermal therapies; not only does the theliapy far more favorable
laser parameters, it also limits time needed between injection and irradiation to have

significant gold nanorod accumulation into targeted areas.
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Figure 2.8. Injection site of PEGylated gold nanorods and the effects on the NIR
extinction before treatment (corresponding to concentration of particles at tumor site).
From ref 89, E. B. Dickerson, E. C. Dreaden, X. Huang, |. HSd&led, H. Chu, S.
Pushpanketh, J. F. McDonald, and M. A:Syed, Gold nanorod assisted re@rared
plasmonic photothermal therapy (PPTT) of squamous cell carcinoma in Gaceer
Letters 269, 5766 (2008. Copyright@ Elsevier.

2.4.1.2 Gold Nanosphere§&old nanospheres are solid spheres composed of all
gold that can be tuned to absorb at a specific leagéh proportional to their size.
Although photothermal therapies generally revolve around the use of NIR wavelengths,
gold nanospheres are commonly tuned to wavelengths betweesb80tm (greemed
on the visible spectrum) limiting the formation of ddfeseen in NIRabsorbing larger
sphere¥®. Because of the use of a different wavelength of light, tissue penetration
becomes a factor when using these particles. Asnaecience, gold nanospheres are

commonly designed to target oral epithelial carcindmaor melanom&, both of which

have easily accessible surfaces for photothermal treatment.
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For treatment of oral carcinoma,-Ehyed et al. describe the use of &EFR
conjugate gold nm@ospheres combined with 514 nm light to eliminate malignant®gells
They examined a wide variety of laser power densities ranging from 132\fciho 64
W/cn? and evaluated the thshold laser power needed for destruction of both benign and
malignant cells. The laser power density required to kill benign cells is more than twice
that required to kill malignant cells, indicating a threshold where normal tissue would be
unaffected bytreatment. Because of the targeting agent associated with these gold
nanospheres, more study is required to determine the effect of laser alone on tissue
viability due to the decreased concentration of particles present in benign cells at the time
of irradation.

For the treatment of melanoma, Nam et al. describe a gold nanosphere that can
selectively accumulate in tumors based on changes . @bld nanospheres were
coated with a ligand, which while negatively charged at physiological pH, becomes
positively chargd in acidic environments commonly found in tumors and cancer cell
endosomes. Because of this change in charge, the gold nanospheres aggregate and
subsequently change their peak absorption to the NIR range; this quality makes them
attractive candidates fophotothermal therapy because of their activation upon
aggregation at the tumor site. These particles were incubated with B16 F10 mouse
melanoma cells and subsequently irradiated with a 660 nm laser with power densities
ranging from 510 W/cn?. The pH sensive particles were able to destroy cancer cells at
laser powers as low as 6.5 Wfnfrurtherin vivo study is needed to determine the
potential of these pH sensitive particles to accumulate selectively in tumors and be

subsequently used as a phototherthafapy.
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2.4.13 Gold Shell ParticlesSince the generation of surface plasmons occurs
exclusively at the surfaces of metal nanoparticles, gold shells surrounding a hollow core
or a core of a different metal can offer a different option for photothermalpiles. As
developed by Drs. Halas and West, the use of another compound at the core, such as
silica, allows for specific control of layer thickness, thereby tuning the absorption of the
particle to a particular wavelendfit®2. The use of an iron core within a gold shell can
give the particle magnetic properties favorable for MRI imaging or magnetic guided
particle accumulation, while retaining the characterishesessary for photothermal
therapy®® 194 Other cores, such as hollow core gold nanosfi2f€’, gold-gold sulfide
particles 1% 198 and polymers coated with gofd® are being explored as potential
nanomaterials for photothermal theyan an attempt to reduce the amount of gold used
and to codeliver drug®. Since gold sHeparticles retain exterior characteristics found
with other gold particles, they can be conjugated to targeting moieties, PEG, or other
ligands in a similar manner.

Lowery et al. describe ann vitro experiment to test the photothermal
effectiveness of adargeted 110 nm diameter silica core/11 nm thick gold ShelThe
particles were conjugated to the ad&ER2 antibody and PEG and were subsequently
incubated with a combination of SBR-3 HER2 positive breast carcinoma cells and
MCF-7 HER2 negative breast carcinoma cells and irradiated (820 nm, OrB?\Withe
particles selectively attached to the HER2 positive cells and demonstrated the capability
to specifically eliminate HER2 positive cells when both cell types are incubated with
particles and irradiated simultaneously. Day et al. examine a simaitéelp composed of

120 nm diameter silica cores surrounded with 15 nm thick gold shell for its photothermal
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therapy potentialn viva®™. The particles were coated with PEG and injected into the
veins of mice with tumors of firefly luciferase expressing U373 glioma cells. Although
significant accumulation was seen in theefivand spleen, a substantial portion of the
nanoshells accumulated into tumor space and were demonstrated to be effective in
eliminating cancerous lesions through photothermal heating (800 nm, £)\V&ame of
these lesions reoccurred around day 20, vdalae mice experienced complete remission
with the laser + nanoshell therapy. Rylander et al. describe optimizing photothermal
therapiesin vivo using gold nanoshells around the production of -skatk proteins
(HSP) acting as cellular chaperones, indrep<ell fortitude after initial noiethal
treatment®>. With additional refinement in nanomaterial formulation resulting in
optimized biodistribution and targeting, these silica core/gold shell nanoparticles have the
potential to be an attractive cheitorin vivo photothermal therapy.

Ji et al. describe a superparamagnetic iron oxide (SPIOj)goddeshell particle
with a silica interface for use in both MR imaging and photothermal th&aSP10
particles with a 10 nm diameter core were coated with a 28 nm thick silicadagte
subsequently underwent the deposition of an 8 nm thick gold exterior layer. These
particles were then coated with PEG to yield both water solubility and biocompatibility.
In addition to demonstrating the magnetic capabilities of the particles, thetipérmal
effect of these nanoshells was examined in solution for temperature increases as a
function of concentration (808 nm, 10.4 WAmWhile these particles demonstrated
favorable heating and magnetic properties on the benchtop, significatrtb andin vivo
work needs to be completed to determine the feasibility of these particles as a

photothermal therapy. Dong et al. detail the synthesis of SPIO-gotae shell
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nanoparticle via a onpot synthesis method via the formation of polymeric micetlas;

method encapsulates the SPIO particles and provides a surface onto which to deposit the
gold shelt® The particles are tuned to absorb in the NIR region and are subsequently
incubated with MCF/ human breast adenocarcinoma cells. Without lasetiatran, the

cells showed no change in viability; however, when irradiated with a laser (808 nm, 2
W/cn?), the viability of cells dropped significantly. Similar heating results were seen

vivo, with the combination of MR imaging and photothermal heatlamonstrated in

mi c e. Addi tional wor k 1 s neeidegivwtunoss amdx a mi n e
the effect of adding targeting molecules.

An interesting new area of photothermal research revolves around the use of
polymers as the core material sumded by a gold shell. Ke et al. describe the use of
poly(lactic acid), poly(vinyl alcohol), and poly(amine hydrochloride) in conjunction with
a gold shell for photothermal therdpy These particles exhibit no sharp peak in
absorption and instead are highly absorptive across the entire NIR window, which lends
itself to ug with multiple laser wavelengths. In addition to photothermal properties, these
particles can be used as an ultrasound contrast agent, demonstrating the capability to
simultaneously image and treat tumors. When irradiated, this polymer system exhibited a
large temperature increase and a correspondingly decreased viability of HelLi cells
vitro (808 nm, 4 or 8 W/cR). Although their potentiain vivo has not been examined,
these particles demonstrate the capability to be used as both an imaging anueageyt t
for cancer. Park et al. describe the use of a poly(lactglycolic acid) (PLGA) gold
half-shell nanoparticle system for both photothermal therapy and chemotherapeutic drug

release for the eradication of cancerous lesf8ndDoxorubicincontaining PLGA
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particles in a moolayer were coated with a 15 nm thick gold layer, yielding particles
with a haltshell of gold. Without the addition of doxorubicin, these particles did not
cause significant photothermal heating (808 nm, 0.7 \Aj/chut with the addition of
chemotherapeiat drug, the therapy is extremely effective at eliminating HelLa @ells
vitro. Interestingly, the amount of doxorubicin released from the particles increases with
NIR irradiation (808 nm, 1.5 W/cfpand showed a change in nanoparticle morphology
following irradiation, as shown inFigure 2.9. The combined chemotherapy and
photothermal therapy gave a greatly enhanced therapeutic efficacy. The addition of
targeting ligands andh vivo studies are necessary to determine the potential of this
particle as a phothermal therapy, though initia vitro experiments indicate favorable

results.
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Figure 2.9. (a) Absorption spectra of PLGA NPs, PL&@Y half-shell NPs, DOXoaded
PLGA NPs, and DOXoaded PLGAAuU half-shell NPs. (b) DOX release from complex
with and wthout NIR irradiation. TEM images of DGOKaded PLGAAu half-shell NPs
as prepared (c), 2 days after NIR irradiation (d), and 3 days after NIR irradiation (e).
From ref 109, H. Park, J. Yang, J. Lee, S. Haantl.1.Choi, and K-H. Yoo,
Multifunctional Nangarticles for Combined Doxorubicin and Photothermal Treatments.
ACS Nano3, 29192926 009. Copyright@ American Chemical Society.

2.41.4 Other gold particlesGold particles of variable shape are commonly
examined as potential photothermal therapyamstidue to the potential for gold particles
to have a high rate of conversion from light to heat through plasmon resonance. These
particles include gold nanocad¥d# stard'>!'’ antennad® and popcorsshaped
particles®® 120 just to name a few. These particles retain the capability to conjugate

targeting ligands and PEG tbeir exterior similarly to other gold particles. Due to the
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large number of particles and their variability, only a few examples will be discussed
here.

Chen et al. describe a gold nanocage system conjugated withlEERH to
selectively target and elimate HERZpositive breast cancer cells through photothermal
heating!?2 Gold nanocages are cubleaped particles with an edge length of 45 ngh an
wall thickness of 3.5 nm that highly absorb light in the NIR range. When H&fg2ated
gold nanocages were incubated with-BR-3 breast cancer cells, there was significant
heat generation to kill cells (810 nm, threshold power density of 1.5 ¥¢ckil cells).

As expected, with increasing laser power density, cell viability decreased and the damage
area was increased. Additional study withvivo experiments to evaluate the potential to
eliminate cancer lesions and biodistribution upon delivery esle@, but gold nanocages
remain an alternate particle for use in photothermal therapy.

Yuan et al. describe the use of a gold nanostar conjugated to the TAT peptide for
targeted photothermal therapy Gold nanostars offer an increasedfate area to
volume ratio compared to their spherical counterparts, offering the opportunity to
conjugate a high concentration of ligands on their surface. In addition, these particles
absorb light in the NIR region and, when incubated with BT549 breasecaells and
irradiated, they demonstrated their therapeutic efficacy (850 nm, 0.43VEhese gold
nanostars demonstrated their thermal generating ability with a much lower power density
than is required with other gold systems, making them an atacandidate for a
translatable photothermal therapy. Additional stirdyivois needed to fully demonstrate

their capability to eliminate cancer lesions.
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2.4.15 lIssues and Advantages with Golthe use of gold nanoparticles for
photothermal eliminationf cancer lesions has many advantages. The ability to precisely
control the size and shape of particles to create a material tailored to a particular
application offers a unique opportunity to provide a personalized approach to
photothermal therapy based the type of cancer lesion. In addition, many gold particles
can be imaged using SERS, as discussed in an earlier section. Conjugation to many types
of ligands, including antibodies and PEG, is done relatively easily, which adds to the
ability to tailorparticles for a specific application. Gold particles are also well established
in literature, with many groups already attempting animal studies with varied success.

Despite many advantages to working with gold particles, there are also a number
of drawbag&s. The quantities of gold needed for effective photothermal therapy may be
harmful when concentrated in a specific area over an extended period of time; more study
on the effects of longerm gold exposure at these elevated levels is needed beford clinica
translation can occur. In addition, many existimg vivo studies show significant
accumulation of gold particles in organs of the RES system, including the spleen and
liver. The cytotoxic side effects must be elucidated for the concentrations of gsarticl
being used for photothermal therapy. In terms of laboratory use, the reagents used to
clean and break down gold residues (e.g. aqua regia) are extremely hazardous and
corrosive. Large batch synthesis of these particles has many barriers associated with
logistics and safety. In addition, the high cost of gold used in these reactions is a major
barrier to the feasibility of gold particles in a clinical setting. If these obstacles can be
overcome, gold particles offer a diverse and efficient platform fewith photothermal

therapies.

38



2.4.2 Other Metals

Although gold offers many advantages as a photothermal therapy, there have been
a number of groups investigating particles composed of other metals. Many of these offer
an additional benefit of natural agtence in the human body, alleviating many concerns
of toxicity when translated to an vivo therapy. The choice of metal is broad and can
include silvet!t 12¥124 sjlver/gold composité$*?/, coppet?®130 germaniunt’® 132
silicont®*135 jron/cobalt®® ¥’ titanium oxidé3® and lanthanidé®’, among others.

2.42.1 Silver and Silver/Gold Compositeslthough examples of pure silver
nanoparticles are few and far between, silver is often used in combination with other
metals, either in a corghell form or in a compositE- 122 124127 140 Sjlyer mimics many
of the useful properties of gold, such as #tality to tune surface plasmons to a
particular wavelength and the ability to heat significantly upon irradigfiomhile
significantly reducing the high costs associated with gold. In addition, the ability to
conjugate targeting molecules such as folic acid or aptamers is retained ilepariic a
silver surface?* 124125,

Boca et al. describe chitosarcoated silver triangular particle fan vitro
photothermal treatment of human remall cell lung cancer cels. When this particle
was incubated with healthy cells (HEK, human epithelial kidney cells), no cytotoxic
effects were seen; however, when incubateti wéncer cells, the chitosaonated silver
particle caused a decrease in cell viability by up to 25%. When irradiated, these particles
demonstrated the ability to cause photothermal destruction to the cancer cells (800 nm,
12-54 Wilcnf). In addition to proing the feasibility of silver nanoparticles for

photothermal applications, Boca et al. also compared the silver triangles to gold
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nanorods, finding that gold had a greater cytotoxic effect on cells but needed more laser
energy to induce photothermal damagé/ith additional work into the surface
functionalization andh vivowork with these particles, they could become a viable option
for photothermal treatments of cancer.

When used in a gold comlver shell system, the silver coating has a significant
effect on the properties of the particle; Lu et al describe a significant blue shift of the
peak absorbance when the ratio of silver to gold was incrédsetbwever, these
particles can be used in the NIR range, as Wu et al have described the use Gilaggold
coreshell particle conjugated to a targeting aptamer that can be used for both SERS and
photothermal theraps? 2. When incubated for significant time intervals@® minutes)
under NIR radiation, these particles show the ability to photothermally destroy™CF
breast cancer cells (808 nm, 0:0@5 W/cn?). As expected, with increased irradiation
time and power density, the viability of the cefisvitro drops significantly (approaching
zero at times nearing 1 hour and at power densities above 0.25?)\WAmhitionally,
these targeted particles demonstrate the ability to selectively destroy cancer cells when
compared to identical therapies experienced by MGA& normal breast epithelial cells.
As a translatable therapy, concerns of lbeign cytotoxicity and ladistribution
associated with exposure to these metals must be overcome for these to be a significant
contribution to the clinic. With additional work witl vivo studies, toxicity, and fine
tuning the ideal laser parameters, gold esheer shell partites could be a viable choice
as a translatable photothermal agent.

2.42.2 CopperCopper particles offer a biocompatible alternative to many other

types of metals and provide a size advantage not seen with many other nanoparticles for
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photothermal theraps. The size of copper particle necessary for significant heating is
much smaller than its gold counterpart, making the overall metal dose less as well as
offering a size that is more readily internalized into tumors and cancefteNile the
phob-based generation of heat from gold particles is largely dependent on the formation
of surface plasmons, heat generation of copper particles is based on energparizand
transitions, offering an alternate mechanism to generate heat in biological ‘fissues
While work with the attachment of targeting molecules to the surface of copper particles
is not widespread, copper has demonstrated the ability to complex with amphiphilic
polymers?® drugs’ and PEG™,

Li et al. describe the formation and use of copper sulfide (CuS) nanoparticles for
photothermal theraps. The particles had an observable crystal lattice structure, with an
average diameter of 3 nm and relatykigh absorption of NIR light. In solution, copper
sulfide particles demonstrated a significant rise in temperaturanarito studies show
the capability to eliminate HeLa cells under irradiation (808 nm, 24, 40, or 643V/cm
Although the copper chiwe solution used to form particles causes significant
cytotoxicity at high concentrations, copper sulfide nanoparticles do not exhibit this
cytotoxicity and outperform gold nanorods at equivalent concentrations. There is no
significant change in viabiltfor any particle type below 10 pM. With the addition of
targeting molecules and woik vivo, copper sulfide particles offer a biocompatible
alternative to gold particles.

Hessel et al. demonstrate the use of a 16 nm copper selenide nanocrystahfor use
photothermal theraps$®. These particles are surrounded by amphiphilic poly(maleic

anhydride)based polymers that lend water stability while sequestering the nanocrystal
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from interaction with biological entities. The exterior carboxylic acid groompsthe
polymer offer an opportunity to attach targeting or other ligands, though this work has
not yet been performed. When compared with gold nanoshells and gold nanorods, the
copper selenide nanocrystals demonstrate equivalent temperature changeslsehile a
exhibiting increased photothermal transduction efficiency. When incubated with HCT
116 colorectal cancer cells, no cytotoxicity was seen until irradiation (800 nm, 30
W/cn?). These particles offer an alternative platform that outperforms gold, however
significant work within vivo studies and the addition of targeting ligands needs to be
performed before their true potential can be elucidated.

2.4.2.3 Issues and Advantages to Other Met##hile research into using metals
other than gold for photothermaherapy is limited, they offer many advantages.
Although each specific material has its own benefits, all metals used for photothermal
therapies outside of the traditional gold have one outstanding benefit: reduced cost. With
the expense of both the maads and the significant infrastructure needed for maintaining
gold nanoparticles in a laboratory setting, alternative metals provide a viable choice for a
less expensive alternative. This will influence the cost of future -sgate nanoparticle
synthess if these are ever translated to a clinical setting.

However, despite all the individual advantages that alternative metals offer, gold
remains the leading metal of choice for photothermal therapy. A significant amount of
research is put into investigagj gold nanoparticles every year by researchers spanning
the globe; the rate of advancement of gold nanoparticle research far outpaces any other
metal. In addition, the creation of surface plasmons and their relative intensity is well

documented, bypassingears of research required for the use of a new particle type.
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Finally, with the advances of SERS and photoacoustic imaging, the multifunctionality of
gold particles has been demonstrated many more times than other particle compositions.
Although the ultmate future of nanoparticlmediated photothermal therapy may lie
away from gold particles due to cost of materials, it will take years to reach the level of

knowledge and research put into another particle type.

2.4.3 Carbon Particles

2.4.3.1 Graphene Oxle Graphene is a monolayer of carbon atoms forming a 2D
(flat) structure. Graphene has a demonstrated potential as a drug ¥areed as a
photothermal agent*> 143 through the transfer of vibrational energy to surrounding
biological media and induction of oxidative stré$s Its oxidized counterpart, graphene
oxide, has been proven to have enhanced heating properties when compared to pristine
graphene. Despite concerns of cytotoxicity associated with both esk tfiorms of
graphene, coating with biocompatible moieties alleviates much of this c&Hcéfri*.
In a study to examine the effect of graphene oxide heating, Yang et al. describe attaching
Cy7 fluorescence labeled PEG to the surface of graphene oxide to increase
biocompatibility, water solubility, and lendutirescencé®. When irraliated in solution,
the modified graphene exhibits a significant rise in temperature to 50°C (808 nm, 2
W/cn?). Accordingly, when mice with 4T1 tumors were injected intravenously with the
graphene oxide and subsequently irradiated, tumor volume dropsard the survival
rate of these mice remains at 100% after 40 days. Even more striking is the buildup of
nonttargeted particles into tumor space, with accumulation in tumors outnumbering
accumulation in all other organs, as showrrigure 2.10. With additonal components

such as chemotherapeutics and targeting agents and additional study in pharmacokinetics
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and biodistribution, these particles have the potential to become a leading candidate for

photothermal therapies.
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Figure 2.10. Biodistribution of Cy#tagged PEGylated graphene taken at different time
points. After initial accumulation in RES system (a, 1 hour), the tumor volume continues
to retain high levels of the particles (a, 24 hour). Corresponding fluorescence intensity
numbers shown in (b). Fromef 146, K. Yang, S. Zhang, G. Zhang, X. SunTSLee,
and Z. Liu, Graphene in Mice: Ultrahigh In Vivo Tumor Uptake and Efficient
Photothermal TherapyNano Letters 10, 33183323 @Q010. Copyright@ American
Chemical Society.

