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ABSTRACT

Cancer currently represents one of the greatedens on human health in the world,
claiming in excess of 7 million lives a year worlde. Advances in both our
understanding of the disease as well as our albditiagnose it before it has had a
chance to metastasize will lead to a reductiotsitbburden on society. To these ends,
optical imaging techniques are particularly atiract The ability to resolve cellular
details noninvasively is paramount to improved eamtetection and to research on
diseased tissue and cells. Lanthanoid nanopastialgroup of photoluminescent contrast
agents developed within the last two to three desadave numerous unique optical
properties that enable their use in improved anethaptical techniques. They possess
large Stokes and anti-Stokes shifts, sharp electteamsitions, long luminescence
lifetimes, and exceptional photostability. Forgbeeasons, they are a good choice for
biomedical applications that benefit from low baakgnd fluorescence or long
illumination times. The major goal of the reseagpcbsented in this dissertation was to
synthesize functional lanthanoid nanoparticlesofatical imaging modalities, and to
explore their potential uses in a variety of biomabtapplications. To this end, the

research can be broken up into three specific aims.

The first aim was to successfully and repraolycsynthesize downconverting and
upconverting lanthanoid nanopatrticles, and to fonetize these nanoparticles for use in
optical techniques that would aid in the researahdiagnosis of cancer. The second

aim was to conduct a thorough investigation ofdptcal properties of these
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nanoparticles, and the third aim was to exploreutiigy of these nanoparticles in a

variety of biomedical applications.

First, both downconverting and upconvertinghanoid nanoparticles were
synthesized using several different methods, rieguith nanoparticles of varying size and
surface functionality. Novel methods were emploiednprove the utility of these
nanoparticles for specific applications, includthg incorporation of a mixed surface
ligand population in downconverting lanthanoid ngadicles and the use of a
biomimetic surface coating to render upconvertiagaparticles water dispersible.
These coated particles were further functionalizgthe addition of folic acid and an
antibody for epidermal growth factor receptor, bothvhich bind to cell surface
receptors overexpressed in a number of canceexond, the spectral properties of
lanthanoid nanoparticles were explored in detail) wpecial attention paid to many of
the unique optical properties of upconverting lamibid nanoparticles. This included the
discovery of one such unique property, the exaiatrequency dependent emission of
NaYF, nanocrystals codoped with Yband EF*. Third, lanthanoid nanoparticles were
used as contrast agents in a number of biomedigdications, including the
development of a homogenous assay based on diffesibanced luminescence
resonance energy transfer, a wide-field luminesedifetime microscope, and a super
resolution microscope based on the aforementioreite¢ion frequency dependent
emission of NaYEYb** Er** nanoparticles. Specific binding of functionalized
upconverting lanthanoid nanoparticles was investgjavith laser scanning multiphoton

microscopy, and an image processing technique easlaped to overcome the
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challenge of working with long lived luminescennt@st agents using this imaging

modality.
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CHAPTER 1: INTRODUCTION

Overview

The overall goal of this research was to sgsitte lanthanoid nanopatrticles,
characterize their physical properties, and inges# their use in a number of biomedical
applications. Multiple types of particles were thesized, all of which could be
classified as either upconverting or downconvertamghanoid nanoparticles (UCNPs
and DCNPs respectively). Within each of these stshsere multiple types of particles
with varying lanthanoid compositions and coatingsese were synthesized using a
variety of methods, which will be compared in thigrk. Properties such as emission
spectra, luminescence lifetimes, and crystal strecivere investigated in detail, and
unique spectral properties were discovered andstigaged. Finally, both DCNPs and
UCNPs were used in a number of biomedical imagmysensing experiments to
explore their usefulness as biomedical contrasttagearticularly as markers for cancer

research and diagnosis.

Cancer

At the time of this writing, cancer is the sed leading cause of death in the
developed world, and the third leading cause glgbdlhe American Cancer Society
estimates that there will be 1,660,290 new caseamder in 2013, with a death toll of
approximately 580,350 Americans. In the United&dacancer accounts for nearly one
in every four deaths. [1] Due to the incrediblyied nature of the disease, universal,

panacea-like, treatment options remain a distaedrdr Even within the subcategory of
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carcinoma, cancers derived from epithelial tissthes,disease can be divided into a large
number of subtypes, each with its own prognosistegatment options. In all cases, the
best prognosis is tied to early detection anditneat of the disease, often by surgical
resection of the premetastatic lesion, chemothenraglyation, or some combination

thereof.