In seemingly contradictoryresults, Zhang et al. discuss the addition of
doxorubicin to the graphene ox#REG conjugate for use as a photothermal themnapy
vivor*L, Doxorubicin was added to the graphene oxide through a simple mixing process,
and when combined with NIR heating, showed an increase in the cellular inhibition rate
compared with free doxorubicin (808 nm, 2 Wf&mWhen particles were injesd

intravenously into the tail veins of mice with EMT6 murine mammary tumors, growth of
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tumors was inhibited only slightly with free doxorubicin or with NIR irradiation of
particles alone. However, when both doxorubicin and heating treatments were combined
a significant decrease in tumor volume was seen in comparison to other treatment groups
and controls. The addition of chemotherapy to graphene oxide is a seemingly good
addition for use in photothermal therapies, but contradictions with other work dbeuld
examined in detail before the translational potential of graphene oxide can be realized.
Graphene oxide, like most nanoparticles, has the ability to conjugate to other
nanomaterials to create a multifunctional complex. Ma et al. discuss the use afiote
superparamagnetic particles in conjunction with doxorubicin and graphene oxide to
create a hybrid nanocomplex for magnetically targeted drug and photothermal ¥Herapy
Although particles lacking doxorubicin are not cytotoxic at even baicentrations (up
to 100 mg/L), graphene oxideon oxidedoxorubicin conjugates show a decrease in
viability similar to that seen with free doxorubicin. When incubated with 4T1 murine
breast cancer cells, they demonstrate the use of graphendroxidgide conjugated for
magnetic targeting as well as the ability to photothermally destroy cells (808 nm, 1
Wi/cn?). Although in vivo photothermal therapy and therapy in conjunction with
doxorubicin was not examined, there is potential for these conjugatdslit@r a
magnetically targeted drug and photothermal therapy. In an effort to use fluorescence
imaging, Hu et al. discuss a multifunctional particle composed of graphene oxide
conjugated to QDS. They use two different sized graphene oxide particles (38 nm and
260 nm) conjugated to three different colored QDs (550, 570, and 600 nm emission) and
folic acid to demonstrate the ability to resolvefeliént colored QD vivo. When used

in vitro, they demonstrate the ability of these graphene oxide conjugates to kill cells as a
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function of increased laser irradiation time (808 nm, 2 W)cas seen iffigure 2.11. It

is also interesting to note thatl@ss of fluorescence signal is seen from the QDs upon
irradiation, indicating that oxidation and heat could cause a loss of fluorescence signal.
With furtherin vivo study and a better understanding of the loss of fluorescence signal,
these particles codlbe used as an effective photothermal therapy with the added benefit

of a marker to indicate therapeutic efficiency.
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Figure 211 (a) Schematic of Q@raphene under irradiation and subsequent QD
guenching. (b and c) Images corresponding to the scleesmawing QD quenching. (d)
Decrease in cell viability with increasing laser irradiation time and decreasing particle
size (260 nm vs. 38 nm). (e) Cell death and normalized fluorescence intensity as a
function of laser irradiation time, showing both QDequhing and increased cell death.
From ref 31, SH. Hu, Y-W. Chen, W-T. Hung, I. W. Chen, and &.. Chen, Quantum
Dot-Tagged Reduced Graphene Oxide Nanocomposites for Bright Fluorescence
Bioimaging and Photothermal Therapy Monitored In Shdvanced Mterials 24, 1748

1754 @012. Copyright@ John Wiley and Sons.
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2.4.3.2 Carbon Nanotube$Vhen graphene sheets roll into tubes via a chemical
catalyst, they form a class of nanoparticles called carbon nanotubes t&NThkgse
particles can reach up to a few microns in length and can be formed from either a single
graphene sheet (single walled, SWN¥Sf#1%* or many graphene sheets (multi walled,
MWNTSs)42 155158 |n the CNT form, the graphene sheets retain their high absorption in
the NIR region coupled to significant heating and oxidative stress with the benefit of
added surface area and volume to attach dttigad targeting moietie® 142 148 |n
addition to these qualities, CNTs can be used for imaging with Raman spectroscopy, as
discussed previously

In a denonstration of photothermal therapy with SWNTSs, Zhou et al. describe a
method to use nanotubes with an average diameter of 0.81 nm that possess an intense
absorption band at 980 nm for use in targeted thé&tapyhen irradiated with NIR light
while in solution, these SWNTSs induced a temperature rise up to 20°C more than laser
alone (980 nm, 1 W/cfh For usein vitro with murine mammary tumor cells EMT6,
SWNTs were conjugated to folic acid, ineted with cells, and irradiated; this caused a
decrease in cell viability that corresponded to the concentration of particles and laser
power (0.5 or 1 W/cR). When injected into tumori vivo, these targeted particles
demonstrated a similar rise in temgieire compared to that seen in solution, while
demonstrating the ability to induce cell death (1 Wcrimterestingly, the percentage of
cell death was higher in tumor sections than normal sections, and targeted particles
irradiated in the normal sectiomduced less cell death than their ftangeted

counterparts. Additional study into the biodistribution and {trgn effects still must be
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performed with this particle to determine its potential as a translatable photothermal
agent.

In an effort to demastrate the use of SWNTs compared to gold nanorods for
photothermal therapy witim vivo mouse tumors, Robinson et al. discuss a protocol using
140 nm SWNT¥. For this study, both gold nanorods and the SWNTs were conjugated to
PEG to facilitate a longer circulation time and biocompatibility; in solution, SWNTs
demonstrate an increased absorbance of light across all wavelengths at the same
concentration. WheBWNTSs were injected into mice with 4T1 tumors on both shoulders,
SWNTs demonstrated the ability to generate temperatures up to 55°C when irradiated
(808 nm, 0.6W/crf) that resulted in a decrease in tumor volume and improved survival
(100% for up to 60 days When gold nanorods were injected into these mice and
irradiated with similar laser parameters (808 nm, 0.6 \R)cthere was no significant
rise in temperature when compared to the laser alone and tumors continued to grow;
significant temperatures in@ses and decreases in tumor volumes were seen with a
higher laser power (2 W/cn Continued work with biodistribution to improve
biocompatibility and addition of targeting agents and drugs to SWNTs will bring the next
generation of photothermal therapytlwBWNTS.

In addition to therapies with SWNTs, MWNTs are demonstrated as an effective
therapy to eliminate breast cancer stem cells in work performed by Burké>eThése
MWNTs are around 591 nm in length with an average diameter of 29 nm and
functionalized with amine groups. Cells growm vitro and exposed to swdellularly
localized heat showed a significant drop in surviving fraction when compared to controls;

both stem ciés and bulk cells were affected by this heat generation (1064 nm, 33V/cm
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Cells exposed to MWNT therapy formed significantly smaller tumor spheres when
compared to controls, indicating a decrease in both bulk cells and stem cells. In an effort
to compae results with other forms of hyperthermia, experiments were done with water
bath heating that indicated that stem cells did not respond to bulk heating (though bulk
cancer cells responded similarly) and increased production of heat shock protein 90. This
indicates the value of MWNT therapy to eliminate bulk and stem cells in tissue, a theory
that is supported by the ability to improve survival in stem cell driven breast tumors
vivo that were administered localized heating by nanotube therapy. Furthé&r wo
performed by Fisher et al. and Burke et al. describe the use of MWNTs for NIR
photothermal therapy to treaiman prostate cancer (PC3) and murine renal carcinoma
(RENCA)® 157 These studies examined bdthvitro andin vivo response of cancer
cells to MWNTs under NIR irradiation (1064 nm, 3 atél3 W/cnf), concluding that
MWNTs are a viable option as #imcal photothermal agent. Although additional work
into biodistribution andn vivo testing is needed, MWNTs combined with NIR light
could prove to be a relevant method for use in resistant tumors.

2.4.3.3 Carbon NanohornsSinglewalled carbon nanohorngSWNHs) are
composed of graphene sheets that have been rolled into cones rather than tubes (such as
seen in SWNTS§® 10 Many of these individual narmones aggregate together to form
an overall spherical structdf@which has both an internal space for drug iogtf*1%°
and significantly increased surface area for conjugdtiétl. Because the method of
synthesis involves laser ablation instead of chemical or metal catalysts, there is little

concern for toxicity of the particl&$ 160168 Like other forms of graphene, SWNHs have
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demonstrated the capability to absorgn#icantly in the NIR region, making them
attractive candidates for photothermal thef&pip®17

Whitney et al. describe the use of SWNHs in conjunction with laser irradiation to
kil RENCA cells'®®, As expected, cell viability decreased with increased particle
concentration and increased laser exposure time (1064 nm, 40°\Wiera subsequent
study also by Whitney et al., the capability to induce cell death in NMBA231 breast
cancer cells with SWNHs in 3D tissue phantoms was deterfiine&bdium alginate
solutions seeded with MDMB-231 cells were exposed to varying concentrations of
SWNHs and allowed to crodimk to form gel phantoms. When irradiated (1064 nm, 3.8
Wi/cn¥), three regions of cell viability were created within the phantom: kill zone (where
cell viability was 0%), transitiomone (where cell viability was between 0 and 75%), and
untreated zone (where cell viability was above 75%). The corresponding temperature
maps draw direct correlations between temperature and viability and highlight
temperature variance as a function epth into the phantom. This research not only
highlights the use of SWNHs for photothermal therapy, but also demonstrates the
importance of using 3D tissues and computations to both evaluate and predict the
outcomes of photothermal treatments.

In addition, SWNHs have been demonstrated for their use in conjunction with
other functionalities and devices, such as fiberoptic microneedles for d&liy€ps for
fluorescence imagirf§ chemotherapeutic agehtsor magnetite for MR imagirtéf.

2.4.3.4 Issues and Advantages of Carbon Partic@éarbon particles offer many
advantages over metal particles including relatively inexpensive cost and prevalence of

carbon in living sgtems. Biological systems are riddled with carbon species, which
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makes carbotbased nanoparticles an attractive choice forinsévo. In addition, the
lack of toxic catalyst seen in some synthesis methods for carbon particles limits the
exposure of cellso potentially harmful metals. Because graphene is readily available,
synthesis procedures are often easier than fabricating metal particles with the added
benefit of reduced cost.

Although carbon is readily found in living systems, the use of grapheaey
form has posed cytotoxicity concerns possibly due to metal catalysts or aspect ratio,
necessitating the use of polymers to lend biocompatibility. The use of metal catalysts may
account for a fraction of toxicity concerns, but lelegm effects of cdoon particles has
not been examineih vivo. Contrary to metal particles, carbon particles do not carry the
capability to tune absorption to a specific wavelength due to the lack of surface plasmon
resonance. This limits the wavelengths that can be useohfiiothermal therapy with
carbon particles. In addition, similar to that seen with metals other than gold, the use of
carbon patrticles for photothermal therapy is not as widespread as that seen with gold.
This limits the research that is performed witttbon nanoparticles, which confines the
number of scientific questions that can be answered in a given time period. With
additional development of the biocompatibility aspects of carbon particles, they have the

potential to become a leading candidate fustpthermal therapies.

2.4.4 Polymers

Because many polymers dissolve readily in biological solvents, they are not
widely thought of as platforms for significant heating selectively near particles. However,
a few groups are examining dense polymers tirat fparticles that can absorb in the NIR

for use in photothermal therapies. Cheng et al. describe a PEGylated PEDOT:PSS
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conductive polymer system conjugated to the fluorescent molecule Cy5 for use in treating
4T1 murine breast cancar vivo'’>. When tumotbearing mice injected with particles
were irradiated, the tumor volunshirank to zero and the survival of the mice up to 45
days remained at 100% (808 nm, 0.5 WAcriwhile these results are similar to those
seen with other nanoparticle platforms, the novelty of this polymer system is its ability to
accumulate in the tumor aignificantly higher rates than many other particles. As shown

in Figure 2.12, passive accumulation into tumor space mimics that seen in the liver; with
the addition of a targeting agent to this system, particle accumulation in tumors may pass
that seenn the liver or spleen. With many concerns of organ toxicity associated with
nanoparticles, this system offers a viable alternative that can minimize damage seen to
RES organs. When looking to the future, polymers offer the ability to fine tune structure
ard functionality relatively easily, while often offering features such as biodegradability.
Polymers may ultimately be the future of photothermal therapies because of these unique

features that bypass many concerns associated with other nanoparticlenglatfor
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Figure 2.12. PEDOT:PSSPEGCy5 polymer system demonstrating exit of circulation
after injection (a) and accumulation of particle in tumor site with increased circulation
time (b). Fluorescence intensity of organs indicating a large percentageaf uptake

of particles (c). From ref 175, L. Cheng, K. Yang, Q. Chen, and Z. Liu, Organic Stealth
Nanoparticles for Highly Effective in Vivo Nednfrared Photothermal Therapy of
Cancer ACS Nano6, 56055613 @012. Copyright@ American Chemical Sotye

2.45 Translation of Photothermal Therapies to the Clinic

As photothermal cancer therapy approaches use in human patients, there are many
considerations to take into account. When examining the change in temperature under
particular laser and part& conditions, many studies use room temperature (~20°C)
rather than physiological temperature (37°C) as a baseline. While this may give more
favorable temperature changes for research, using these cool baseline temperatures does
not give a correct indicain of therapy parameters necessary for equivalent temperature
changes that will be seem vivo. In addition, the use of 2 vitro culture setups does

not lend data comparable to a 3D system. The difference in cell morphology and response
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to other therpies is widely documented, motivating a movement to 3D culture systems
for evaluation of these photothermal therapies. Finally, a major barrier to overcome
before clinical use is the wide variety of parameters used for nanophdsdel
photothermal themy, including the type of particle, laser wavelength, laser power,
nanoparticle concentration, and exposure time. These major differences between the most
widely used gold particles are highlighted in Table 1. There are no two groups using the
same paramets listed in the table, which does not include the injection siten faivo

work or the type of cell treated. The standardization of these parameters is necessary
before clinicians will attempt these therapies; using a different set of parametersrfor ev
specific applicationn vivois not a viable option to present to clinicians. However, with
these few changes, nanoparticle use with photothermal therapies presents an excellent

choice for the treatment of a wide variety of cancers.

2.5Photodynamic Tlerapies

Photodynamic therapy (PDT) is a relatively older treatment modality, originally
developed and tested in the 1960s and 1970s, which is showing new promise due to the
recent combination with nanomaterials. PDT is a minimally invasive treatment which
utilizes localized photochemical reactions between delivered light and exogenous
photosensitizing agents (PS). The mechanism behind PDT therapies has been extensively
described elsewhere in det&ll ”. Briefly, PDT can be thought of as treatment
comprised of 3 components: light, photosensitizers, and molecular d§g&he
treatment itself occurs by initially administering the photosensitizer either locally or
intravenously which wsequently begins to accumulate in fast dividing cells, making it

ideal for use with cancer c€ll€. Light is then delivered to the tumor region to activate
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the PS agent to its excited states which can then undergeédivdefined mechanisms

for producing cytotoxic reactive speci&s The first of these reactions, a Type | reaction,
occurs when free radicals or superoxide iogsult from hydrogen or electron transfer;
Type 1l reactions occur whet©; (singlet oxygen) is generated from collisions of free
oxygen with the excited PS agent. It is well documented that the singlet oxygen
generated from the Type Il reaction is thenmary reactive oxygen species (ROS)
produced in PDT and is responsible for damaging nearby biomolecules, resulting in cell
death through apopto$f& PDT provides a localized treatnteoption due to the short
half-life of ROS produced under laser excitation, resulting in limited diffusion. PDT is
currently clinically approved and is being tested to treat many types of cancers including
prostaté®2, pancreatit®® and lundg®* along with many othet®. Dolmans et al. provides

a great review of the overall process of PDT which wasflgrilescribed abové®

2.5.1 Photosensitizers

The overall effectiveness of PDT treatments and thus the ability to be clinically
translatable is determined primarily by the degree of singlet oxygen prodéttisthile
many factors may affect how efficiently singlet oxygen species are generated such as
light intensity and wavelength, much attention has been recently tbarséow to
improve photosensitizers and light propefffésAllison et al. recently reviewed current
clinically used photosensitizé?& They discuss how there are a small number of
structures that are capable of interacting with light to allow for an energy transfer capable
of the Type Il photochemical reaction essary for ROS formation. Selection of PS
agents is highly dependent upon finding a molecule with acceptable energy conversion at

certain wavelengths of light. Since tumors are often found deep in the body, PS agents
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have been developed to have highervation at longer wavelengths of light as the NIR
region boasts higher depth of penetration and lower absorption of endogenous
chromophores. Of these potential PS agents, Phot&foAbhA, Phthalocyanines, and
methylene blue (MB) are the most studied du¢htar Type Il reactions and optimized
activation wavelength in the NIR region. Overall, a PS agent can be classified as a
compound that is nontoxic until it is activated by a light source, which then starts a
photochemical reaction resulting in ROS forioat The utilization of free PS agents, like
previously mentioned agents, is currently limited by degree of accumulation in target

tissue and degradation of the PS molecule by biological fluids.

2.5.2 Nanopatrticle Carriers

It has previously been statectlPDT is defined by 3 major stages: excitation of a
PS agent, generation of toxic; @olecules, and cell dedfi However, we consider
another importanttage in the treatment which has a major effect on treatment efficacy:
delivery of agent to the tumor. It is well known that selective delivery of drugs is one of
the most important stages in many treatment modalities, with the possibility of higher
drug lacalization occurring from more selective delivery and resulting in lower required
dosage. Additionally, nanoparticles can be used to shield the PS from aqueous bodily
fluids which often reduce the PS agent, thus limiting its ROS generating capabilities.
Shelding the PS from the biological environment can also aide in retaining the agent in
its monomeric form by reducing the potential for aggregation. Most importantly,
nanoparticles can enable highly selective accumulation of the PS agent in the desired
tumor region, reducing the dosage with little to no uptake by-tacget cell.

Nanoparticles offer the added benefit of lower prolonged skin photosensitivity after
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treatment which a main side effect of PDT and one of the limitations of many PS

agents$®™,

2.5.3 Biodegradable Nanoparticles for PDT Treatment

Nanoparticles used in PDT have many primary functions, such as increasing
circulation in blood and reducingtaractions of the PS agent and water, but a feature that
must be considered while developing a clinically feasible +ubliwery system is the
biocompatibility of the carrier particle. Polymer based nanoparticles offer an avenue for
exploration due to theitunability, both for biocompatibility and for biodegradability.
Biodegradable polymer based nanoparticles were first explored in the early 1990s by
Brasseur et al. in which they looked at the potential of loading the PS agent
hematoporphyrin in poly(aficyanoacrylate) nanoparticl8s Their results from this
study were somewhat promising, but the polymer choice resulted in low carrying
capacity and a steep release profile. Overall, polymers and liposomes make great choices
for nanoparticle materials due to their adaptable chemistry whiclesrtakir properties
easily tunable, which has been the primary focus of research in the past two decades,
resulting in new material consideration to overcome the shortcomings mentioned in early
studies. The main processes studied which will be mentiore®guently are: polymer
choice, drug loading properties, controlling drug release, and the addition of active
targeting modalities to polymdrased systems to allow for greater intracellular
accumulation in the tumor regitii

2.5.3.1 Liposomed.iposomes are phospholipid nanosized vesicles comprised of
either multilamellar (liposomes) or unilamellar (micelles) layers that allow for

incorporation of hydrophilidrugs into their matrix through encapsulation of an aqueous
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compartment containing drugs. This is accomplished through the spontaneous ordered
arrangement of the hydrophilic heads and hydrophobic tails of the phospholipids.
Liposomes can bind to cell menalmes (also comprised of phospholipids) allowing for
release of the carried PS directly into the intracellular space. Due to their ease of
manufacturing and simple composition which do not require complex chemical steps,
liposomes were some of the firsbdegradable nanoparticles used for PBTFosliff is
a recently developed photosensitizer based on a new novel liposomal forntdation
Foslig® has shown greater efficacy and reduction of collateral damage compared to its
nontliposomal formulation, Foscam. Additionally the PS agent ALA has been studied
inside a cholesterol linked liposomal nanoparticle, showing greater stability cultete
medium and increased penetration compared to free'®LA

In addition to taking advantage of the EPR effect, active targeting can be
accomplished with fiosomes through the conjugation of ligands to the liposomal surface.
While many ligands have been studied, the addition of antibodies to the liposomes has
shown great promise. This addition of antibodies to liposomes creates a new class of
nanomaterial caiers coined immunoliposom&s Recent studies have shown how PS
agents such as pheophorbide can be encapsulated into immunoliposomes conjugated to
antibodies against transferrin receptors which results in higher internaliZ&tion
Additionally, studies have shown that encapsulation of PS inside transfenjungated
PEGIliposomes can cause a -fiddd increase in efficacy compared to the free
photosensitizer due to incrembk attachment of the nanoparticle and subsequent
internalization of the drd§’. The simple nature of liposomes, combined with the ability

to add targeting modalities such as transferrin provide reasons to continue to study its
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effects in vivo and provide a background to combine multiple modalities into one
treatment option.

2.5.3.2 Polyacrylamide Nanoparticle®f the potential polymer mateliahoices,
poly(acrylamide)(PAA) has shown great promise as a biodegradable material for carrying
PS agent€®. While PAA possesses many qualities that make it a great nanoparticle
choice for PDT therapy (includinlow inherent toxicity®® and ease of functionalization
through the addition of amine and carboxyl groups for surfaceficatbn®®®) one of its
main features is its high hydrophilicity which reduces its likeliness to aggregate when
administered systemicalf’. PAA nanoparticles used for carrying PS agents are usually
produced to have an average diameter ef@@mn, an optimal size range to harness many
key events of the EPR effé®t PAA has been used to carry a variety of different PS
agents including Photofrftt%, MB2% 204 and two photon adsorption PS agéfits

Tang et al. describe how they were able to prevent reduction of the PS agent MB,
by encapsulating the drug into a 30nm diameter PAA nanopadtficlehe PAA
nanoparticles, by shielding the reduction effect of diaphorase plasma reducing enzymes,
were able to improve the efficacy of the drimgvitro in C6 glioma cells. Using
fluorescence emissioat 680nm, they were able to show that the PAA nanoparticles
remained stable in a PBS solution containing NADH and diaphorase for up to 60
minutes, whereas reduction of free MB occurred within minutes of excitation. This
suggests that the embedded MB sthyeact during the administration of PAA particles.
Building on this initial work, the Kopelman group was able to show an increased efficacy
in an F3 peptidéargeted MB conjugated PAA nanopartf@e The microemulsion

polymerization used after conjugation of the MB dye to the PAA monomer resulted in
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nanoparticles an average size of@hm. The complexation of MB to PAA results in

less leaching compared to encdpted MB, which enables a greater control of the
location of singlet oxygen production following light excitatidfigure 2.13 shows
confocal images of 4 different cancer cell lines (MDIB-435 and MCF/ breast cancer

cells, 9L glial cells, F98 glioblastamncells) following illumination (647nm, 80uW, ca.
20J/cn?) with either targeted or netargeted MBPAA nanoparticles. Their quantitative
data, along with the confocal images, show how the targeting modality F3 enhances the
efficiency of the PDT treatmenAdditionally, this same nanoparticle formulation was
usedin vivoon 9L glioma tumor bearing rats and resulting in over 40% of the treated rats

remaining tumor free after 60 d&9%

a) b) c) d)
Non-targeted
MB-PAA

F3-targeted
MB-PAA

Figure 2.13. Confocal live (green)/dead (red) images of four cancer cell lines: (a)-MDA
MB-435, (b) MCF7, (c) 9L, and (d) F98 treated with PDT therapy with either F3
targeting (bottom) or netargeted MBconjugated PAA nanopartide From ref 200. H.

J. Hah, G. Kim, Y. E. K. Lee, D. A. Orringer, O. Sagher, M. A. Philbert, and R.
Kopelman, Methylene Blu€onjugated Hydrogel Nanoparticles and TurGell
Targeted Photodynamic Therapyacromolecular Biosciencell, 90699 (011).
Copyright@ John Wiley and Sons.
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Two-photon dyes have the ability to convert lewergy absorbed light into
higher energy emissions and can therefore directly transfer this higher energy to oxygen
to create singlet oxygen. They have an advantage due to éwveegy light traveling
deeper into tissue to activate the agents. While many dyes have been tested, they have
inherent toxicity which makes them a noleal choice for PDT. However, by entrapping
two-photon dyes into nanopatrticles, toxicity can be redwelide still utilizing deeper
light penetration for activation. Gao et al. used a microemulsion technique to incorporate
porphyrin tetra(gtoluenesulfonate) (TMPyP) into PAA nanoparticf€s The results of
this study were promising, with cell death occurring after 90 minutes of treatment
following exposure to @OmW/cn? 780 nm pulsed light. This study provides a foundation
for further research to test how to properly use nanoparticles to shield the toxic effect of
the twephoton dies while allowing for PDT treatment with lower energy light.

2.53.3 PLGA Nanopaitles Recent work has been focused on utilizing
biodegradable poly(DAactideco-glycolide)(PLGA) with second generation porphryin
derivatives to create a delivery system for PS agents. PLGA is an optimal choice due to
the ability to alter the propertied the polymer by varying the weight percentage of PLA
and PGA monomers. PLA is less hydrophilic than PGA; by affecting the ratio of the two
monomers, the nanoparticle drug loading properties can be varied. Konan et al. show that
although different ratiosf PLGA (50:50 PLGA, 75:25 PLGA, and PLA) have different
in vitro phototoxicity despite having similar drug loading propeftfedhey were able to
show that hydsphilicity can influence the uptake of the nanoparticle, resulting in
differences in delivered drug concentration. Overall, PLGA nanoparticles are noted for

high biocompatibility and ease in manufacturing, becoming the most extensively studied
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polymers forPS delivery. Nanoparticles made of PLGA have been coupled with a
variety of PS, including porphyrins, chlorins, and other second generation PS, and have
shown great promise for clinical translation. Additionally, the properties of PLGA
nanoparticles cabe changed through PEGylation, improving their biodistribution and
blood circulation timé”’,

Fadel et al. recently used PLGA nanoparticles to carry the PS Zinc
phthdocyanine(ZnPc) in order to enhance tissue uptake and target delivery. Using a
solvent emulsion evaporation method, they were able to create the nanoparticles and
subsequently characterize the nanoparticle shape, encapsulation projerieso
releaseas well as determin@ vivo photodynamic efficiency in tumor bearing rats. The
antitumor activity of ZnPd4oaded PLGA nanoparticles was compared to that of free
ZnPc, showing that rats treated with PL@#rried ZnPc had the smallest tumors. They
concludel that ZnPc loaded into PLGA nanoparticles were far superior to its free form,
corresponding with results seen in similar stude€®. In another study, the PS agent
Verteporfin was loaded into PLGA nanoparticles in order to optimize the carrier for
intravenous injection and subsequent PBTwo sizes of nanoparticles, 150 and 300nm
in diameter, were studied after preparation with a satiitgtechniqueln vitro results
showed a nearly 60% and 40% higher efficiency for the smaller nanoparticles compared
to free verteporfin and the large nanoparticle loaded with Vertporfin, respectively. These
results highlight the importance of size considerations for effective treatment. It was
hypothesized that smaller nanoparticles resulted in increased rates of tesdocy
compared to larger nanoparticles, while additionally showing higher drug release rates

due to increased surface area to volume ratio.
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While nanoparticles formed with PLGA aide in the accumulation of PS agent to
the tumor space based on the EPR éffaad longer circulation times, napecific
localization of the photosensitizer into healthy tissue or skin still remains a hurdle to
reduce side effects. To help overcome this, McCarthy et al. has developed a new delivery
system based on PLGA nanopddgthat results in lower side effects based on lower
toxicity in extracellular space and a time dependent intracellular release ofe&'RS
This is accomplished by the fact that the PS mesaphenylporpholactol is nen
phototoxic upon administration and only becomes toxic when released from the PLGA
nanoparticle after cellular internalization. The polaatyhe PS causes aggregation upon
encapsulation, resulting in the quenching of the chromophore leading to an inability to be
excited until release from the nanoparticle. After cellular internalization, the-meso
tetraphenylporphyrin yields mesetraphenyporpholactol which has a 10 fold higher
extinction coefficient at 646nm and thus a higher singlet oxygen quantum yield. Similar
techniques have been utilized to create this double selective PDT tr&atraadt we
envision therapies that use this activatable photosensitizer coupled with a targeted
nanoparticles to further increase the selectivity of drug. These future steps will increase

the likeliness of a polymer based nanoparticle becoming dlyicanslatable.

2.5.4 Non-biodegradable nanopatrticles for PDT

While biodegradable nanoparticles show great promise for carrying PS agents for
PDT, nanoparticles made from nbiodegradable materials also have shown preclinical
success in the previougchde. As stated before, the main function of polymeric and
other biodegradable nanoparticles is to act as a drug delivery vehicle, either through

conjugation or encapsulation. Unlike these materials;lmodegradable materials are
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chosen due to a key feme of most PS agents, lack of their degradability. PS agents,
which are released by organic nanoparticles, do not lose function after treatment with
initial light activation and can be activated repeatedly. Therefore;broalegradable
materials are ches to act as carriers to reduce problems with the free drug that is
released with the biodegradable nanoparticles, reducing possible collateral toxicity.

2.5.4.1 CeramicOne of the key attributes of nguolymer based nanoparticles is
the ability to have iggat control over the size, shape, porosity, and surface chemistry. This
is readily apparent in ceramiiased nanoparticles which can have photosensitizers non
covalently attached to their surface while having great control over their properties and a
contollable size under 50 um. Roy et al. effectively used ceramic based nanoparticles
approximately 30nm in diameter to delivery encapsulatddvinyl2-(1-hexyloxyethyl)
pyropheophorbide(HPPF. Irradiation of the PS entrapped in the nanoparticles at
650nm showed efficient generation of singlet oxygen, likely due to the porous nature of
the nanoparticle without the need for release of the dmugvivo results showe
significant damage to the tumor and showed that ceramic materials might viable options
for PDT. One of the key features of this formulation was the ability of the PS agent to be
activated without needing to be released from the nanoparticle, a feattireothid
overcome the shortcomings listed previously about biodegradable nanoparticles and
residual toxicity.

2.5.4.2 GoldGold nanoparticles may provide promise to be a highly selective
delivery platform for PS agents in PDT. PEGylated gold nanopart&kesknown for
their inertness, long circulation times, minimal toxicity and tunability of size frem 2

100nnt°. Cheng et al. recently developed gold nanocageliver the PS agent, Pc4.
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This delivery method greatly improved the long term (2 h) delivery of Pc4 to the target
site in tumor bearing mice as seen kigure 2.14. After determining the gold
nanoparticle conjugates keep the drug stable in suspensidoniper durations and
determining minimal changes in singlet oxygen production due to shielding, they
concluded that the gold nanoparticles provide a carrier system capable of improving PDT
treatment!®. Likewise, Wieder et al. developed a gold nanoparticle capable of delivering
phthalocyanine with an average particle diameter -@h2f'’. The PDT efficiency
determined from the particleS agent conjugatewere nearly twice that of the free
phthalocyanine. They hypothesized that this difference was due to a difference in uptake
between the free drug and the carried drug, which likely entered through endocytosis in a
HelLa cell line. Overall their results we promising for gold nanoparticle delivery
vehicles. However, their results lackiedvivo data which would provide information on
accumulation of the drug and nanoparticles which would likely be different from the

Cheng paper as there is a large sizerdgancy.
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Figure 2.14. Fluorescent images of tumbearing rats injected with AuUNPc 4 fAPS
agent o conjugated after (a) 1 minute, (Db
minutes with nude Pc4. Pc4 fluorescence shows increased accumuiitiormors after

2 hours with NRdrug conjugates compared to drug only. From ref 216, Y. Cheng, A. C.
Samia, J. D. Meyers, |. Panagopoulos, B. W. Fei, and C. Burda, Highly efficient drug
delivery with gold nanoparticle vectors for in vivo photodynamierdpy of cancer.
Journal of the American Chemical Societ}30, 1064310647 @008. Copyright@
American Chemical Society.
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Stuchinskaya et al. recently used d@fER2 monoclonal antibodies as a targeting
modality with gold nanoparticiphthalocyanine conpate$'® After successfully
confirming antibody attachment to the outside of #8nh gold nanoparticles, they were
able to show increasdad vitro efficacy of the targeted nanoparticlesmpared to the
nonantibody targeted nanoparticles after irradiation with 693nm light. They concluded
that HER2 antibody conjugation to nanoparticles containing a PS agent can increase
efficacy of treatment in cells that overexpress HER2 while causingmiad changes in
cells which do not overexpress this receptor. Once again, these results were priomising
vitro, andin vivo data should be collected to determine if this active targeting regiment
can increase accumulation in the tumor space in adddiorcreasing cellular uptake.

2.54.3 Quantum DotsQDs, as mentioned previously, are semiconductor
nanoparticles that possess several characteristics that make them a potential great choice

as a novel class of PS agéhtsin general, QDs used in PDT for cancer treatment
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include CdSe, CdTe, CdSe/zZznS and InP/ZnS. Unlike other nanoparticles mentioned
previously, these nanoparticles do not act as delivery velo€IBS agents but rather are
PS agents themselves. These nanoparticles were first studied as a part etgptwo
energy transfer mechanism and delivery vehicle capable of acting as an energy
intermediate for activating the conjugated PS d§enowever, they determined that
QDs alone are capable of producing singlet oxygen species without the need of a PS
molecule. More importantly, QDs can be used to deliverliloaa ionizing radiation,
circumventing the low tissue penetration of light which may additionally complement
PDT for treatment. While PDT with QDs alone is possible, the emission quantum yield
remains low, and efforts have been focused to continue taigatej PS molecules to
QDs, such as CdSe/ZnS via organic brid¢fes

While strides have been made in thetpa years on studies with QDs acting as
energy transfer components for PS molecules, one of the first to study generation of
singlet oxygen species by fluorescence resonance energy transfer from QDs to
phthalocyaninato was accomplished by Samia %t aThey were able to conjugate the
PS molecule to the QD via an alkyl amino group and were able to shgletsoxygen
formation via fluorescence resonance energy transfer (FRET). However, it should be
noted that clinical translatability of this system is minimal due to the inability of the
particles to be solubilized in water. To overcome this shortcomisgy et al. has
recently developed a water soluble pepttidated QD that is conjugated to Rose Bengal
and chlorin e6, both high yielding PS molecules. The CdSe/CdS/Zn QDs used in this
study were capable of producing singlet oxygen species through FRETtHeoiQD

donor to the PS and through direct activation of thé*®Pd the case with direct
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activation, using two wavelengths for excitation, the-R®conjugate could be used for
simultaneougmaging and singlet oxygen generation. Overall singlet oxygen quantum
yields as high as 0.31 were achieved under 532nm light.

2.54.4 Upconverting NanoparticledJpconverting nanoparticles (UCNP) are
composite nanoparticles which generate higher enegby fiom a lower energy source.
Usually this is in the form of NIR light or infrared (IR) light which can be converted
through the use of a transition metal, lanthanide, or actinide ion doped into a solid
material that is capable of emitting higher endiglt to activate PS molecuf&s. This
is exceptionally useful in PDT as one of the main limitations of PS agents is the depth of
penetration of the light normglused for activation (66800nm). If an NIR or IR source
can be used and coupled with a nanoparticle to produce these wavelengths at the site,
greater clinical translation can be envisioned for deep tissue cancers. A variety of
different materials haveeen demonstrated for UCNP with Naymeing increasingly
used as the core material of choice due to its high upconversion efficiencies in the regions
necessary for PS molecutés

One UCNP of choice which allows for amine groups for attachment of
biomolecules is a PEI/Na¥%FYb®",Er** which emit in the green peaks(5680nm) and
red peaks(65875) when excited by a 980 nm NIR laser. To take advantage of this
unigue fact, ZnPc PS molecules can be attached to the surface of these nanoparticles. The
nanoparticle can then perform three funesiodrug delivery vehicle capable of active or
passive targeting, conversion of lower energy NIR light to the functional red peak for PS
activation, and aiding in solubilizing the npolar ZnPc. Chatterjee et al. showed

effective adsorption of ZnPc to e UCNPs and demonstrated production of singlet
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oxygen species with irradiation at 980 nm through the photobleaching of disodium, 9, 10
anthracenediproionic acid (ADPA). The ZnPc/PEI/NaYignoparticles were studied in

vitro using HT29 human colonic aderocinoma cells, and remarkable cell death- (80
90%) was seen after 5 minutes of laser exposure. Many other studies have shown that
UCNPs can be used vivo for PDT. Ce6 loaded PEGCNPs were studied in mice
bearing 4T1 murine breast tumors under 980 nit §§.5 W/cn3) resulting in complete
suppression and clearance of the nanoparti€léehein vivo work accomplishe in this

study can be seen kigure 2.15. Oneof the key findings for this study is that UCNPs

can be used to significantly improve treatments in tumors blocked by thick biological

tissues.
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Figure 2.15. in vivo PDT treatment of tumebearing mice. (a) Comparison of tumor
growth between controls drupconverting nanopatrticle treatments. (b) Survival curves at
60 days for the same treatments. (c) Representative images of tumors after 6 days post
treatment. (d) and (e) H&E stains of untreated (d) and treated (e) tumors showing the
localized destructio of tissue with the use of upconverting nanoparticles for PDT. From
ref 225, C. Wang, H. Q. Tao, L. Cheng, and Z. Liu, Ne&mared light induced in vivo
photodynamic therapy of cancer based on upconversion nanopaBicesterials 32,
61456154 @011). Copyright@ Elsevier.

2.5.5 Combination therapies with PDT
While nanoparticldbased PDT has developed into a broad field with many
nanomaterials discussed here, there is great hope in using these nanomaterials for

combination therapies. One of theykapproaches using nanoparticles for combinatorial

70



PDT therapies is technique that combines it with photothermal therapy. Kah et al.
recently used gold nanoparticles conjugated with hypercin to perform combination
photothermal and photodynamic therapiesl sshowed strong enhancement of the
therapies compared to a single therapy with either PDT or?®TAdditionally, a
combination nanoparticle can be used ebvery both PDT and chemotherapy. Khadir et

al. recently use aerosol OT alginate nanoparticles to deliver both the PS agent MB and
the chemotherapeutic agent doxorubicin to overcome drug resistance préilerhey
photoactivated the MB with 665 nm light with drogsistant NCI/ADRRES cells and
showed that encapsulation of the two drugs followed by PDT have much improved
efficacy. The multimodal therapies rét&d in higher ROS production and concluded that
the combination nanoparticles were effective in improving cytotoxicity in-desgtant
tumor cells.

Overall, there has been vast improvement in the field of nanomaterials and
nanomedicine in the past dete and many of these materials can be used to create more
effective PDT treatments. Whether the nanoparticle is used for dispersion purposes,
increased targeting, or if the particle is degradable, the overwhelming consensus is that
nanomedicine is providg a foundation for highly optimized treatments based on the
delivery of drugs. Biodegradable nanoparticles make excellent choices for drug delivery
and may provide the earliest clinical translation due to the ease of clearance and low
toxicity, while nonbiodegradable particles provide a range unique features such as
upconversion of lower energy light allowing for deeper penetration or precise tunability
for specific treatment options. Regardless, the goal of the nanoparticle should be to

selectively delier the PS agent, or in the case of QDs act as the PS agent, to the tumor
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region, allowing for minimal residual toxicity and higher accumulation. Most likely this
will occur via active targeting through the addition of ligands on the exterior of
nanoparticts. Among the various material choices described in this review, there is great
hope for developing a system to effectively utilize nanomedicine in photodynamic

therapies.

2.6 Photoacoustic Therapy

Recent findings on the ignition of SWNTs and other nantigjes exposed to
pulsed light source have attracted attention for use in photoacoustic therapy. Light
interactions with nanoparticles that can lead to photothermal effects are extensively
mentioned previously. Similar interactions of light with the rEarticles are capable of
producing pressure bubbles after excitation causing mechanical destruction of tissues
with little to no heat production. Traditionally, the interaction of these particles with light
causing a pressure wave has excited researdheirfidld of photoacoustic imaging of
tumors, which can be used to visualize tumors during photothermal tregthé&itShe
magnitude of the photoacoustic pressure wave following excitation has a peak pressure of
100 MPa, likened to a firecrackdike explosion on the nanosc&i® The transduction of
light into pressure capable of mechanically disrupting tissue might provide a new
treatment utilizing these nanoparticles for cancer destruction and has only recently been
studied®°232,

Kang et al. recently functionalized SWNTs with folate to develop a photoacoustic
Abombo agent t hat can selectively enter int
cells through a pressure expilon under the excitation of a-€vitched millisecond

pulsed 1064nm laser (532 nm) at 800 mW/é# They found that 85% of cancer cells
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with SWNH uptake died wiih 20 seconds of treatment while 90% of cells without
SWNT uptake remained alive. Using infrared thermometers, they were able to show that
no more than a 3 degree rise in temperature was seen, ruling out the possibility of a
thermal mechanism of cell deatiMitochondria are considered a promising therapeutic
target for cancer therapy due to their intricate interactions with proteins in the cell
apoptosis pathway®. A moderate decline in mitochondrial function is known to trigger
cell deatR®4 With this in mind, Zhou et al. targeted the mitochondria in EB/Gells br
photoacoustic therapy utilizing SWNP& Using similar conditions to the Kang paper,
they were able to additionally show that the pressure waves caused thteugh
photoacoustic interaction results in mitochondrial damage and apoffagise 2.16).
Additionally, in vivo results in mice containing EMT6 flank tumors showed
mitochondrial localization of the SWNTSs in the tumor with excitation of 17.5 mJ for 60s
of a Qswitched 1064nm laser showed cytotoxic results with little thermal creation.
While the mechanism cannot be completely decoupled from a thermal mechanism, there
is increasing promise in photoacoustic therapies for tumors that are highly vascularized,
limiting the possibility of photothermal treatments due to the heat sink nature of the

vascular bed.
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Figure 2.16. Photoacoustic effects of SWNTs on EMT6 cells. (a) Viability at different
energies and concentrations of particles. (b) Mitochondrial -trensbrane potential
exhibited by Rhodamine staining and visualized with flow cytometry and confocal
imaging. (c) Cytochrome c release analysis for 30 minutes before laser irradiation.
Fluorescent images recorded with confocal microscopy. (d) and (e) Celityi&0
minutes after treatment studied annexurN'C. From ref 235, F. F. Zhou, S. N. Wu, Y.
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and Sons.
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2.7Photo-Triggered Drug Release

As previously stated, there are many advantages for nanoparticles acting as drug
carriers compared to free systemic drug delivery. While enabling greater accumulation in
a targeted tumor site either throughpassive or active targeting technique is a key
attribute of nanoparticle delivery vehicles, one of the biggest advantageous of
nanoparticle carriers is that they can shield the drug from normal tissue. This shielding
effect not only mitigates degradatiah the drug in the harsh in vivo environment, but
additionally reduces undesirable side effects caused by drugs throughout the body.
Although traditional nanoparticle delivery vehicles aide in this effect simply by acting as
a onestep delivery vehicle, thproblem of shielding the payload with controlled release
still exists. After shielding the drug from the environment and the environment from the
drug, nanoparticles must be able to release the drug at the desired location. Therefore,
increasing the cortl of the time and location of the release of drugs within nanopatrticles
remains a topic in nanomedicine research. Greater control of the release of drugs can
result in not only higher local concentration in the desired tumor region but also reduce
collateral damage to healthy tissue while reducing the systemic dosage required.
Development of a triggered release mechanism could provide this greater control of
spatial and temporal delivery of drugs with nanoparticles.

While many intrinsic signals such abl @mnd enzymatic degradation and external
triggers such as ultrasound, temperature, and light are currently studied to create a
controllable switch for drug release from nanoparticles, light is especially promising. The
attractiveness of light is that it &iahighly controllable temporal resolution with the

development of femtosecond laser and the capability of having micron level spatial
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resolution. Additionally, low energy light in the NIR region is capable of deep tissue
penetration (up to 10cm), allowinij to be used possibly as an external trigger with
minimal invasiveness. There are many mechanisms for light to be used as a trigger for
photoresponsive nanoparticles including photddation, photothermal effects, pheto
crosslinking, and photbased poimer backbone fragmentation; the mechanism is
determined and optimized by nanomaterial selection and formulation. Specific examples
of these mechanisms of phdta@gered release will be mentioned presently.

The photothermal properties of nanoparticlesdutd generate heat such as gold
nanoparticles were previously mentioned. Briefly, gold nanoparticles can absorb light
efficiently in the visible and NIR regions and subsequently undergo plasmonic resonance
which creates a highly localized heating evemtoider for a photothermal triggered drug
release to occur, this heating effect must be coupled with a thermal sensitive polymer or
hydrogel that carriers the drug and releases only when it is heated due to the thermal
event. Typically this is accomplishdxy incorporating photothermal nanostructures into
polymer capsules that contain drug molecules. One of the first studies on this mechanism
was described by Radt et al. in which polyelectrolyte microparticles were prepared by
incorporating 6nm gold nanosgies with lysozymég®. They observed lysozyme eglse
after 5 minute exposure of 10ns switched 1064 nm NIR light and provided the
fundamental proof of concept for this technology. Since this initial study, many groups
have looked at using photothermal mechanism to release?¥réijs

Recently, Yavuz et al. demonstrated their ability to create a novel photothermal
responsive golgholymer nanoparticle capable otontrollable release of the

chemotherapeutic drug doxorubi€if After loading the drug into a gold nanocage, they
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were able to cover the naturally porous nanocage with a nonporous and, more
importantly, thermesensitive smart polymer NSIPAAmM-co-pAAm which is seen in
Figure 2.17. Under NIR excitation, the gold nanocage is able to convert light efficiently
into heat, causing the polymer surrounding the nanocage to collapse. The collapse of the
polymer then allows for the drug to leachrfrahe porous gold nanocage and interact
with cells. After the NIR laser is switched off, the polymer is able to relax back to its full
size and then shield the remaining drug inside the nanocage, reducing toxicity during
clearance of the nanoparticle. Tinge of these nanoparticles offer many other advantages
such as bianertness of the particles and the surface can be easily functionalized using

gold-thiolate chemistry to introduce active targeting modafifes
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Figure 2.17. (a) Schematic illustrating how gold nanocaeart polymer drug release
system works. (b) lllustration of atetransfer radical polymerization of NIPAAm and
AAmM monomers. (c) TEM imagesf gold nanocages covered with smart polymer, with
insert showing the corner of a hanocage with smart polymer. From ref 239, M. S. Yavuz,
Y. Y. Cheng, J. Y. Chen, C. M. Cobley, Q. Zhang, M. Rycenga, J. W. Xie, C. Kim, K. H.
Song, A. G. Schwartz, L. H. Wang, and Y. N. Xia, Gold nanocages covered by smart
polymers for controlled release with neafrared light. Nature Materials 8, 935939
(2009. Copyright@Macmillan Publishers Ltd.

One of the major concerns with gold nanoparticle mediated phototheziease
of drug cargo is the stability of the drug in the high temperature environment locally

surrounding the resonating nanoparticle, which can reach8@®0UTC. While careful
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shielding of the drug from the nanoparticle can reduce this effect, othertpiggered
mechanisms of drug release provide similar controllable release kinetics without
potentially damaging molecules. One mechanism is a photochemical reaction much like
the one that occurs to create singlet oxygen species in PDT therapy, whsiegtbe
oxygen degrades the polymer carrying a drug chemically, releasing the molecule in a
similar fashion to photothermal release. These nanocarrying systems must therefore have
a particle to carry payloads, an attached photosensitizer that is algavert the light

into a singlet oxygen species, and a polymer that can hold a drug molecules and degrade
after production of the singlet oxygen following laser irradiation.

Early work with singlet oxygen creatguhototriggered release of drug was
accompished by Thompson et 4t 242 They were able to show that singlet oxygen
species can release drugsnirdiposomes by breaking down the liposomes through
oxidation of the plasminogen vinyl ether linkage. The breaking of this linkage allows for
greater membrane fusion of the liposome to the membrane and therefore greater release
of the drug from the intralpsomal space. They used the PS agent bacteriochlorophylla
and an 800nm wavelength laser to create the singlet oxygen species which was able to
trigger release of the liposome with great results. Building from this initial study, many
have used similar limomal photodynamic techniques to create triggered release of
molecules.

Additionally, NIR light can be used to trigger release of drugs or other molecules
through chemical changes induced by light interaction with either changing the chemical
structure ofmaterials or through a twstep process that utilize UCNPs as mentioned in

the PDT review. This was first accomplished in amphiphilic molecules created by
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Goodwin et al. which contained a hydrophobic and light sensitd@zbnapthoquinone
(DNQ) and a hyrbphilic PEG chaiff®. This copolymer forms a micelle at pH 7.4 and is
capable of drug or dye loading. In order to test the phototriggered release capability of
this novel material, Nile red was encapsulated as a reporter dye. Under NIR light
(795nm), the DNQ undergoes WolH#arrangement and forms a hydrophilic molecule, 3
indone carboxylic acid, thus destroying the drug containing micelle and releasing the
drug or dye. This was confirmed with a 75% decrease in the fluorescence of Nile Red
which was then able to diffuse intbe medium. There are many other ways for light
interaction with the chemical backbone of polymers, but most of these interactions occur
in the UV range. Since UV has a low depth of penetration, the use of UCNPs can be used
which are capable of convergyjrthe high depth penetrating NIR light into ultraviolet
(UV) light at the site?*% Yang et al. developed a photochemical release based on these
UCNPs by caging Buciferin in a X(2-nitrophenyl) ethyl group which is known to be
degraded by UV ligRt°. By attaching these caged molecules in the polymer to a UCNP
made up of a M/Td doped NaYFE they were able to excite with a 980nm light and
uncage the molecule due to UV degradation of the polymétro andin vivowith great
results.

Regardless of the mechanism for phototriggered release, there is great promise in
creatingnew strategies for releasing drugs in a targeted region using NIR light in both
space and time. Photothermal and photodynamic release both represent creative ways to
use previous technologies used for single modal destruction of tumors to create this

controllable release. While there are still many hurdles that must be overcome for
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ultimate clinical translation, there is great hope in using NIR controlled drug release from

nanoparticle drug delivery vehicles.

2.83D Tumor Mimics for in vitro Testing of Phtw-based Therapies

As more definitive knowledge emerges on the differences betwedenehsional
and 3dimensional cell behavior and morphology, testing strategies must evolve to better
reflectin vivotissué*%24’, Discrepancies between 2D and 3D culture may account for the
inability of many therapies to translate framvitro settings tan vivo environmets. 3D
models suitable for testing with photo therapies should mimic the optical properties of
tissue while also retaining the ability to maintain normal cellular functions and responses.
Tumor mimics must either retain porosity for subsequent nanoamaatment or allow
polymerization or setting to occur around-meated cells.

The specific type of material for tissue phantoms is application and biologically
driven. For example, collagen, a natural polysaccharide that is found in many biological
tissues, is used for many imaging applicat®§ig*°. Poly(vinyl alcohol) has been widely
used for photoaasstic imaging for its minimal optical absorption and capability to scatter
light similar to tissueg® " 250 Photoacoustic imaging in particular has taken advantage
of tissue phantoms for imaging uses, with other phantom materials including adgdr gels
251 252 gelatin ¢/, and porcine gel®. While examples of tissue phantom use are
uncommon in imaging applications, phdiased therapies have shown even less use of
tumor mimics. The use of sodium alginate tissue phantoms has been used for
photothermal therapies and imaging withbza-based nanoparticlég® 7% 253 due to its
high thermal stability compared to collagen and other prdiased hydrogels, while the

use of other materials is scar€¥ 2. For photodynamic applications, tumor mimics
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have yet to be used. The potential for future work on the differences between the 2D and
3D response to nanoparticle mediated pHizteed therapies for cancer is great. The large
number of mailable materials for the creation of these tissue mimics that retain both
favorable imaging and cellular characteristics can give significant insight into haw 3D
vivo tumors will respond to any given pheteerapy. For a more detailed discussion on

the available types of tissue phantoms, the reader is directed to a review by Potfe et al

2.9Conclusion

Photebased imaging and therapy for the battle against cancer is emerging as a
field with great potential. Research into novel nanomaterials is attempting to catch up
with the variety of potentiahpplications of light for both imaging and treatment. This
wide variety of applications of light both in imaging (from fluorescence to photoacoustic
imaging) and in therapies (from thermal to photodynamic therapies) give a significant
number of potential@plications from similar materials. The use of nanoparticles to aid in
phototherapies has made them more focused and effective, increasing the chance of
cancer cell death while also minimizing the collateral damage to surrounding healthy
tissue. While thee are still challenges to be met before translation to clinical practice,
nanoparticlemediated phottherapies for use in cancer applications is poised to meet

these challenges and emerge as the next generation of cancer imaging and therapy.
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Chapter 3. Functionalization of Single Walled Carbon Nanohorns for
Simultaneous Fluorescence Imaging and Cisplatin Delivery
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3.1 Abstract

Single walled carbon nanohorns (SWNHSs) were previously investifatedeir
capability to serve as photothermal and drug delivery agents for potential cancer therapy,
particularly for the eradication of bladder cancer lesions. In this study, the potential for
SWNHs to serve as a nanotheranostic vehicle with the capatufitboth treatment
delivery and dynamic imaging is demonstrated through simultaneous delivery of the
chemotherapeutic cisplatin from SWNH cone interiors and imaging of nanoparticle
transport using quantum dots (QDs) conjugated to SWNH surfaces. Follsugogssful
formation of SWNHQD + cisplatin conjugates and subsequent characterization, drug
release profiles show that QDs imaging do not hinder the therapeutic ability of SWNHs.
In addition, the conjugates were trackable over the course of 3 d, wiviehlgeahat

endocytosed SWNHs continue to deliver therapy after removal of the nanoparticle
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solution. This unigue SWNH will ultimately enable the optimization of nanoparticle

properties to achieve maximum efficacy.

3.2 Introduction

Bladder cancer contims to affect many Americans, with over 70,000 new cases
diagnosed each yearEven with locallyadministered therapy, over 40% of bladder
cancer cases will progress to an invasion of surrounding 1isShe low efficacy of
traditional treatments can primarily be explained by potential penetration issues for drugs
into the bladder wall and subsequent cytotoxic action on bladder cancérCelisplete
cystectomy has proven to be an effective treatment for bladder cancer. However, while
this method significantly improves survivaleaf the quality of life following cystectomy
is pointedly diminished and requires adaptation to a more restrictive lifestyle
Nanomedicine offers great potential to eradicate bladder cancer without the need for
invasive cystectomies through a direct injection method, which also avoids many
common problems with systemically delivered nanotherapétitics

The capability and diversity of therapeutic nanotechnology has advanced
significantly in recent years. In particular, thermal @mement of chemotherapeutic is
widely documented, where delivered drug is heated to induce additional local céfll death
13 This thermal dose can be delivered more efficiently with the use of theracilkated
nanoparticle$* Nanoparticles capable of delivering this therapeutic load alongside a
thermal dose are often composed of metal and employ magnetic resonagoegim
(MRI) to evaluate tissue distributidri®8. While these options show great promise for

bulk tissue evaluationn vivo, MRI-based imaging enhancenmdacks the necessary
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resolution for precise determination of the location of single nanoparticles or low
concentrations on nanoparticles within the tumor microenvironment. Effective refinement
of nanoparticle parameters necessitates the use of an @akerimadging method to
ensure maximum therapeutic efficacy.

Fluorescence monitoring of nanoparticle transport within themor
microenvironment allows for precise evaluation of single particle or small concentrations
of nanoparticles with the ability to els distinguish signals between cells and
nanoparticles. There are nanoparticle formulations that have a fluorescent molecule such
as rhodamine or fluorescein isothiocyanate (FITC) coupled to other imaging or
therapeutic modalities; however, many of theselecules have a limited lifetime for
fluorescence monitoring and thus have a limited capacity for-tenmy imaging and
monitoring for transport studi€s!®. Quantum dots (QDs) serve as fluorescent beacons
for tumor imaging bothin vitro and in vivo for detection while having a decreased
potential to photobleach as compared to traditional fluorescent mofdl&®Ds have
also shown the ability for conjugation to other nanopatrticles to lend multifunctionality to
nanoparticles, either acting as a dua&ging modality oas a dual imaginghotothermal
agent®%, To this end, there are few nanoparticle formulations capable of studying the
interplay between nanoparticle transport @B fluorescence monitoring and subsequent
cell death due to chemotherdpy®. The development of such a pele would allow for
reattime monitoring of injected chemotherapeutic nanoparticles.

A highly unexplored nanoparticle with tremendous promise for dual imaging and
treatment are single walled carbon nanohorns (SWNHSs). These particles are formed upon

laserablation of graphene sheets, which induces the formation of cones that subsequently
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selfaggregate into dahhlike structure® 2’. The synthesis of SWNHs proceeds without
a metal catalyst, which eliminates the need for purification and the concern over catalyst
toxicity?’. The aspect ratio of the aggregated structure approaches unity (near spherical),
and the cone ardiecture has a significant impact on the available surface area for
chemical conjugatiof. SWNHs were implemented as a photothermal agent that, when
combined with 1064 nm irradiation, generates sufficient thermal energy to induce regions
of cell deatk®. When utilized in 3D tissue phantoms, there is a strong seatiporal
relationship between s$ar irradiation of SWNHs and cell de&th

When oxidized, the graphene structure of SWNH cones is disrupted, forming 0.5
nm - 3 nm pores® 30, These pores induce movement of small mokeimto the cone
interior through capillary action, which was shown earlier for a number of drugseand C
to demonstr at e-catrying potsnfidfid dnsadditian toghe formation of
pores, the oxidation process introduces carboxylic acid groups onto the graphene surface
for further functionalizatio?® *°. Specifically, Zimmerman et al. demonstrate the
potential of SWNHs functionalized with quantum dots (QDs) for the monitoring of
intracellular trafficking of SWNH conjugates but did not examine concurrent drug
delivery®’. Additionally, DeWitt et al. examined the capability of SWNHSs for delivery of
the chemotherapeutic agent cisplatin for use in therreslhanced chemotherapy
treatments, but did not utiez QD attachment for concurrent monitoring. The
combination of photothermal capability, the ability to load small molecules within cone
interiors, and the potential to conjugate ligands to SWNH exteriors makes them an ideal
candidate for a combination phttermalchemotherapy nanoparticle for cancer

treatment.
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While SWNHs are used extensively as drug delivery vehicles or fluorescent
beacons through functionalization, there has yet to be a SWNH conjugate that can act as
both a therapeutic and a r¢she imaging modality. The potential of SWNHs as a
nanotheranostic agent (dual therapeutiaging agent) through incorporation of the
chemotherapeutic drug cisplatin within SWNH cone interiors and QD attachment on the
SWNH surface (SWNHQD + cis) is demonstratetirough this work. SWNEtisplatin
conjugates were characterized to confirm the desired structure, evaluate drug release, and
confirm cytotoxicity of SWNHQD + cis. The bright fluorescence signal from the QDs is
demonstrated to image the conjugaitesiitro over the course of three days, showing
potential to track particle transport and distribution. Since SWNHs were characterized
extensively, this effort focused on the characterization of the novel SQ@DH- cis
conjugate to examine whether the additionQids to SWNHs would interfere with its

drug delivery capabilities.

3.3 Methods
3.3.1 SWNH Modification

3.3.1.1 Oxidation of SWNH#g®ristine SWNHs were generously donated from Dr.
David Geohegan from Oak Ridge National Laboratory. Pristine SWNHs were akaize
described previoust, briefly, SWNHs were exposed to 8M HN@nder reflux at
110°C for 24 h. Reprotonation of carboxylic acid groups was accomplished through 1 M
HCI under reflux at 11G overnight. The resulting oxidized SWNHs (SWNH#&igure
3.1a) were dried at 60°C under reduced pressure fof24B.

3.3.1.2 Attachment of AET LigandWNHox were sonicated at a concentration

of 0.25 mg/mL in water for -2 h until the solution was homogmurs. The resulting
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suspension was transferred to a round bottom flask and diluted further in water to a
concentration of 0.1 mg/mL. The carbodiimide reaction for the addition of cysteamine
hydrochloride (Sigma Aldrich; AET) proceeded as discussed preyfdusiEthyl-3-(3-
dimethylaminopropyl) carbodiimide (Sigma AldricEDC) was added to the vigorously
stirred solution to a final concentration of 0.1M and allowed to stir for 5 mins.
Subsequemhyt, N-Hydroxysulfosuccinimide sodium salt (Sigmddrich; sulfoNHS) was
added to the solution to a final concentration of 5mM and allowed to stir for 5 min.
Finally, AET was added to the solution at a final concentration of 0.2M. The pH of the
solution wa adjusted to & with HCI/NaOH, covered with parafilm, and allowed to stir
for 16 h. The solution was then filtered with a 0.1 um PVDF membrane (Millipore) and
washed thoroughly with water to remove excess reactants. SRENH(Figure 3.1b)
were isolatedrbm the membrane by submergence in water and sonication.

3.3.1.3 Quantum Dot Conjugated-ollowing filtration, SWNHAET were
resuspended in water at a concentration of 0.1 mg/mL in water. To this solution, 630 nm
CdSe/znS core/shell QDs (OceanNanotech) esodgd in chloroform (Sigmaldrich)
were added to the stirred solution at a w/w of 2.5:1 of QD to SWARHM. The solution
was stirred vigorously for 24 h to induce movement of QDs from the chloroform layer to
the aqueous layer via interfacial complexatidine aqueous layer was isolated via
separatory funnel and filtered through a 0.1 um PVDF filter, which yielded dried SWNH
QD (Figure 3.1¢).

3.3.1.4 Cisplatin Incorporation into SWNH ConjugateRo incorporate cisplatin
(SigmaAldrich) into cone interiors, WNH conjugatesKigure 3.1a-c) were sonicated at

a concentration of 0.25 mg/mL in water for approximately 1 h until all aggregates were
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dispersed. Concurrently, cisplatin was dissolved in dimethyl sulfoxide (Siddneh;
DMSO) at a concentration of 2 nmg and stirred for 1 h. SWNH conjugates were added

to the stirring cisplatin solution to yield a 1:1 w/w SWNH:cisplatin solution that was
allowed to stir for 2 h; the solution was then dried under nitrogen. The final SWNH
cisplatin conjugates are depictéd Figure 3.1d-f. Each SWNH conjugate with and
without drug, as well as pristine SWNHs, was analyzed vieayX photoelectron
spectroscopy (PHI Quantera SXM scanning photoelectron spectrometer microprobe;

XPS) for elemental composition.

3.3.2 Transmission Eectron Microscopy and Energy Dispersive Spectroscgp
Transmission electron microscopy (TEM) grids were prepared by introducing

SWNH-QD + cis diluted in water to Lacey Carbon Mesh grids (Electron Microscopy

Sciences). Imaging was performed with a JEOL2TEM equipped with a silicon drift

detector for energy dispersive spectroscopy (EDS) analysis.

3.3.3 Drug Release

Dried SWNH samples were suspended in water (0.2 mg/mL) and sonicated until
the solution was homogenous. The solution was transferred talysislimembrane,
(Spectra/Por® 3; MWCO~10,000 D) and subsequently suspended in 500 mL of water.
Drug release was performed at 37 °C in an incubator fitted with a water bath into which
the beaker was placed and stirred vigorously. All water was equiliti@a@d °C before
use. 20 mL of water surrounding the dialysis membrane was isolated at each time point
for analysis by inductively coupled plasratbomic emission spectrometer (Spectro
Analytical Instruments, CirOS VISION model; IGAES) for trace concentiians of

platinum.



3.3.4Determination of IC50

N-(4-[5-nitro-2-furyl] -2-thiazolyl)formamideinduced rat bladder transitional cell
carcinoma cells (AY27) developed by Dr. S. Selman and Dr. J. Hampton (Medical
College of Ohio, Toledo, Ohio) were donated b John Robertson (Virginia Tech,
Blacksburg, VA). A¥-27 cells were cultured in RPMI640 (HyClone Laboratories)
supplemented with 10% fetal bovine serum (Sighidrich) and 1%
penicillin/streptomycin (Invitrogen) at 37°C with 5% @{@ells were detachedom the
plate with 0.25% TrypsHEDTA (Life Technologies), which was subsequently quenched
to yield a cell suspension. 50,000 cells/well were seeded ontewselR4issue culture
treated plate and allowed to attach and proliferate overnight to apprekint#i%
confluence. Following seeding, cells were treated for 1 h with dilutions of free cisplatin
or SWNH conjugates (with and without drug) in media (n=4). Following incubation, cells
were washed thoroughly with phosphate buffered saline (Fisher ScieRiBS) and
fresh media was added to each well. Cells were allowed to proliferate for 72 h, and
subsequently an alamarBlue® assay (Fisher Scientific) was completed to determine
relative cell viability. Cell media was replaced with complete media supptethevith
10% alamarBlue® and allowed to incubate fe2 h until control cells had sufficiently
reduced alamarBlue®. Following alamarBlue® reduction, each well was subsampled 3 x
into a 96 well plate. Absorbance of test wells was measured at 570 and 60ibhnan
plate reader (Molecular Devices SprectaMax M2). Cell viability for each experiment was
normalized to internal controls and scaled between 0 (alamarBlue® with no cells) and
100 (cells with no SWNH treatment); logarithmic curve fits and ANOVA were

completed in JMP software (p=0.05).
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3.3.5Cellular Staining and Fluorescence Imaging SWNHQD + cis

For all imaging experiments, AZ7 cells were seeded at a density of 50,000 cells
per well in a 24 well plate and allowed to attach and grow for 24 h. Galianwas
aspirated and cells were rinsed with PBS, and the cells were treated with -RUNit
the calculated 50% inhibitory concentration (IC50) for 1 h. Following treatment, cells
were washed vigorously with PBS and fresh media was added. Cells weiad|dhesd
to proliferate for 24, 48, or 72 h (staining began directly following incubation for 1 h
experiments). All imaging experiments were performed on a Leica-&Ud0 B
fluorescent microscope.

3.3.5.1Actin/DAPI Stain Following incubation, cells wereaghed with PBS and
fixed with 3.7% paraformaldehyde (Fisher Scientific) in PBS at room temperature for 15
min. Cells were rehydrated with PBS and permeabilized with 0.5% Tritd@0{Sigma
Aldrich) in water for 15 min. Cells were again rinsed with PBS ttweth incubated with
1% Bovine Serum Albumin (Fisher Scientific) in PBS for 30 min. Following blocking,
Oregon Green®agged phalloidin (Invitrogen) was added to each well at a dilution of
1:40 and allowed to incubate for 20 min. After washing with PBSPD@iotium) was
added to wells with 100 uL of PBS forZLmin. Wells were protected with Vectashield
(Vector Labs) and kept at 4°C imaged.

3.3.5.2 Live/Dead StainFollowing incubation, cell media was removed and
replaced with media that included dilutel€&an AM (Invitrogen; 1pL/mL), and cells
were allowed to incubate for 30 min. Following the removal of Calcein-ddlded

media, media with Propidium lodide (Invitrogen; 30uL/mL) was added and allowed to



incubate with cells for 5 min. Subsequently, Pl wasaeed and 100 yL of PBS was
added to each well and cells were imaged.
3.3.6 Statistical Analysis.

Statistical analysis was performed in JMP software. Analysis of variance
(ANOVA) tests were performed to determine statistical differences between groups. Fo
determination of IC50, logarithmic curve fits were performed in JMP software
(parameters and equation provided in Table S2). The IC50 was calculated from these

curve fits.

3.4Results

3.4.1Nanoparticle Characterization

b
0.1 MEDC
5 mM sulfo-NHS
OH -
on 0.2 MAET
1:1 wiw Cisplatin
C|//" Pt\\\\ NH,
CI”  NH,
d ,\\" e
v (o]
\ oH

Figure 3.1. Schematic depictingunctionalization process for each conjugate type:
SWNHox (a), SWNHAET (b), SWNHQD (c), SWNHox+cisplatin (d), SWNH
AET+cisplatin (e), SWNHQD+cisplatin (f). Cisplatin is depicted as yellow circles
within SWNH cones, QDs are depicted as black/red ciadssciated with terminal thiol
groups from AET. Cisplatin is loaded through capillary action into cone interiors through
defects created by the oxidation process.
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The functionalization of SWNHs proceeded as expected, with XPS results
showing a progressioin elemental composition as predictefialfle 3.1). Pristine
SWNHSs had a high carbon content with oxygen and nitrogen present in low amounts.
Following acid oxidation, the oxygen content of SWNHs increased significantly,
indicating successful oxidation. Wh further modified with AET, there was a rise in
sulfur content from the elements in the ligand, with trace amounts of chlorine observed
from the hydrochloric acid required in the synthetic process. QDs were added to the
SWNH-AET and showed presence of doasium and zinc indicating successful
functionalization to QDs. Following cisplatin addition to each of these conjugates (as
seen in shaded rows), an increase in chlorine and nitrogen content as well as the presence
of platinum was detected, all of whichdinated that cisplatin had been successfully
added to the conjugates. The remaining trace elements were attributed to known sources

including PVDF filter paper, DMSO, HCI, NaOH, and borosilicate glass.
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Conjugate C N 0] S Cl Zn Cd Pt |Total %

Pristine

cooae o176l 052 | 772 0 | o | o | o | o | 100
SWNHox |79.56| 2.2 | 16.65/ 09| 0 | o | o | o | 986
SW'E':';"X* 67.31| 3.25 | 19.76| 1.51 | 3.12| 0 | 0 | 1.51 | 96.46
SWNH-AET | 78.31 2.35 | 15.06| 057 | 021] o | 0 | 0 | 965
SWT';?ET 75.67| 2.94 | 1653 1.24 | 1.73| 0 | 0 | 0.92 | 99.03

SWNH-QD |80.8| 1.29 | 14.82| 1.39 | 04 | 0.21| 0.8 0 99.69

SWNH-QD +
Cis
Table 3.1. XPS of SWNH conjugates as they are functionalized. Shaded rows indicate
conjugates that have been loaded with cisplatin. Trace elementseirstlicdn, fluorine,

and sodium, which are from known sources.

75.13| 1.94 | 15.05| 252 | 287 | 0.08| 0.11 | 1.75 | 99.45

3.4.2TEM and EDS Analysis

Energy dispersive spectroscopy (EDS) was performed on both bulk sample and
on a small portion of the SWNRD + cis sample (supplementanyformation). As
shown in tke spectra, there was no difference in elemental composition between the bulk
sample and the small sample, indicating that the SVZNIH + cis sample was
homogenous. In addition, the target elements (carbon, cadmium, selenium, zinc, sulfur,
platinum, chloring were observed in the sample with additional peaks only from the grid

(copper) and the instrument.
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20 nm

Figure 3.3. TEM images of SWNHQD + cis show tepesenef bthcisplin and
QDs. (a) Schematic of SWNRD + cis. (b) Images of SWNH aggregatesiéating
sizes similar to those seen with DLS:-dImages of SWNFQD + cis to visualize
individual QDs and cisplatin molecules. Black arrows in C and D denote presence of
cisplatin (small dark spots) and white arrows and the white circle show the pre$ence
QDs (highly ordered lattice structure from CdSe crystal).

TEM images as shown iRigure 3.3 (ad) indicate the presence of both cisplatin
and QDs in the sample. Figure 3.3 (c, d),the white arrow indicates the location of a
QD in the sample, whiclare apparent by the highly ordered lattice structure with an

overall size of B nnf® 4L, The CdSe crystal late remains clearly visible despite the
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carbon sheet background, indicating successful functionalization to SWNH strfices

The black arrows indicate the presence of cisplatin in the sample, which is evidenced by
small dark spots within the carbon mesh. Cisplatin appears as a dark spot within the
carbon matrix due to the presence of the platinum atom. The othewisible that are

longer and slightly wavy are the result of the graphene sheet. These results indicate that
SWNH can be modified to include a physical loading of cisplatin and an attachment of

QD to SWNH surfaces to create SWMNpD + cis.

3.4.3Drug Release Properties
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Figure 3.4. ICP-AES results indicating the percentage of released cisplatin as a function

of total amount of drug released from each conjugate (n=3). There is no significant
difference between any of the conjugates over the entire timedpendicating that
functionalization does not inhibit the potential to use SWNHSs as drug delivery vehicles.
ICP-AES results show the amount of platinum content in water surrounding the
dialysis bag containing SWN#kisplatin conjugates. This correspontis a cisplatin

release from the SWNH conjugates and is presented as a percentage of total cisplatin

released during the course of the experiméngure 3.4). Each conjugate releases
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between 60% and 70% of cisplatin within the first hour. After this Roatr, SWNHox
exhibits a slightly, though not significant, faster release as compared to the -S\&WNH

and SWNHQD. These slight differences are expected because of steric hindrance that
the drug must move through to be released from the functionalizegaréinkes. Since

there is no significant difference in drug release between the three conjugates, the
addition of the QD to the SWNH surface does not hinder its ability to act as a drug

delivery vehicle.

3.4.41C50 determination
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0O SVWNH-QD
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Figure 3.5. SWNH functbnalization does not induce toxicity at the concentration ranges
used for cisplatin therapy. Data is presented as average = standard deviation.
Significantly different viability as compared to controls follows no unifying trend,
indicating that all dramati drops in viability in SWNKdrug conjugates are due to
cisplatin and not SWNH conjugates.
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Percent reduction of alamarBlue® for a wide concentration range of cisplatin was
determined for each conjugate and free cisplatin. Viability was determined [ger tleat
reduction as compared to control cells with no treatment and data was normalized from 0
100 (with O being the negative alamarBlue® controls with no cells and 100 being control
cells with no treatment). When SWNH conjugates without cisplatin axgated with
AY-27 cells, there is no significant trend in the data as a function of concentration, as
shown inFigure 3.5. Slight variation exists and several concentrations of each conjugate
induce significantly reduced cell viability, however these db constitute an overall

trend.
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Figure 3.6. Viability data collected from incubations with SWNtikplatin conjugates
(n=4). SWNHcisplatin conjugtes demonstrate an increase in IC50 by two orders
magnitude. Data is presented as an averagstaridard deviation, with the IC50 values
calculated from a logarithmic curve fit of each conjugate type (supplementary
information).

AY -27 cells incubateavith SWNH-cisplatin conjugates, as well as free cisplatin
as a control, showed significant reductions in viability with increasing concentration, as
shown inFigure 3.6. The solid black bars denoting free cisplatin exhibited a dramatic
drop-off in viability at lower concentrations compared to the SWNH conjugates, which is
demonstrated by the calculated IC50 as shown in Figure 6. Each of these data sets was fit

to an Scurve in JMP to generate IC50 values (detail in supplementary information).

There is no dference between the conjugates in IC50, but all are 2 eodermgnitude



higher than free cisplatin likely due to the different mechanism of uptake between free

cisplatin and nanoparticle bound cispl&tin

3.4.5Cellular Staining and Fluorescence Imaging SWNHQD + cis

SWNH-QD + cis conjugates were incubated with &Y cells at thecalculated
IC50 concentration to evaluate the potential of these conjugates to both act as a
chemotherapy delivery and an imaging vehicle. As evidencdeigure 3.7, over the
course of 3 d, control cells which were not incubated with any nanoparticle show
substantial proliferation. After 72 h, there is a confluent monolayer over the entire well.
However, in the treatment groups, there is a significant inhibition in proliferation as cells
uptake the SWNHQD + cis conjugates and the drug is allowed to a¢hercells. This is
especially evident after 24 h, with a significant population of cells dying and being
washed away before staining occurs. After 72 h, the cells begin to recover and proliferate,
which validates the calculated IC50 value, as it will anlyibit cellular proliferation by
50% as compared to controls. Dead cells stained in these experiments recently died upon
staining. Additionally, the fluorescent signal from Calcein AM and Pl is strong enough to
limit the ability to visualize the QD sighxom individual SWNHQD+cis conjugates.

In addition to observing cell death over the course of 72 h, actin/DAPI staining
was performed to evaluate the potential to image the cellular distribution of QDs over the
course of the experiment, as shownFigure 3.7. Similar trends in proliferation were
observed with these cells, implying the action of the drug on inhibition of cell growth.
However, with these images, the position of SWRB + cis conjugates is clearly
monitored through the bright red fluorestsignal from the QDs. At this concentration,

AY-27 cells uptake a significant amount of SWAQD+cis which prevented the
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evaluation of cellular trafficking of SWNH conjugates. These images demonstrate the
potential to use this QD conjugation scheme in loo@tion with cisplatin treatment to

monitor nanoparticle transport and subsequent therapy.

1h 24 h 48 h
A
- .
"
k]
SWNH-QD
+ cis
lh
B ~
Control ;
SWNH-QD v 4
+ cis )

Figure 3.7.(a)Live/dead staining of AX27 cells over 72 h following 1 h SWNRD +

cis treatment. SWNHDD + cis demonstrate a significant inhibition of pretdtion of

cell growth and cells continue to die over the 3 d period relative to cells exposed to no
treatment. Green: calcein AM, live cells; Red: Propidium lodide, dead cells, Scale bar =
50 um. (b)Actin/DAPI staining of AY27 cells over the course of T2following 1 h
SWNH-QD + cis incubation. Green: Oreg@reen® Phalloidin, fActin; Blue: DAPI,

Nuclei; Red: QDs; Scale bar = 50 um. SWNH conjugates maintain their capabilities as an
imaging tool over the course of 72 h, with cells retaining and traffigckonjugates over

time. Increased intracellular time for conjugates translates to an increased dose of
cisplatin available for therapy.



3.5Discussion

In this work, SWNHs were evaluated for their capability to synthesize and
evaluate its ability to actsaan imaging and drug delivery probe simultaneously. In
particular, QDs are utilized as the fluorescent probe fortieal imaging over extended
periods of time due to its resistance to photoblea¢hingdditionally, our focus on
bladder cancer led us tdilize the chemotherapeutic drug cisplatin within SWNHs for
the eradication of cancer cells. The enormous surface area of SWNHs make them an ideal
platform to attach a significant number of QDs for a strong fluorescence signal, and the
corresponding largaternal space can sequester a substantial drug load. While SWNH
QD and SWNH+cis complexes have been evaluated separately, there has yet to be an
examination of a dual imaging and drug delivery capable SYNH Therefore, our
efforts focused on the characterization of this SWRHB + cis, to examine whether the
addition of QDs to the nanoparticle conjugate ldomterfere with the drug delivery
capabilities of SWNHs. The development of SWAQB+cis will afford a dual
photothermakchemotheraputic nanoparticle with added fluorescent functionality for real
time feedback on the tissue distribution of injected narimpes for the eradication of
bladder cancer.

Synthesis of SWNH conjugates proceeded as expected, with XPS elemental
trends agreeing with the predicted reaction schdfigaufe 3.1, Table 3.1). Despite the
presence of predicted elements (S, Cd, Pt, etcl)aalogical progression, XPS fails to
include spatial information about the specific structure of the SWNH conjugates. TEM
imaging of separate SWNBD and SWNHox + cis were previously performed in our

laboratorie®> . In these images, cisplatin was successfully incorporated in SWNH cone

12C



interiors and QDs attached to the surface of SWNHs. Because of thisusré&ody of

work, SWNHQD + cis were the focus of this study to evaluate the presence of cisplatin
and QDs in relation to the SWNH cones. Qualitatively, cisplatin tended to aggregate
towards the edges of the carbon mesh, which was consistent with fibgiAgsna et al.

to examine the material storage mechanism of SWRHEDS spectra over a large and
small area also indicate homogeneity of the sample, eliminating any SQINH cis

that lack either cisplatin or QD tagginin addition, cisplatin appeared within the carbon
mesh, indicating successful internalization into SWNH cones, compared to surface
attachmeri. In contrast to XPS analysis, the combination of EDS and TEM confirmed
that the platinum is from internalized cisplatin and not from residual cisplatin either on
the surface of SWNHs or unassated with SWNHSs. In addition to the confirmation of
internalized cisplatin, TEM also revealed the surface functionalization of SWNHs with
QDs, as seen by the highly ordered lattice structure. The lattice is undisturbed by the
graphene sheets, indicatitftat the QDs rest on the surface of the SWNH as predicted.
Furthermore, the presence of cadmium and selenide characterized by EDS confirms the
structure of SWNHQD + cis.

Cisplatindés therapeutic action is direct
conjugdes; its cytotoxic effect is attributed to its interaction with DNA to form adducts,
which lead to apoptosts The release profile of cisplatin from SWNHSs is necessary to
predict cytotoxic action of SWNHdisplatin conjugates. These SWNH conjugates
exhibited a burst release of cisplatiorfr cone interiors with insignificant difference
between the three conjugates. These profiles indicated that the functionalization

procedure to attach QDs to SWNH surfaces did not significantly affect their ability to
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release cisplatin. These release pesfivere consistent with previous SWNH work, with
the majority of sequestered compound released within the first few hours of inctfbation
47 The vigorously stirred environment (sink conditions) created in these dialysis
experiments is extreme compared to fluid dynamics experienced by nanopanticles
vitro. This work is a commonly utilized technique to study drlgase from nanoparticle
formulations and will serve as a baseline to predict the maximum amount of drug
released from these conjugates at any given’time

Following particle characterization, the cytotoxic potential of the S\Wididlatin
conjugates was evaluated against-A¥ rat bladder cancer cells. Additionally, the
SWNH conjugats themselves should not induce cytotoxicity, as the potential for errant
cell death would increase significantly. The results of the cytotoxicity experiments
indicated both the presence of active drug and the absence of errant cytotoxicity from
SWNH conjates without cisplatin. There was no significant decrease in cell viability as
a function of concentration in SWNH conjugates without cisplatin, indicating that SWNH
conjugates alone did not induce toxicity. When-&¥ cells were incubated with SWNH
cisplatin conjugates, there was a significant decrease in cell viability. Despite this
decrease in viability, the IC50 value increased by 2 orofersagnitude as compared to
free drug. This increase in IC50 is in agreement with previous literature involangséh
of SWNH-drug conjugates, with typical increases of 1 or 2 ordérsagnitudé®>?,
Clearly, sequestering the cisplatin within SWNH cones affects the ambumplatin
that cells experience within the 1 h incubation time. Furthermore, incubation for a short
time followed by a latency period of 72 h is a conservative replication of predictec

exposure times and represents a conservative estimatpauftes cell deaf3 43, In
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addition, the IC50 of the SWN#rug conjugates will decrease and approachah&te
drug with longer exposure tinids Although the majority of drug released from the
SWNHs occurs in the first hour (shown Kigure 3.4), this represents a reduced
concentration exposed to the cells as compared to free drug solutions. In addition,
previous work in our laboratory postulates that cisplatin does not necessitate an
endocytotic pathway as is necessary for SWNH conjugatédthough there is drug
released within the 1 h incubation period, a significant amount of cisplatin actedson cell
through endocytosed SWNHs. In this scenario, increased concentrations of -SWNH
cisplatin conjugates induced both more cells containing at least one conjugate and more
conjugates per cell on average. As a result of endocytosis, these SWNH conjugates
incresed IC50 values by 2 ordes$-magnitude as compared to free cisplatin, but would
allow for increased exposure to cisplatin following the initial incubation period.
To further confirm the SWNK i spl atin conjugateso abili
cells after72 h, AY-27 cells were exposed to the IC50 concentration of SYNIH+ cis
and stained with Calcein AM and Propidium iodide to evaluate live and dead cells.
Following treatment, there was a remarkable decrease in proliferation -@7Acélls,
suggesting auccessful drug treatment. Additionally, in live/dead stains of both control
cells and treatment cells (shownkigure 3.7a), cells continued dying at the 72 h mark
due to the presence of SWNBD + cis conjugates, indicating that SWNH conjugates
were likely still releasing drug intracellularly, which was then acting on the2X¢ells.
Following |ive/ldead viability staining,
course of 3 d was examined and the SWNH intercellular position monitored. QDs are

known as vereffective imaging tools botm vitro andin vivo with little to no evidence
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of photobleaching over the course of several days and the ability to conjugate to larger
nanoparticle structurés'® 2337 As seen in the images in Figu3&b, cells continue to

retain the SWNEHLisplatin conjugates after 72 h, wh would allow any residual
cisplatin from SWNH cone interiors to exit and continue to act on cells. In particular,
internalized SWNHisplatin conjugates continued to treat cells long after the removal of
SWNH-doped media. Interestingly, there appearethe¢ no difference in the amount of
internalized SWNHQD + cis over 72 h, indicating that cells were not expelling SWNH
conjugates over this time period. These images helped to validate the mechanism of
continued cell death over the 72 h period, as intzeth SWNH conjugates remain

within the cell and can deliver cisplatin therapy over time.

3.5Conclusion

This work represents the first theranostic SWNH, with the capabilities to both
perform fluorescence imaging with the conjugation to QDs and deliggrifisant
payloads of the chemotherapeutic cisplatin. Successful conjugation of SWNHs with both
QDs and cisplatin, confirmed through TEM, XPS, and drug release studies, enabled
cellular characterization. SWNRD + cis provided a valuable nanopatrticle tonitar
SWNHSs and drug release over time, confirming the significant cell death and revealing
continual drug release over 72 h. The ability to both deliver chemotherapy to elucidate
cell death as well as monitor the position of the SWQB + cis through flarescence

imaging are key parameters for the nanotechnology of the future.
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3.7 Supplementary Information
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Figure 3.S1.EDS Spectra of a large and small area of SWQIBI + cis. The elements
present in each spectra correspond to successful functionalization. In addition, there is no
difference in elen@al composition between the large and small spectra, indicating

sample homogeneity.
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SWNHox

Concentration Least Sq Mean
(mg/mL)

10 A 122.6748¢
50 A B 118.1363¢
5 A B C 114.27107
100 B C D 109.2637¢
1 B C D 109.1245¢
0.5 B C D 108.6573:
0.1 C D 105.3642¢
0.01 C D 103.4109¢
0.05 D 100.2944:
control D 100.0000(¢
0.001 D 98.7874C
0.005 D 98.60724
SWNH-AET

Concentration Least Sq Mean
(mg/mL)

5 A 110.9821¢
0.5 A 110.35237
1 A 109.0642¢
control A B 100.0000(¢
50 B C 95.6333¢
10 B C 95.56201
0.1 B C D 89.95304
100 B C D 88.4610C
0.05 CcC D 86.2644¢
0.01 cC D 85.25324
0.001 D 83.25441
0.005 D 81.07784
SWNH-QD

Concentration Least Sq Mean
(mg/mL)

control A 100.0000(
control2 A B 95.55257
0.05 A BC 94.3720¢€
0.1 A B C 94.3089¢
1 A B C 92.8321¢
water A BC 92.8252(
0.5 A B C 92.4307¢
10 A B C 92.29542
5 A B C 91.65304
0.01 A B C D 89.8183¢
100 B C D 84.7318¢
50 B C D 84.6567(
500 C D 82.1292(
250 D 78.16934

Table 3.S1.Statistics table including cytotoxicity of SWNH conjugatéthout cisplatin.



Free Cisplatin Viability and Curve Fit
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Figure 3.52.Example of curve fitting to SWN#displatin and free drug concentrations in
JMP. Each of the data sets of viability vs concentration were fitted to a Logistie 4P S
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curve and IC50 concentrations were calculated from theses.

A: B: C: A1l D: A u
Conjugate ﬁgrowtﬁinflea'S m t(aé mo t R2
rateo|pointao y mp y mp
ggglaﬂn -0.275118 | 5.5021996 |3.9145743 | 109.3357 0.9934185
SWNHox | -0.045923 | 374.02847 | 3.2070048 | 100.88207 | 0.9948283
i‘éVTNH' -0.02354 | 320.50486 |0.8686549 | 93.221408 | 0.9920392
SWNH-QD |-0.011311 |218.21189 |-0.947627 | 100.17781 | 0.9934192

Table 3.52 Examples of fitted parameters from Logistic 4ReUsve fits of each of the
conjugates and the corresponding equation:

Viability = ¢ +

d—c

1+ e(—a*(concentratian—b))
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Free Cisplatin and Drug-Nanoconjugate Curves
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Figure 3.S3.Curve fits of eah of the SWNHcisplatin conjugates and free cisplatin. The

curves show the change in IC50 pictorially by two orders of magnitude, with no
significant difference between to different SWNH conjugates.
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4.1 Abstract

Supramolecular chemistry continues to experience widespread growth,-asméde
chemical structures lead to weléfined bulk materials. Historidgl significant research
revolved around the use of supramolecular chemistry to develop tissue engineered
scaffolds for biological applications. Recently, supramolecular polymers and additive
manufacturing merged to develop scaffolds with definition on thelecular,
macromolecular, and feature levels. This review details the progress of supramolecular
polymer use in additive manufacturing for biological applications, including drug
delivery and complex tissue scaffold formation. The potential for suprauoiate
polymers to generate isotropic parts and hierarchical structures provides a path for future

investigation.
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4.2 Introduction

The field of polymers containing supramolecular interactions describes a class of
molecules in polymer chemistry that precisetyitrol both the polymer structure and the
interactions between polymer chaing.Supramolecular intactions between polymer
chains include i1 onic interactions, -"hydrogen
stacking, each with varying degrees of strefgtfiraditional supramolecular chemistry
revolves aroud interactions between small molecules or polymers that possess-a well
defined 2D or 3D structure.* Importantly, the reversibility of supramolecular
interactions facilitates part manufacturing with the ability to break supramolecular bonds
during printing and form these interactions again in the final structure. The combination
of supramolecular polymers with biologicallglevant hydrogels reveals a promising
approach to complex tissue engineering, combining reversible, supramolecularfbnds a
water to lower the glass transition temperatugg &fid lend chain mobilit§.”

Tissue engineering involves the replication of native biological tissuesro for a
variety of apfications such as drug discovery, disease characterization, and organ
replacement. Tissue scaffolds generated from mgpecific molding or precisely tuned
3D structure closely mimics a cell or organ type of chdfceThe field of tissue
enginering includes both synthetic and natural polymers, lending great diversity to the
field.1214 Specifically, common tissue engineering constructs closely mimic native
cartilage, which is generated from chondrocyte$ Stem cells, which differentiate into
specific tissue types, tune differentiation based on the modulus and chemical environment
of the resulting scaffolé ° Recent advances fdn vitro 3D cell culture include

complex tissues such as skin (keratinocytes, fibrobfdskisker (hepatocyteg), brain and
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spinal cord (newmsy? blood vessels (endotheli&l) and feart (aortic valve, smooth
muscle¥*, which forge the way for future tissue engineered scaffolds capable of
mimicking complete orgarfS: 2 The advancement of tissue engineering to create
biologically-active and hierarchical structures drives the future of tissue enginééring.
Additive manufacturing (AM), also known as 3D printing or rapid prototyping,
emerged to generate previously unattainable geometric structures and functions from
well-characteried materials. While AM generated new structural geometries composed
of existing materials, biology also benefited from creation of novel drug delivery devices
and tissue scaffold§. Material extrusion AM, vat photopolymerization, and inkjet
printing commonly generated novel structures suitable for incorporation into the human
body?® 30 Specifically, the control of not only genetry but also porosity aided in
formulation of complex biological structures capable of sustaining cellular viability and
proliferation. Furthermore, recent advances in bioprinting allow for cell encapsulation
into polymers for simultaneous depositiontoincomplex tissue scaffolds. While
advances in additive manufacturing open opportunities for new tissue scaffolds, the
breadth of cell sensing requires the arporation of supramolecular functionality to
create distinct structures-igure 4.1). Resolution of common AM techniques, while
improving rapidly, remains limited in scope compared to cell sensing capabilities. This
review describes the use of polymersbibed with supramolecular functionality, both
natural and synthetic, for AM designed for biological applications, both with and without

encapsulated cells.
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Figure 4.1. Resolution of common AM techniques fails to reach the breadth of cellular
sensing cagbilities, necessitating the use of both additive manufacturing and
supramolecular interactions to reach control of fine featirés.

4.3 Synthesisand Characterization o8D-Printable Supramolecular Polymers

Utilizing both synthetic methods and modifications of naturattgurring
biopolymers enabled supramolecular polymers appropriate for AM. The modulus,
viscosity, and functionality of supramoldar polymers enables their use in AM.
Commonly, naturallyoccurring polymers possess a high molecular weight, which
translates to an inherently viscous polymer solution suitableé&berial extrusion AM?
Interestingly, most modified biopolymers combine with a tpborable group or
synthetic copolymer to enhance mechanical integrity upon printing. Alternatively,
synthetic polymers offer tunable viscosities and functionality, expanding the potential
printing techniques suitable for tissue scaffolds or drug delivargl eliminating
manufacturing limitations. Resulting modulus and physical characteristics of the printed
polymers also drive their application, with high modulus materials best for applications
such as bone tissue engineering and low modulus materialforfitsoft tissue
applications®™® 3¢ Supramolecular functionality, modulus, and viscosity dictate both the

AM technique used and resulting biological applicatitns.
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4.3.1 Modifications of Natural Polymers.

Naturally-occurring polymers or biopolymers offer supramolecular functionality,
which while often weaker than synthetic polymers, occurs naturally withen
materials>® These polymers, however, often necessitate modifications to achieve tailored
geometry while printing, such as the inclusion of a photocurable grouplifect
modification of the biopolymet?

The polysaccharide hyaluronic acid (HA) acts as lubricatiorutiirout the body
and possesses sites for both hydrogen bonding and chemical modifi€agiore @.2).4°
HA possesses a high degree of biocompatibility and biodegradability, ensuring parts
created with HA exhibit favorable biological propertfés*' HA undergoes a number of
reactions to introdue functionality along the polymer backbone. HA reacted at primary
alcohols with methacrylic anhydride to vyield methacrylated HA suitable for
photocrosslinking? Ouyanget al. describedhe functionalization of HA with adamantine
( Ad) -eyalodextfin (CD) to facilitate enhanced supramolecular behavior via-guest
host interactiong® 44 The primary alcohol group catalyzed Ad functionafityyhile the
carboxylic acid group modifiedo include CD functionality® Additionally, EDC
coupling through the carboxylic acigtoup yielded thiofunctionalized HA® A thiol-
ene reaction through thidlA included dianmohexane (DAH) or cucurbit[6]uril (CB[6])
into the biopolymer, which acted as gubest supramolecular functionality facilitating
the formation of hydrogef$: 4’ In addition to the inherent hydrogen bonding fdun
HA, the addition of functionality to either induce additional supramolecular interactions
or provide chemical crosslinking to bolster HA mechanical properties provides a robust

biopolymer suitable for AM.



While HA dominates polysaccharides used for Adthers such as chondroitin
sulfate (CS), dextran, chitosan, sodium alginate, and gellan gum also possess favorable
functionalities Figure 4.2).2° CS acts as an extracellular matrix (ECM) protein capable
of withstanding compressive load and absorbing water within cartilage in the human
body?® Its abundace of ionic groups and hydrogen bonding groups, together with sites
for chemical modification, make CS an attractive choice for biologisaliynd
structures. Abbadessa al. described the creation of @8ethacrylate for AM through a
reaction at the priary alcohol group with glycidyl methacrylate.n parallel to a
partially methacrylated triblock copolymer, @%ethacrylate created synthetic cartilage
tissue scaffold4’ CS also reacted with-@minoethyl methacrylate through EDC coupling
to form methacrylated C3. Dextran, a colloidal bioplymer, functions to resist to
protein adsorption and enables numerouwitro characterizations of synthetic tissue
scaffolds®! The primary &ohol on dextran reacted with hydroxyethyl methacrylate to
form photocurable polymer$.Gellan gum, a polysaccharide commonly isolated from
bacteriapossesses a number of hydroxyl groups, both primary for functionalization and
secondary to serve solely as hydrogen bonding ehiEDC coupling through the
carboxylic acid group on gellan gum afforded peptidadified gellan gm for enhanced
cell proliferation®* Characterization of the degree of functionality of these biopolymers

provides a unique challenge due to the size and complexity of natural polymer structures.
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Figure 4.2. Structures of commonly used natural polymers for AM, including
polysaccharides and polypeptides. These biopolymers have been chemically modified
(sites marked in red) as well as utilized for their supramolecular behaither from
hydrogen bonding (blue) or ionic (green) interactions.

Due to the combination of high molecular weight and supramolecular
functionality, biopolymers often undergo printing in their natural state. Other
polysaccharides commonly used in hyddoigemation include chitosan, which is often
used in its natural form due to its intrinsic positive charge to create iori=sisd
hydrogels> ¢ Chitosan also reacted through abise chemistry to vyield N;O
carboxymethyl chitosan, which results in carboxylic acid groups attached to the amine
and primary alcohol’Sodi um al gi natedés native state
capable of physical crossking in the presence of divalent cations, typically calcifim.

Agarose, with a gel point below room temperature, underwent stucedget printing

to form welkdefined structures in its native stdfeWhile these biopolymers often
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facilitate AM in their native state, their phatra of functional groups provides additional
handles for chemical modifications.

Natural polymers also include polyamides generated from the polymerization of
amino acids (polypeptides). The naturally occurring ECM protein collagen and its
derivatives acas structural proteins and often display natural cell adhesion sequences to
promote tissue generation. The argingigcine-aspartic acid (RGD) sequence as well as
its triple helix structure make collagen an ideal candidate for the formation of tissue
scdfolds. In traditional tissue engineering, collagen crosslinks during the neutralization
of acidsoluble collagen to form an insoluble network, suffering from significant
variation and lack of contréf. Due to these factors, along with its substantial molecular
weight, collagen alone rarely permits processing through®AMstead, its derivative
gelatin facilitates AM to form complex 3D structures while maintaining the
biocompatibility and biodegradabijitbenefits of collagerf 62 ©3Commonly, reactions
of methacrylic anhydride with the amine group of gelatin generated qghodslinkable
functionality, which lent additional structural support to the printeaffgld following
material extrusion AM? 3 Acetylation of gelatin is also accomplished at the amine
group through a similar reactiéf.Klotz et al. provided a comprehensive review of
reactions with gelatin to generate -pldntable gelatin through a variety of chemical
modifications®! Polypeptides, while potentially offering tuned microstructure thrabigh
polymerization of different amino acids, represent only a portion of current research into

biopolymer AM.
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4.3.2 Synthetic Supramolecular Polymers

Synthetic supramolecular polymers are achieved through one of two routes:
synthesis or selissemblyof a new supramolecular polymer system or modification of
existing synthetic polymers. Synthetic polymers offer the ability to tune specific
properties and supramolecular interactions. This control enables the selective creation of
well-defined AM parts eross many length scales, achieved through both printing

parameters and the supramolecular chemistry employed.

4.3.2.1 Synthesis and SeKAssembly of Supramolecular Polymers

Synthetic chemistry facilitates precise tuning of polymeric structure, achieving
control over the final printed part free from heterogeneity. lonic interactions strongly
influence hydrogel integrity, as exemplified by a zwitterionic system containing
photocrosslinkable, synthetic monomers carboxybetaine acrylamide and carboxybetaine
dimethacrylate which created hydrogels of varying stiffness for the preservation of
human stem cell®. Varying ratios of acrylamide to dimethacrylate enabled construction
of low modulus gels to precisely tune modulus and direct stem cell differenfiation.
Schultzet al. described the creation of a novel charged phosphonium monomer, which
was ceprinted with PEG dimeticrylate through vat photopolymerizatit$fiThese parts
demonstrated the capability to print synthetic ionic monomers to create a supramolecular,
crosslinked networR®

Hydrogen bonding remains one of the most prevalent and versatile form of
supramolecular interactions between synthetic polymers. Free radical polymerization to
form precursor copolymers of poly[(ethylene glycol methyl ether mechacrgiodd)N-

dimethylacrylanide] demonstrated significant hydrogen bonding capabilities when co
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printed with cellulose nanofibrils.Wanget al.detailed the creation of this copolymer to
specifically eliminate ionic interactions, which could cause premature gelation, and
instead designed the polymer to tailor interactions with cellulose through hydrogen
bonding®” Acrylamide monomers containing Ad and cucurbit[7]uril (CB[7])
polymerized through free radical polymerization formed crosslinked hydrogels upon
mixing.%® Controlled free radical polymerization yielded p®y(@2-hydroxyprgyl)
methacrylamide lactateo-PEG) (Poly(HPMAmlactate)}PEG) triblock copolymers with
controlled  hydrophilic/hydrophobic  interactiof’s. The thermal behavior of
poly(HPMAm-lactate) blocks afforded dynamic hydrogels capable of supramolecular
interactions controlled through temperature, which precisely tuned the deposition of

fluorescent beadsgure 4.3).%°

Figure 4.3. Material extrusion AM of pon(HPMArﬂtatePE triblock copolymer
generates preciselontrolled deposition ofpolymer strands doped with fluorescent
beads, including layers (a, b, €) and curves (c, d). Adapted from eZensi

Stepgrowth polymerization to form polyurethanes that possess water solubility

and biodegradability underwent a midtep procedure ending with chain extension of

polycaprolactone (PCL) or poly(ethbramide) (PEBA)based diisocyanates with
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ethylere diamine to form high molecular weight polymétsThese miiifaceted
hydrogenbonding polymers form complex tissue scaffolds for material extrusiorf°AM.
1 Release of chondrogenic growth factors and mesenchymal stem cell proliferation and
differentiation furthered the use of AM with biodegradable polyurethdne tissue
engineering!

Supramolecular interactions also accomplished theasséEmbly of syhetic
small molecules to form complex microstructures. Amphiphilic pyrene pyridinium and
2,4, Ftrinitrofluorenone  combined to create hydrogels through chaegsfer
supramolecular interactiori$. These injectable small molecules formed defined
hydrogels, which also underwent sedcovery upon strain, highlighting the strength of
these supramolecular bondsWei et al. detailed the synthesis of a hydrogel, which
underwent selassembly to form a partially gelled intermediate through supramolecular
interactions of amino acithodified acrylic acid’® Following initial gel formation,
crosslinking achieved through enzymatic polymerization formed an interpenetrating
network resulting in superior mechanical properties than either gel ‘@loffeThis
reseach exemplifies the incorporation of supramolecular interactions into commonly
utilized AM technologies to enhance mechanical properties of the final part.

In each of these cases, new monomer synthesis enabled the creation of novel
supramolecular polymers dueled direct AM with a functional copolymer. As the field
of supramolecular chemistry moves towards AM of isotropic parts, both new monomers
and creative microstructures of commercially available monomers will enable precise

control of structure, botht éhe molecular and printing scales.
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4.3.2.2 Madifications of Existing Synthetic Polymers

Extensive research revealed classes of polymers suitable for use as tissue
scaffolds, including poly(ethylene glycol) (PEG) and PCL, each undergo chemical
modificaions to lend 3Bprintable and supramolecular functionality. High molecular
weight PCL lacks printability by methods other than extrusion AM, but offers favorable
biomechanical properti€s. To create PCL amenable to other AM techniques,
modification d low molecular weight diols with supramolecular functionality is
necessary® Hart et al. discussed the modification of PCL diols with a multitude of
hydrogen bonding n dstacking moieties through 2tdluene diisocyanate ergapping
reactions’® The inclusion of these groups at relatively low concentrations led to the
formation of supramolecular networks that exhibited shear thinning behavior and
successful inkjet printing, a property commonly olkedrin high molecular weight
polymers Figure 4.4).”® Synthetic groups tailored to contain multiple hydrogen bonding
groups facilitated supramolecular interactions, such -asei@lc4[1H]-pyrimidinone
(UPy) developed by Meijeet al, which found use in a wide variety of polymeric
systems: 3 ""UPy engaged in quadruple hydrogeonding and facilitated sedfssembly

polymers, exhibited through efpping reactions with PCL and peptidés.

\

Figure 4.4. Inkjet printing of modiied PCL from modeling (a) reveals structural integrity
(b) and merging of layers (c) to produce a homogenous pyramid. Adapted frorat Hart
al.’”®
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PEG possesses a significant portion of tissue engineered scaffolds due to its well
characterized biocompatibility and easfeuse’® While the vast majority of PEG utilized
for additive manufacturing exists as P&Gvylate, the primary alcohol emploups
provided a facile routé¢o introduce supramolecular functionality. Hydrogen bonding
urethanecontaining groups added to PEG diol ends through reactions with diisocyanate

HMDI yielded photecrosslinkable oligomers.

4.4 Additive Manufacturing of Supramolecular Polymers

AM consists of many forms to successfully manufactureudisscaffolds,
including material extrusion, vat photopolymerization, inkjet printing, and bioprifiting.
Bioprinting refers to celladen polymer solutions or resins, which subsequently undergo
the printing process. Many scaffolds, however, undergo theingirmgrocess before
introducing cells, eliminating additional printing parameters which could compromise the
printability of the supramolecular polymer. Sterilization of tissue scaffolds occurs either
before the printing process to yield sterile scaffoldseatly or following scaffold
formation through traditional sterilization of the gormed tissue scaffold. Sterilization
adds another hidden parameter to AM tissue scaffolds, which potentially affects the

structural integrity, anisotropy, and resolutmimanufactured parts.

4.4.1Material Extrusion Additive Manufacturing
Material extrusion AM traditionally relies on thermoplastics printed from either a
hotmelt or flament. Extensive research refined the printing parameters, temperatures,

and geometds for printing common polymers such as acrylonirigadienestyrene



(ABS) and polycarbonate. In recent years, however, material extrusion AM of
biocompatible polymers such as PCL and natural biopolymers proved valuable to the
creation of tissue scaffdé for personalized medicine.

Supramolecular polymers are prevalent in material extrusion AM, both in fused
filament formation and direstrrite systems, largely due to the abundance of extrudable
natural polymers and their inherent supramolecular funditgndNaturally occurring
polymers often print with a combination of material extrusion and ptratsslinking, as
they generally have sufficient molecular weight, and thus viscosity, to achieve part
fidelity upon extrusion but require phetoosslinking © lend additional mechanical

support.

4.4.1.1 Natural Polymers.

HA features prominently for AM of tissue scaffolds, with a variety of chemical
modifications resulting in the successful creation of hydrogels. HA successfully
underwent modification witlsupramolecular functionality or phetwosslinking groups
for use in extrusion AM as described above. Higldewl. detailed the extrusion of Ad,

CD and methacrylated HA, to form supramolecular bonds after exiting the fdZZle.
Following successful extrusion, phetoosslinking the methacrylates further bostered the
hydrogel, yielding selsupporting structure: 44 Furthermore, microchannels within the
part, createdhrough the removal of excess uncrosslinked HA, utilized CD solutfons.
Use of fibroblast cells confirmed functional structures capable of sustaining life, which
drove future research to include the introduction of mesenchymal sterffcells.

Gellan gum, with combinations of other macromolecules or modified with

methacrylates, enavaged successful material extrusion AMZ When modified with
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RGD, gellan gum formed complex layered structures without further modification or co
extrusion>* Gelan gum and alginate supported mesenchymal stem cell proliferation and
differentiation following material extrusion AR Cell seeding with human
mesenchymal stem cells confirmed the improvement in cellular attachment and
proliferation on composite hydrogels as compared to alginate #idedified chitosan,
co-extruded with polyphosphates and alginate, formed durabdeobgls capable of
additional crosslinking with calciuif. Osteogenic cells seeded onto these scaffolds
revealed biomineralization, suggesting a strong correlation between combination
hydrogels and mieralization potential’

Due to their high molecular weight and native supramolecular functionality,
material extrusion AM of biopolymers in their natural state catalyzes the formation of
distinct tssue scaffolds. Material extrusion of alginate created hydrogels with well
defined structuré? Liu et al. evaluated the effect of varying deposition parameiarthe
resulting ionicallycrosslinked hydrogel, providing valuable metrics for future stdy.
Gelatin, also extruded in its native form, created 3D structuiteshomogenous polymer
distribution throughout, generating higjdelity parts®® Gelatin also extruded with silk to
create stable, implantable hydrogels suitable for soft tissue reconstruction of precisely
controlled features imaged with CT scans of patient deféétginate and gellan gum in
their natural state provided hydrogels capable of releasing a number of grotetis fa
stimulate endothelial cell proliferation for the correction of bone defé@sllagen ce
extruded with hydroxyapatite to sustain bone marrow stromal cell viability when seeded
after printing®® The 3D tissue scaffold induced cell differentiation and new bone

formation following implantation into a rabB#®.Collagen also sustained and induced



proliferation of mesenchymal stromal cells following material extrusion into complex
tissue scaffold®® These combinations of natural polymers commonly exist as either
blends or core/shell filaments, as seenFigure 4.5.°° A novel deposition system
afforded core/shell scaffold materials to capitalize on the benefits of each biopolymer for

the cration of precise tissue scaffolds with tunable mod®flus.

i
Figure 45. Schematic representation of cesfeell biopolymer deposition 8) with
dyeloaded filament (€D) maintaining coreshell structure following material extrusion.
Adapted from Akkinenet al

Tissue scaffolds remain a vital portion of biological applications of 3D printing,
however printng controlled release tablets to precisely tune drug therapies emerged as
new materials for 3D printing continue to develop. Hydroxypropyl methylcellulose
(HPMC) extruded with active ingredients formed controliekase tablet¥. A paste of
HPMC with the drug guaifenesin produced bilayer tablets capable of controlled félease.

This emerging aspect of natural polymer material extrusion, along with the traditional
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formation of tissue scaffolds, holds tremendous promise for creation of complex AM

parts.

4.4.1.2 Synthetic Polymers.

Synthetic polymers offer substantial control over supramolecular interactions and
their distribution along the polymer backbone. However, introducing cells onto these
novel polymers generates additional unknown factesush as biocompatibility, cell
attachment, and potential cell differentiation. Furthermore, cells must produce ECM
rather than embed themselves into an extruded ECM, offering the benefit of a naturally
occurring ECM with the drawback of substantial tineguired to generate complex

tissues Figure 4.6).

Protein Cell ECM Formation of
Adsorption Attachment Generation Complex Tissues

Seconds Hours Days

Figure 4.6. Time-scale of interactions with tissue scaffolds. Upon initial immersion into
biological media, proteins undergo adsorption to the surface, both specific and non
specific®® Cell attachment to the polymer progresses over the course of hours. ECM
generatio begins within days and progresses to the formation of complex tissues over
the course of weeks.

151



Material extrusion AM of the commercial i@ontaining polymerEudragrit®
afforded a wide array of parts for drug delivery applications. Ethyl acrylate, methyl
methacrylate, and trimethylammonioethyl methacrylate chloride copolymerized to form
Eudagrit®, which possessed g df 63 °C. Pietrzaket al. detailed the craion of drug
doped filament and successful extrusion AM to create-eeflhed tablets, examining the
effect of print resolution on dosing and controlled reléagadragrit® also inspired use
as a hoimelt extruded transdermal patthextruded granule¥; °” and floating pellef§,
driving future use to control pharmaceutical release.

The high degree of hydrogen bamgl inherent to the urethane bond catalyzes
polyurethane use in synthetic supramolecular polyrffer®olyurethane resins
successfully extruded to create complex parts with favorable surface rougftiflessise
of shapememory polymers resulted in parts for robotic mechanisms, resulting in a
gripper suitable for grasping fine objects which operates through transition through the
pol ymer 6s gl ass frP&irbmded poyarethdane tssue rseaffolds e .
provided support for mesenchymal stem cell proliferation and differentiation, as well as
released growthefctors to induce new cartilage formati@n’!

Tuned supramolecular interactions provide a mechanically robust material
compared to polymers with nespecific supramolecular interactions. Cletral. detailed
the coextrusion of polyacrylamides contamirCB[7] and Ad to form guestost
interactions between polymer chafisUpon mixing, a strong hydrogel formed that
exhibited bulk properties and compressive hysteféfalyion complexes composed of
poly(sodium p-styrenesulfonate) (anionic) and poly{Bethacryloylamino)propyl

trimethylammonium chlorié) (cationic), extruded in the presence of saline, demonstrated
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the power of ionic interactions to form stiff hydrog&l%.With the diffusion of
counterions out of the printed hydrogel, the polyelectrolytes formed a tough network
based solely on supramolecular interactittdsWhile relations between extruded
synthetic polymers and biologics are in their infancy, the vast array of potential new

polymers for material extrusionM\make it an attractive choice for future investigations.

4.4.1.3 Polymer Blends.

Blends of synthetic and natural polymers ofteregtrude to exert control over
polymer structure inherent to synthetic polymers, while harnessing the naturally
occurring supramolecular functionality and biocompatibility present on biopolymers.
Khaled et al. detailed the material extrusion AM of a hydroxyl methylcellose
poly(acrylic acid) hydrogel for sustained release drug tablets which exhibited enhanced
mechanical prperties compared to commercially available prodffic®he interactions
between the synthetic and natural polymer, tuneautyh their weight ratios, revealed a
low amount of poly(acrylic acid) needed to provide superior mechanical propérties.
PEG continues to capture the majority of tissue scaffold generation due to its
biocompatibility and precedence. Piliacrylate coupled with gelatin, agarose, and
alginate extruded into a concentrated salt solution to yield distinct scaffolds onto which
myoblast cells were seedé¥. Abbadessat al. co-printed PEGtetracrylate with CS to
yield well-defined, porous structures capable of sustaining chondrogenic cells for at least
6 d* These hydrogels capitalize on the favorable supramolecular properties of

biopolymers coupled with the wethown biocompatibility of PEG.
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PCL also exhibits favorable biodegradability dandcompatibility, catalyzing its
use in tissue engineered scaffolds. URydified PCL and peptides qwinted to create
3D structures with significantly enhanced mechanical and biological properties as
compared to either polymer individuallyHydrogen bonding between the two oligomers
afforded a structurally sound scdffoupon extrusion which sustained fibroblast
viability. Methacrylded poly(hydroxymethylglycolideo-Ucaprolactone)
(poly(MHMGCL)) codeposited with gelatimethacrylate yielded strong hydrogels with
both complex hydrogen bonding and covalent crosslinkihgThese hydrogels,
implanted in rats, sustained chondrocyte viability and promoted collagen prodinction
Vivo.

Due to its high charge density and facile crosslinking through calcium, alginate in
its native form offers an extrudable biopolymer withaaed for chemical modification.
Alginate and PEG&iliacrylate coextruded to form mechanically robust hydrogels capable
of selthealing, approaching properties of native hydrdgelThese sethealing
characteristics also enabled layeteractions to form parts that approached mechanical
properties of bulk material. Human mesenchymal stem cells embedded in the tissue
scaffolds underwent elongation upon hydrogel straining, suggesting strong cellular
attachments and the potential tofeliéntiate cells based on elongatihAlginate also
extruded alongsidll , Mhéthylenebisacrylamide to form hydrogels crosslinked ionically
by calcium chloride and covalently by UV irradiatitfi. Stressstrain behavior of
extruded hydrogels tuned with varying ratios of alginate to acrylamide changed the

degree ofadnic associations to covalent networks to reveal idealized hydrdgels.
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Nucleic acidsare known for their extreme hydrogen bonding capabilities,
highlighted through the material extrusion AM of polystyrene or polyacrylamide beads
coated with complementary DNA strand3 These materials successfully formed well
defined 3D structures without the need for support material or solvent for printing,
demonstrating the power of supramolecitgeractions in structure formatidf?. Human
skin cells seeded onto these colloidal gels raamed viability and exhibited proliferation
and colonization within the gel, emphasizing both the mechanical and chemical
properties of the resulting hydrodér.

Material extrusion AM offers the ability to employ commerciadhailable
polymers and biopolymers to generate tissue scaffolds of millirsetde resolution
without the need for extensivehemical modifications. Furthermore, the natural
properties of biopolymers act in conjunction with extrugiased AM due to their high
molecular weight and high viscosity. The diversity of supramolecular polymers suitable
for material extrusion AM proviel a solid foundation for future innovation and tissue

scaffold development.

4.4.2Vat Photopolymerization

Vat photopolymerization revolves around the use of light and a {atobitce
polymer to create intricate 3D structures. Either adown or bottoraup approach
coupled with a movable stage and masks or mirrors patterns a specific structure in a
layerby-layer fashion. Control of light intensity, photopolymer characteristics, and
photointiator/photoabsorber content catalyzes the creation of fine featlmeh is well
reviewed elsewhere. Biologicalfyiendly photoinitiators govern biological interactions

with 3D tissue scaffolds, with few watsoluble and biologicallgompatible
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photoinitiators currently in use. Vat photopolymerization affords a numbecaffolds
relevant for tissue engineering due to its resolution capabilities, but lacks significant
examples of supramolecular polyméts 107

Traditional vat photopolymerization of PEG incorporated supramolecular and
biodegradable functionality with the addition of dipsipeptide, a derivativeatéhine'®
Degradation and cell viability measured with depsipepd®il& scaffolds revealed that
mass loss and cell proliferation occurred simultaneously, indicating a hydrogel supportive
of cell growth and complex tissue formatith.Lutrol F127, a copolymer of PEG and
poly(propylene glycol), modified with dipsipeptide, also successfully printed by vat
photopolymerizatio?® The inclusion of dipsipeptide to the copolymers resulted in
enhanced cell viability as compared to the copolymer alone, suggesting the importance of
depsipeptide in both printing processes and maintenance of cell vidilitighlighting
the diversity of PEG in tissue soall formation, PEG diacrylate photocrosslinked with
chitosan revealed eahaped tissue scaffolds with varying porosity which, upon seeding
with mesenchymal stem cells, maintained high cell viabifity.

Hydrogen bonding urethanes facilitate AM of isocyasfede polyurethane
oligomers, which accomplishes gradient structdt&bouse fibroblast cells seeded onto
polyurethane scaffolds exhibited high cell viability suggesting potefotiduturein vivo
applicationstl® Tissue scaffolds generated with urethane diacrykatstained bone
marrow stromal cells, with enhanced proliferation and metabolic activity than their 2D
counterparts, as shown Figure 4.6.1* Bone marrow stromal cells spread in 3D to
completely cover pores generated during vat photopolymerization, facilitating the

creation of functional bone tissii. Chunget al. reported modification of PEG with
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urethane moieties to induce hydrogen bonded, -deflhed parts through vat
photopolymerizatiori? Cell viability exceeded 75 % for all scaffolds, with the highest
viability resulting from higher molecular weight PEG oligom@&nd-capping reactions

of polyesters also imparted hydrogen bonding to allow successful vat
photopolymerization of engineered tissue scafféldsdydrogen bonding and ionic
interactions coupled through the printing of diurethanedimethacrylatecergly
dimethacrylate, and quaternary ammoniouodified methacrylates formed semi
interpenetrating network$?® This system not only exhibited superior amicrobial
activity, but also provided a facile system to introduce hydrdigerding into the AM

partt3

Figure 4.6. Bone marrow stromal cells exhibit 3D growthdgpand differentiation (d)
upon seeding into urethane diacrylate tissue scaffolds printed with vat
photopolymerization. Adapted from Petrocheretaal 11!



Natural polymers leverage a large portion of theplaitopolymerization printing
for biological applications due to their expected cell affinities and established chemistries
used to modify their complex structures. HA in particular experiences widespread use in
printing cell scaffolds from vat photopolynigation*!: 114 115Chitosan ceprinted with
PEGdiacrylate yielded eashaped scaffolds suitable for chondrocyte cultutBoth
high and low molecular weight charged chitosan and varied ratios oftdrfEGylate
enabled successful vat photopolymerization to form porous, complex scaffolds.
Supramolecular biomaterials also include deoxyribonucleic acid (DNA) and proteins,
which formed 3D structes containing photorosslinked DNA through vat
photopolymerizatiort® Bovine serum albumin, DNA, and gelatin printed both with-two
photon microfabrication and vat photopolymerization to poedprecise structuré¥®
Photocrosslinkable keratin hydrogels synthesized by vat photopolymerization revealed
the maintenance of fibroblast viability, expanding the collection of biopolycreeged
with this approach?’

Hydrogels synthetized using watssluble, biocompatible photoinitiators drive
the future of vat photopolymerization for biologicatglevant scaffolds. Raar et al.
synthesized watesoluble nanoparticles containing photoinitiator to print aqueous
acrylamide solutions with high resolution whenprinted with PEGdiacrylate!'® These
scaffolds sustained cell viability and con&in~80 % water, previously unachievable due
to the lack of watesoluble photoinitiators!® Vat photopolymerization research thrusts,
both in the area of wataoluble photoinitiators and supramolecular oligomers, stimulates
the generation of increasingly complex tissue scaffolds with enhanced resolution as

compared to its AM counterparts.
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4.4.3 Biopinting

Bioprinting involves AM of a celladen polymer solution by either
microextrusion, inkjet printing, or lasassisted primbg, which often blurs the lines
between traditional AM techniques and bioprintthty1?°These types of printing are well
reviewed elsewher&. Briefly, microextrusion bioprinting revolves around the syringe
deposition of celaden material. Inkjet involves the deposition of droplets onto a surface
to create a 3Btructured object. Lasarssisted deposition utiks a laser pulse to transfer
material containing cells onto a substrate. In each of these techniques, cells undergo the
printing process, necessitating a biological ink that sustains cell viability throughout the
print as well as provides structural intiégr suitable for a particular biological
applicationt?*123

Cartilage and cartilagiorming cells (chondrocytes) often find widespread use in
the field of tissue engineering due to their ease of handling andemegiltowards
modified biopolymers and synthetic polymers. Chondrocytes also induce the formation of
complex ECM structures, easing characterization of healthyackdh tissue scaffolds.
DextranHA hydrogels formed through microextrusion and subsequent photgcur
yielded seminterpenetrating network scaffolds suitable for cartilage tissue
engineering? Precise control of printing parameters and hydrogellswgeevaluated for
a number of hydrogel compositions all sustained chondrocyte viaBilifpermally
sensitive poly(HPMAmactate)PEG hydrogels priedd in a similar fashion yielded
hydrogels structured through hydrophobic interactions arising from the microstructure of
the triblock copolyme?® Encapsulated chondrocytes maintained viability throughout the

printing process to produce welefined structures possessing precise control of cell



localization®® Chondrocytdaden methacrylated and acetylated gelatin solutions
underwent inkjet printing to impart wellefined droplets on pi®rmed gelatin
hydrogel* These inks sustained cell viability despite the degree of functionality of
gelatin and varying icubation times (up to 240 min) prior to printing, indicating the
ability of gelatin inks to afford complex tissue scaffolds with high cell vialfifity.

Stem cells specifically differentiate into varied daughter cells based on their
chemical and physical environment. Based on the stem cell origin, differentiated cells
could manifest aa wide variety of cell types, adding a layer of complexity to the printing
process to prevent stem cell differentiation. Supramolecular microextrusion bioprinting
accomplished with PCL, atelocollagen, and modified hyaluronic acid yielded 3D
structured scéblds embedded with turbinatkerived mesenchymal stromal cells for
osteochondral tissue regenerattéithese mui-material scaffolds successfully promoted
cartilage generation in a rabbit knee joint and paved the way for futuremaitrial
printing without the need for harmful crosslinking agéehts.

Inkjet bioprinting with mesenchymal stem ekltlen methacrylated gelatin
accomplished by Gurkaet al. formed anisotropic fibrocartilagé? To closely mimic the
transition between tendon and bone, gelatin droplets containing cells and one of two
growth factors deposited silig-side to produce a complex tissue geometry containing a
biochemical gradient suitable for personalized mediaimé new drug therapy testit.
Supramolecular interactions derived from peptides enhanced both function and cell
viability of inkjet-printed PEGdiacrylate to form mesenchymal stem datlen
hydrogelst?® Gao et al. described stem cell differentiation, subsequent production of

cartilage, and detailed the ability of bioprinting pooduce homogenous, cédiden
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scaffolds!?® While these examples highlight the use of bioprinting to generate non
vascuar tissues, the use of stem cells to derive differentiated tissues with specific

phenotypes will drive future work in synthetic tissue engineering.

1. Print 3. Initial maturation

Human skin 3D Bioprinted skin

Figure 4.7. A. Schematic representation of skin tissue printing, growth, and maturation
upon 3D printingwith natural ECM. B. Following 26 d incubation, synthetic skin
mimicked healthy human donor skin, revealing a bioprinting route to functional,
synthetic skin. Adapted from Pourcledtal.}?®

Multi-material and multcell bioprinting carries the ability to achieve complex
scaffolds that closely mimic native tissues arrdans. Gelatin served as an effective

biopolymer for bioink AM, especially when mixed with other natural (collagen,

fibrinogen) or synthetic (PEG amine) macromolecules to enhance physical properties of
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the resulting 3D printed patt.Multi-mateial printing controlled both the bioactivity of
human dermal fibroblasts as well as the structural characteristics of the 3D printed part to
allow for diverse tissue scaffold properties as a function of polymer Bfe@dmplex
skin tissue formedhrough inkjet bioprinting of fibroblast and keratinocytentaining
bioinks composed of alginate and ED¥4 Precise control of layered structures varying
between fibroblastand keratinocytéaden inks successfully afforded functional skin
tissuel?’” Pourchetet al. detailed the creation of functional human skin that mimics
healthy donor tissue faliving culture for 26 d, as shown Kigure 4.7. Engineering
synthetic neurons remains the pinnacle of avascular tissue engineering due to the
complexity and sensitivity of neuronal cells. Lozagtoal. detailed the microextrusion
bioprinting of modified gklan gum with and without cortical neurons, producing a
layered structure capable of maintaining cell viabfftyinterestingly, the neurons
remodeled and infiltrated the neighboring layers, suggestingntptao enhancement of
cell activity but also the reversible ionic physical crosslitfkévhile avascular tissue
engineering limits the complexity needed in scaffolds, the cell types and potential
supramolecwdr polymer utilization requires precise control for the creation of
biologically-mimicking scaffolds.

Scaffolds of complex metabolic function capable of examining drug discovery
and disease states require printing of complex cells types and the subsgEmasation
of characteristic phenotypes. Gelatin, alginate, and fibronigen mixtures microextruded
with adiposederived cells yielded scaffolds with high porosity capable of supporting cell
viability.128 After introducing pancreatic islets to the scaffolds, characterization of insulin

release rate as a function of glucose concentration afforded a complex tissue scaffold
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suitable for disease examination and drug discovéigu(e 4.8).128 Gelatin methacrylate
printed via microextrusion followed by UV irradiation afforded porous tissue scaffolds
laden with hepatocytes forstpetic liver tissué?® Localization of the cells and ¢heffect

of nozzle types probed cell viability and hydrogel fidelity, forging the way for future
studies to examine drug metabolisth.Complex biological tissues generated through
microextrusion bioprinting to yield renal proximal tubules results in the accomplishment
of biologically-active renal structure$® Casting fibroblastaden gelatin and fibrinogen
ECM along with microextrusion of sacrificial Pluronic F127 formed complex tubule
structures3® Perfusion with renal cells yielded a polarized epitheliuimicking natural
renal structures, vital to the development iof vitro models to evaluate drug
meatbolism:* While significant research revealed the generation of metabotactiye
tissuein vitro, the full utilization of sythetic tissue scaffolds for drug metabolism and
disease characterization remain unexplored.

Generating vascularized tissues adds additional complications to the printing
process, but affords scaffolds with increasing complexity to better mimic native
tisstes!®! Skardalet al. discussed the ability of thiolatddA and PEG of varying
topology to form hydrogels and successfully microextrude-amitaining filament4®
Following deposition of higiviscosity filaments of HAPEG and agarose into vessel
containing hydrogels, cellular activity remaindor up to 4 week4® Furthermore,
harnessing base crosslinking (NaOH) to form hydrogels pr@ormicroextrusion
bioprinting eliminated the use of harmful UV radiation and photoiniti®tdraser
assisted transfer of cddden droplets to form complex vestike structures yielded

high-density tissue scaffolds, which required low concentrations of alginate to produce
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successful print$? A high concentration of cells (6 x i@ells/mL) printed onto a
fibrinogen gel substrate facilitated weléfined areas of cells of high density and
viability.132 Even the high density of cells printed in this system required the addition of
small amounts of supramolecular alginate to form gefined structures. Vascularized
liver tissue, involving AM of hepatocytes and endothelial cells together, drives the
generation of functional, engineered tissue for liver regenersfiohhe inclusion of
fibroblasts into the tissue scaffold provedsesstial for albumin secretion and urea
production, facilitating future design of mutell tissue scaffolds for biomimetic
tissues:>® The generation of vascularized tissues stimulates additional complexity f

organ regeneration and tissue regeneration, many aspects of which remain unexplored.

Figure 4.8. Adipocyte stem cell and endothelial cell bioprinting retained viability
immediately following printing (green: CD34+, red: PLB). Maturation of endothéll

cells (C, green: CD31+, red: PI) cultured with epidermal growth factor. Adipocytes
matured following treatment with insulin, IBMX, and dexamethasone (D, green: CD31+,
red: Oil red O). Adapted from Xet al1?®
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The most complex of all vascularized tissues include the heart, lunds, an
cardiovascular systems, which require every type of cell from muscle to endothelial to
generate functional organs. Gelatin and alginate biopolymers laden with aortic valve
interstitial and smooth muscle cells afforded a comptexitro model of the aort
valve®* Microextrusion bioprinting of these two cell types into specifically patterned
regions of an aortic valve model resultecekpression of biomarkers in locatigpecific
regions of the scaffold, as seerFiigure 4.9.13* Similar scaffolds synthesized with PEG
diacrylate and alginate also yielded sophisticated aortic valve struttuRisprinting
with complex cell types to form complex scaffolds closely mimicked native biological

tissue and afforded higidelity models to examine normal and diseatae tissues.

B C
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Figure 4.9. Aortic valve conduit bioprinting from micr€T image (A) with both aortic
valve root cells (B) and leaflet cells (C). D, E Fluorescence imaging revealed
maintenance of conduit structureith overall structure size mimicking that of native
tissue. Adapted from Duaat al 13
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Bioprinting necessitates the maintenanteall viability throughout the printing
process, which introduces a complex factor to successful AM. Factors such as time of
print, cell concentration, oxygen diffusion, and temperature affect both the printing
process as well as the viability of the cdéf 3¢ As an eample, cell viability is
maintained for longer times at reduced temperature, but the viscosity d&dzil
polymer solutions increases at lower temperatures, potentially hindering the printing
process’ ¥ The inclusion of these additional parameters makes printing challenging,
but the resulting homogeuns tissue scaffold avoids many problems faced in traditional
AM of tissue scaffolds, such as cell gradients and diffubioited cell seedind® A
number of synthetic and natural polymers with their cellular counterparts exist currently
(Table 4.1), providing a platform for future complex tissue generation through

bioprinting.
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Table 4.1. Bioprinting affords complex tissue generation utilizing both common cell

types and increasingly complex cells.

Supramolecular Polymers for 3D Bioprinting

- Cell
Cell Type Printing Type Polymer Base Concentration References
Structural Tissues
Gelatin, PEG 2x10 63
Agarose, PEG, HA 25x10 45
PEG,amino acid i 73.74
acrylic acid
Skin Microextrusion Gelqtln_, Alginate, 1% 16 126
(Fibroblasts Fibrinogen
Epidamal) ’ Fibrinogen 7x 10,6 x 16 137
P Gelatin 5x 10 138
Gelatin, Alginate - 139
Alginate, EDTA 127
Inkjet blood plasma 3.33x10
Alginate, Gelatin 1x10 140
Poly(HPMAM: 69
lactate)PEG 5x 10
HA, dextran 5x 106 52
Gelatin, Gellan 12 x 10 82
Gum
HA_ 141
poly(NIPAAM) 6x 10
Chondoeytes Microextrusion Polyit\rylenelmme, 5 16 142
ginate
Fibrinogen, Gelatin 143
HA 4x10
Alginate, PCL 1x10 144
HA, CS,
Poly(HPMAM: 1.52x 10 145
lactate)PEG
Inkjet Gelatin 1x10 64
Stem Cells
Inkiet Gelatin 1x10 124
J PEG, Polypeptide 6 x 10 125
HA 5x1C a4
, 5x 10 146
Gelatin 5 10 138
Collagen, Gelatin - 147
Mesenchymal Fibrinogen, Gelatint  0.1-10 x 16 148
Stem Cells Microextrusion Collagen, Alglnate, 2 % 16 149
Gelatin
Gelatin, HA, CS 1.5x 10 50
Gelatin, Alginate, 150
Chitosan 2x10
Silk Fibroin, 151
Gelatin 25x10




Vat

P 152
Photopolymerization Gelatin 5x 10
Embryonic Microextrusion Gelatin, Algnate 1x1C 153
Stem Cells
Gelatin, Alginate, 3x 10 128
. Fibrinogen 1x10¢ 154
AdlngﬁSStem Microextrusion Alginate 1x10 121
Alginate, Gelatin 3x10 195
Collagen 1x10¢ 156
Glioma Stem : . Fibrinogen, Gelatin 157
Cell Microextrusion Alginate 5x1C¢
Amniotic . oo
Fluid-Derived Microextrusion Gelatin, Fibrinogen 5x1C 143
HA
Stem Cells
Avascular Tissues
Gellan Gum 1x 10 54
Fibrinogen, HA 2x10 158
Neuron Microextrusion Alginate 5x 10 159
Agarosg, Alginate, 1x 10 160
Chitosan
Myoblast Microextrusion Fib rmog:g, Gelatin 3x10° 143
Anterior . , i 161
Pituitary Inkjet Polypeptide, DNA
Metabolic Tissues
Kidne Microextrusion Gelatin, PEO 5x 10 -
y Gelatin, Alginate 2x10 163
Urethra Inkjet Flbrmog:'g, Gelatin 1x10 164
Gelatin 1.5x 16 129
T 133
Hepatocytes Microextrusion C.ollage.n 0.27 1 x 10
Gelatin, Alginate, 154
. 1x10
Fibrinogen
Vascular Tissues
Laserassisted Alginate, Matrigel 5x 10 132
. Gelatin, PEG 5x 10 162
Endothelial —— 5 T6E
Cells Microextrusian Fibrinogen 2x1
Collagen 2x 10 133
Alginate, Gelatin 5x 10 90
Aortic Valve Microextrusion Gelatin, Alginate 2x10 134
Cardiac Cells Microextrusion Gelatin, HA 3x10 166
Lung . . ! 133
Fibroblast Microextrusion Collagen 6-7.5x 10
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4.5 Effect of Supramolecular Polymers oAnisotropy

Improving anisotropy drives supramolecular AM research, which stems from a
desire to create isotropic parts for final usey(re 4.10). AM without supramolecular
interactions generates distinct layers with a defined interface, often the weak point in the
part. One method to aid in achieving material isotropy revolves around forming
interpenetrating networks, where multiple supramolecular interecor a combination
of supramolecular interactions and chemical crosslinking act in parallel to form stiff
networks. Weiet al. explored this idea through agar, polyacrylamide, and alginate in
concert to form tough hydrogel®’ Initially, the AM structure demanded hydrogen
bonding interactions prevalent the agar, followed by chemical crosslinking of the
acrylamide monomers to form polyacrylamide networks. Furthermore, soaking the
hydrogel in calcium chloride solution induced physical crosslinking of the alginate
through electrostatic interactio. Following ink-based printing and subsequent photo
crosslinkng, Abbadess&t al. revealed an enhancement of mechanical properties upon
the inclusion of both C#nethacrylate and triblock copolymer together, suggesting the
presence of an interpenetrating netwttk.

Nature perfected the use supramolecular interactions to form completusts
that have both programmed anisotropy and isotropy specific to tissue types. Harnessing
the power of nature, supramolecular interactions due to complementary DNA strands
mended hydrogel layers in walkfined tissue scaffolds generated from inkjet
bioprinting! The use of polypeptides and DNA forms isotropic hydrogels with suitable
mechanical integrity to susn cell viability®* Combinations of natural polymers to form

polyelectrolyte hydrogel scaffolds also approachpprtes of bulk materials. Gelatin and



chitosan combined to form extrudable polyelectrolyte hydrogels capable of sustaining

skin fibroblast viability, interacting between layers to form a homogenous scffold.
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Figure 4.10. Effect of supramolecular polymers on anisotropy depends on the type of
interaction thatcan occur between layers. Extrudable polymers with no supramolecular
interactions, such as ABS (A) do not interact across the layers. Hydrogen bonding (B) or
ionic associating (C) polymers have the ability to interact across boundaries to improve
interfagal adhesion.

Zhu et al. described polyion hydrogels which approach tensile properties of the
bulk material, suggesting the power of ionic interactions to maintain structure of the
hydrogel*®° Furthermore, these polyion complexes exhibited hysteresis, highlighting the
pol ymer s 6 -fanbionic interpctionsoafter an applied 10498 Additionally, this
selfhealing behavior along with comparable mechanical propentiggested isotropic
behavior while offering the ability to precisely define 3D structure. The introduction of

water into printed structures also imparts significant mobility to polymer chains, aiding in

the formation of supramolecular interactions acrogsrta
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4.6 Printing Hierarchical Structures

Biological tissues possess wehlaracterized hierarchy, with many buiitlayers of
structure on the molecular, cell, tissue, and organ level to create functional m&tefials.

168 The role of designing hierarchical structures for improved mechanical properties as
compared to bulk materials currently revolutionizes AM and its role in both biomedical
materials and structural materiaf8.Currently, hierarchy imparted onto microfluidic
structures printed with PEG diacrylate yielded Hhiglelity parts that exhibit fluid
mixing.t>? Mimicking the hierarchy of nature provides a structure with the capability to
recreate tissues for use in biomedical applications such as organ replacement, drug
discovery and delivery, and sttural support materiafg® 71

Polyaniline demonstrated the potential to form these hierarchical structures through
its crosslinked sheets. Dat al. detailed the crosslinking of polyaniline with amino
trimethylene phosphonic acid (ATMP) which acted to hold sheets of polyaniline in place
during the extrusion AM proces& Furthermore, the structures produced were porous,
which added a third level of complexity to the system, generating structure on the
molecular, macromolecular, and fes scale.’?

Nature is unratched in the creation of hierarchical structures. Harnessing natural
supramolecular materials to generate complex features starts to probe structures that
closely mimic tissues and organs. Harnessing the ability of peptides-tssetfible into
sheets adh filaments, scaffolds with hierarchical structure effectively extruded to create
both droplets and sheetFigure 4.11).1"® The tiered nature of these scaffolds
successfully cultured a variety of stem cell types as well as complex intestinal cells,

highlighting the importance of hierarchical structuréo in vitro cell and tissue
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viability.1”® As tissue engineering moves towards more complex synthetic scaffolds, the
introduction of hierarchical structure will provide biologicathbust hydrogels capable
of mimicking complex natural tissues. With more biologicalbund synthetic hydrogels,
the fidds of synthetic organ replacement and disease characterization will progress

rapidly.
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Figure 4.11. Hierarchical printing of peptidbased scaffolds. Scaffold structure (A)
showing fibers whicisharre¢ sshe¢tBeotedacbmppodedanany b
a numbehrel o fc e MelicesCare. formed from short peptide sequences (D)
designed for d&-assembly. Adapted from Last all’

4.7 Futur e Directions and Conclusions

Supramolecular polymers remain an emerging field of research, both in the creation of
novel materials and the development of biologicatliievant scaffolds. Traditional tissue
scaffolds suffer either from wetlefined structte lacking fine features detectable by
cells or supramolecular interactions that fail to provide sdeflned structures. The
combination of AM and supramolecular chemistry has the potential to develop
hierarchical structures with levels of order spanrtimg entire sensing breadth of cells
and creating synthetic tissues capable of mimicking native human tissues. Conquering
these ideas will drive the future of tissue engineering research and translation to the

creation of synthetically grown organs suitatdetransplant into humans.
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5.1 Abstract

Peptide nuclie acids (PNAs) are an emerging family of biomaterials designed to
specifically target and treat diseased cells, most commonly in the antimiaedsthnt
bacteria MRSA. While PNAs offer great promise for the elimination of these bacteria,
they are sigificantly more expensive than traditional peptides and often do not provide a
functional handle for analysis. In this work, a model peptide (KFFCCQ) was developed
to evaluate peptide coatings adhered to fibrous surfaces with multiple functional handles,
i.e. the presence of a sulfur atom in cysteine and an aromatic ring in phenylalanine, to
predict the durability of PNA coatings on 50/50 nylon/cotton blends (NyCo), which are
commonly used in clothing and medical attire. Following elemental analysis thxétgh

and EDXSEM, rinses were performed on the fabrics and the subsequent release of
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peptide was evaluated with UVis. As expected, elevated temperature and increased
time resulted in higher KFFCCQ release levels from the NyCo fibers. Finally; HEM
examned the presence of KFFCCQ following rinse cycles, revealing that a higher level
of KFFCCQ is released from nylon fibers as compared to cotton fibers. This evaluation
proves the utility of KFFCCQ as a preliminary model to evaluate adhesion and release of

peptides from nylon and cotton fibrous surfaces.

Textiles are a vital component to modelay life and efficient modification of
both synthetic and natural fibers is a crucial science and engineering concern. Most
notably, dyes, antibacterials, and stmsistant coatings must both adhere to woven
fibers and survive external aqueous environments and mechanical agditafibese
coatings range in function from color fade resistance to therapeutft UBcently,
silver nanoparticles and tailored polymers as antibacterial coatings on fabrics justify the
importance of developing and understanding bionalteoatings and release profites.
8 The characterization of fiber coatings and their resistance to multiple aqueous washing

cycles is crucial to evaluate any new potential textile.

Although traditional antilcterial coatings offer precedence, they are often
deemed too broad a class of antimicrobials, leading to the subsequent loss of naturally
occurring bacteria on skfhPeptide nucleic acids (PNAs) are an emerging biologic
moiety that possess the potential to selectively eradicate numerous ciSéd3nia
base pairs covalently attached to a peptide backbone reminiscent of proteins compose

PNAs, harnessing the ability to combine the therapeutic function of DNA/RNA and
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protein? Their action varies on the specific application, but their main attraction is their
specificity to target organisms. For example, Sato et al. described the use of PNAs as
SiRNA carriers to deliver these sensitive genes directly totindeus of cell$* More
commonly, drugresistant bacteria, such as MethicHigsistant Staphylococcus aureus
(MRSA), requires PNAs for treatmelftThese PNAs eliminate specific targets within

MRSA, such as FtsZllowing other bacteria to survivé.

Due to the high cost and often difficult characterization of PNA samples,
developing simplerand cheaper model peptides to study the adhesion to fibers is
important.Despite the complex nature of PNAs, peptides successfully model the action
of PNA onto fiber surfaces. The peptide backbone, as well as short peptide sequences
typically found in PNA, effectively model the action of PNAs without the significant
cost.PNAs typically contain two separate functional sequences in the backbone. First is
the cellpenetrating peptide (CPP) sequence, typically incorporating high amounts of
cationic chargehrough lysine or arginine incorporation. Second is the active inhibiting
sequence, specific to targeting pathways or signals from a particular target, such as
MRSA. Therefore, our unique design of a model peptide contains both a lysine residue to
mimic charge density, as well as cysteine and phenylalanine for easy analytical analysis.
This yielded a peptide with similar charge density to PNAs, while maintaining the
peptide backbone suitable for coating and adhesive analysis (KFRE20Q@gene Biotech
Co Ltd).?> 18 UV-Vis spectroscopy detected phenylalanine residues while elemental
analysis, such as -Kay Photoelectron Spectoopy (XPS,PHI Quantera SXM)or

scanning electron microscopy (SEMIEI Quanta 600 FEGgquipped with electron



dispersive Xray spectroscopy (EDXBruker with Silicon Drifted Detectoy)identified

sulfur atoms present in the cysteine residdes.

Figure 5.1: Model peptide gz)ns?'s“j[ingp'1:‘)f IfjsiFigﬁen;;glanind?henyalanineCysteine
CysteineGlutamine (KFFCCQ) sequence.

XPS analysis of neat fabrics confirmed the lack of sulfur atoms present in
commercially available 100 % cotton, 100 % nylon, or a 50/50 nylon/cotton (NyCo)
blend, as shown iifable 5.1. All fibers shaved a silicon signal, likely arising from a
protective coating from a piteeatment. NyCo samples reveal a magnesium peak, likely
arising from dye or coating used on the fabric as demonstrated by a lack of magnesium
upon bleach treatmett Elemental analysis proves crucial to confirm KFFCCQ presence
after coating procedures. Following characterization of neatsfiied validation of the
lack of interference in elemental signal from the fibers, the NyCo sample was identified

for detailed study.
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Cotton 7495 0.33 24.65 0 0.14 0 0.51 0 0.19 0 0.23
Cotton

(Autocaveq) 7163 13 2273 241 013 0 097 026 0 0 057
Nylon 7411 944 1473 0 0 0 138 0 0 0 034
Nylon 70.4 863 1807 0.42 0 0 223 0 0 0 024

(Autoclaved)

NyCo 8343 172 1331 0 0 044 054 0 0 015 04
NyCo 78.03 3.18 1584 0 0 034 231 0 0 0 0.3

(Autoclaved)

NyCo 7496 587 1171 0 08 0 041 0 014 604 0
(Bleached)

Table 5.1: XPS analysis of Cotton (neat & autoclaved), Nylon (neat & autoclaved), and
50/50 Nylon/Cotton (NyCo) (neatutoclaved, and bleached) revealing the presence of
coatings and dyes. XPS confirms the utility in the model peptide through the lack of
elemental interference from fibers.

Paddry and paetiry-cure techniques proved viable methods to coat KFFCCQ to
NyCo fibers! 1% 2°To compare these techniques, NyCo was soaked in aqueous 0.1 wt %
or 0.5 wt % KFFCCQ solution for 30 min, with gentle agitation every 10 min-dPad
proceeded to dry the samples at 95 °C for 1 tnleapaddry-cure placed the samples at
95 °C for 90 s followed by 150 °C for 60 s. Both ghgt and paedry-cure methods
sufficiently adhered the KFFCCQ to the 50/50 NyCo blend, with no discernible
difference noticed between techniqué&sable 5.2 demonstates changes in global
elemental compositions (through XPS analysis) of fibers after adhering the peptide
coating with varying weight percent KFFCCQ. As expected, 0.5 wt % KFFCCQ elicited
higher sulfur content than 0.1 wt %, indicating a higher incormoratlfhe lack of
variation between padry and paebry-cure techniques for KFFCCQ incorporation
suggests utility in the reducdine paddry-cure method notwithstanding potential

changes in functioh.



0.1 wt % Pad Dry
0.1 wt % Pad Dry Cure
0.5 wt % Pad Dry
0.5 wt % Pad Dry Cure

76.68 291 18.26 2.16
80.24 4.2 14.06  0.86
74.01 5.4 17.43 2.14
79.85 436 13.35 1.52

0 0
0.41 0.22
0.73 0.3
0.71 0.2

Table 5.2: XPS analysis of NyCo samples treated with 0.1 and 0.5 weight percent model
peptide solutias, undergoing both pad dry and pad dry cure methods.

A broad S2p binding energy peak at 164 eV confirmed the retention of cysteine

residues adhered to fiber surfaces following 0.5 wt %-grgdand paeblry-cure

proceduresas shown irFigure 5.22! Importantly, the high resolution XPS verified the

absence of disulfide bondstpatially formed during the coating process. The retention

of a broad S2p binding energy peak at 164 eV confirmed the structure of cysteine and

preservation of KFFCCQ structure upon coafihg.
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Figure 5.2: High resolution sulfur analysis performed on NyCo samples with 0.5 wt %
paddry and paetry-cure treatment reveals retentioinpeptide structure upon coating.

SEM provided further confirmation of the utility of both pdd/ and paedry-

cure techniques as compared to neat NyCo fibers. As seéiigime 5.3a, cotton

presented as rough, twisting fibers, while nylon presented thiogindrical fibers. As

seen inFigure 5.3b-d, the surface morphology of both fiber types after coating suggested

successful adhesion of KFFCCQ throughout the NyCo sample. Regions -airypad

samples exhibited bridging between fibers, while -gadcure samples retain well
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defined morphology. These images indicate slight differences in both KFFCCQ content
as well as coating morphology, suggestive of nuanced differences between the techniques

not seen with XPS.

Figure 5.3: A. 500x SEM images of 50/50 Nyh/Cotton fibers treated with water. B.
500x SEM image of Pabry 0.5 wt % model peptide treated NyCo fibers. A change in
morphology is seen in the coating and bumpy, rough features. C. 1500x SEM image of
PadDry 0.5 wt % model peptide treated NyCo fiheis change in morphology is seen in
the coating and rough features. D. 500x SEM image ofRgdCure 0.5 wt % model
peptide treated NyCo fibers. A change in morphology is seen in the rough features on the
fibers.

In conjunction with SEM imaging, EDX emental analysis confirmed the
presence of sulfur atoms on fiber surfaces after coating, as shdviguie 5.4. Figure
5.4a depicted neat NyCo fibers and revealed a lack of sulfur present in the sample, in
concordance with XPS performed on neat fabriedietably, following both padry and
paddry-cure procedures, a sulfur peak appeared, indicative of successful peptide

adhesion Figure 5.4b-c). EDX provided insight into elemental composition across the
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entire depth of the fabric sample, as a thin cgatiresent only on the surface would not
produce a detectable signal. XPS and EDX together provided evidence that KFFCCQ is

adhering to and coating both nylon and cotton fibers throughout the bulk of the sample.

The phenylalanine residues in KFFCCQ provalenetric to quantitatively determine
release of KFFCCQ from NyCo fibers after aqueous rinsing. Absorbance of
phenylalanine at 237 nm in water yielded a concentratependent absorption profile,
which accurately probed samples of low concentrafidre alsorbance profile up to 2
mg/mL follows the linear fit
Absorbance = 0.2818¢ + 0.0317

where c indicates the concentration of KFFCCQ in mg/mL. KFFCCQ follows a linear fit
at dilute concentrations, affording a method sensitive to low concentrations of peptide.

KFFCCQloaded NyCo was ppared by soaking in aqueous 0.5 wt % solution of
KFFCCQ for 30 min with agitation every 10 min, followed by drying at’65for 1 h.
Dried, coated fabrics were rapidly stirred at°@} 25°C, or 16°C in water for 0, 16, or
21 min. U\WVis absorption Figure 5) provided quantitative analysis of released
KFFCCQ following lyophilization of collected water samples (n=3). KFFcG&ed
fabrics subjected to this rinse cycle exhibited a loss of peptide, with a rinse cycle
performed at 44C for 16 min providing he most significant release of KFFCCQ from
NyCo fibers, indicating a rapid release from fibers. Furthermore, NyCo subjected to a
rinse cycle at 16C and 25°C show marginal release from NyCo fibers, indicating
warmer water disrupts KFFCCQ binding to a Heg degree than colder water, as
adhesion is most likely due to hydrogen bonding. Future studies revolve around the

peptidefiber binding mechanism.

192



Figure 5.4: A. EDX analysis on SEM images of water treated NyCo fibers B. 0.5 weight

% pad dry treated Ngo fibers C. 0.5 weight % pad dry cure treated NyCo fibers
confirming the presence of KFFCCQ after coating steps.
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Figure 55: Total amount of peptide released from fiber surfaces as a function of
temperature and time indicating an increase in the anuwfurgiease of KFFCCQ with
increasing temperature and tirfme= 3)
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Figure. and corresponding EDS for survivability studies which confirms
the presence of KFFCCQ on fiber surfaces. The protruding nylon fiber provides a metric
to compare between samples.

Rinse cycles at 25 °C for 20 min provided a metric of resistance of KFFCCQ
coating to repeated rinse cycles (1, 3, 5, 10, and 15 rinse steps followed by drying at 55
°C for 30 min). For visual analysis of KFFCCQ release, n¥iloers protruding from the
fabric surface provide a consistent metfigure 5.6 depicts a protruding fiber coated in
KFFCCQ with corresponding EDX analysis indicating its presekare 5.7 shows
images of KFFCCecoated NyCo after repeated rinse cygclewlicating a loss of
KFFCCQ from nylon fibers over time. The sulfur peak seen with EDX diminishes as the
number of rinse cycles increases, in concordance with the qualitative images.
Interestingly, cotton fibers did not exhibit this trend, as showngdnrg 8. Cotton fibers
retain KFFCCQ at a similar level regardless of number of rinse cycles, suggasting
stronger adhesion to cotton fibers as compared to nylon fibers, either from chemical
interactions such as hydrogen bonding or due to surface top@lddys model could
also be utilized to predict the release of peptide from fabric to skin, lgstuthat a
coating adhered to nylon fibers would be exposed to the skin before those adherent to

cotton fibers.
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Figure 5.7: Model peontide coating on exposed nylon fibers as a function of number of
rinse cycles, with 1 rinse (A) 3 rinses (B), 5 riné33, 10 rinses (D), and 15 rinses (E)
examined. F. EDX confirms bulk loss of peptide as the number of rinse cycles increases.

Figure 5.8: Cotton fibers after O rinses (left) and 15 rinses (right) indicating retention of
the model peptide aftenultiple rinse cycles suggesting longevity of the coating.

The combination of elemental analysis through XPS and EDX, SEM imaging, and
UV-Vis quantitative absorbance revealed both the KFFCCQ adhesion to NyCo fibers and
its subsequent release followirigge cycles. While additional studies are needed for full

evaluation of peptide release during more vigorous conditions, this study provided an
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