Early detection may be accomplished throughraety of methods. Palpitation,
visual inspection, blood work, biopsy, and a hdshmaging techniques can all used to
detect and diagnose cancer. While the researdlemmied in this dissertation is focused
on the detection and labeling of cancer cellsiiesgarch setting, detection of
premetastatic lesions in humans is a long term gbile project. This being the case, |
will provide a brief overview of imaging techniquesed both in research and clinical
settings. A comparison of the depths of penetnadiad resolutions of these techniques

may be found in table 1.1.
Macroscopic Cancer Imaging

The world of medical imaging has come a loray wince the discovery of x-ray
radiation in the late i’gcentury. Since then, many techniques have beesiajsed with
the purpose of revealing the inner workings ofitbenan body. Nearly every one of
these techniques is currently used to image canaeresearch laboratory, a hospital, or
both. X-ray radiography and x-ray computed tomphya(CT) are techniques that use
the attenuation of x-ray radiation to generate r@sttin images. As many tumors have a

different density than the surrounding tissue, atteinuate x-rays differently, it is
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possible to resolve tumors deep within the bodygithese techniques. Typical imaging
depths for CT can be measured in meters, whilegbaution can be on the scale of tens
of micrometers to millimeters depending on theatidn dose. The downside, however,
is that x-rays are a form of ionizing radiationgas a result can be carcinogenic. X-ray
imaging is routinely used in screening for breast eolorectal cancers. The American
Cancer Society (ACS) currently recommends that woower the age of 40 receive a
mammography once a year, and men and women ovagthef 50 receive a double
contrast barium enema and CT colonography evesabsy Low dose spiral CT has
been considered by a number of research groupsdtine screening of patients at a
high risk of lung cancer, but low specificity angeodiagnosis have led the ACS away

from recommending this. [2, 3]

Magnetic resonance imaging (MRI) uses the reagproperties of hydrogen to
generate contrast. By applying a strong magnigtid fo the body, it is possible to bias
the net magnetization of that body’s hydrogen atoititing this magnetization results
in the generation of a radio frequency signal taat be measured to produce an image.
Depending on how the signal is processed and wduatponents are weighted, it is
possible to highlight regions of differing watemdéy and mobility. Alternatively, a
contrast agent can be injected into the blood strgahighlight blood vessels and
abnormalities. [4] Because cancer lesions oftese l@dnormal tissue structure and
vasculature, they stand out from surrounding tissueen imaged with MRI. Like x-ray
imaging, the depth of penetration of MRI is on sisale of meters. While the theoretical

resolution limit of MRI is arbitrarily small, it iswersely proportional to imaging time
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and therefore subject to diffusion and tissue nmtiBor this reason, the practical
resolution for most MRI techniques is on the orfehhundreds of micrometers. [5] In
contrast to x-ray radiography, MRI does not uséziog radiation and is mostly
innocuous. While this makes MRI an attractive ckdbr routine screenings, the cost of
routine MRI scans is prohibitive. For example, M&safer and more sensitive than CT
for detection of breast cancer, but is only recomaeel to patients with familial

predispositions to breast cancer due to the ineteesst and lower specificity. [2, 6, 7]

Positron Emission Tomography (PET) is anotmarging technique that can be used
to monitor the progression of cancer in a pati¢?tET contrast is derived from the
detection of gamma radiation emitted by positronttamg radionuclides that have been
administered to a patient. Fluorodeoxyglucose (JFB@ commonly used radionuclide
that acts as a glucose emulator. Because metatstators are typically more
metabolically active than surrounding tissue, thaye higher glucose demands and
subsequently higher glucose and FDG uptake. A amatibn of PET using FDG and CT
are often used to image patients and identify regaf metastases. [8, 9] The depth of
penetration of PET is again on the scale of metmsje is mostly transparent to gamma
radiation. Like CT, PET also uses ionizing radiatand exposes patients to a significant
dose during imaging sessions. [10] The requiremfamtuse of PET are also stricter than
for MRI or CT, as any users must have access td Bhed radionuclides, and therefore

to a cyclotron located either on site or in a ngdduility.
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Imaging Technique Depth ((r)T:ePtg?Se;tratlon Resolution (meters)
Computed Tomography Whole Body 5 10°
Magnetic Resonance Imaging Whole Body 5 10°
Positron Emission Tomography Whole Body 1 10°
Single Photon Emission Computed Tomography Whole Body 1 10°
Ultrasound 6x10° 3 10°
Optical Coherence Tomography 2 10° 1 10°
Diffuse Optical Tomography 5 1072 5 10°
Confocal Microscopy 2 10* 2 10’
Multiphoton Microscopy 5 107 5 10’
Photoacoustic Microscopy 3 108 110°
Photoacoustic Tomography 5 1072 7 10*
Super-resolution Microscopy 1 107 5 10°

Table 1.1 A list of various imaging modalities dse cancer research, diagnosis, and
monitoring with their associated depths of pen&raand resolutions. Values were

obtained from multiple sources. [11, 12, 5]

Microscopic Cancer Imaging

Optical coherence tomography (OCT) bridgesgthye between the macroscopic
imaging techniques described above and the mao#l\sinicroscopic techniques
described below. OCT is an imaging modality thexterates contrast by measuring the
interference between light scattered at differamthds in a tissue sample and light sent
through a reference channel. In a practical seheperates in a very similar manner to
ultrasound, and is considered a label free opitncaying technique. OCT has a greater
depth of penetration than most microscopy techrsigimepart because it can be
performed with NIR light, which is attenuated l@ss$issue than other wavelengths near

the visible spectrum. Aside from its ability tadge this middle ground in imaging
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modalities, a main advantage of OCT is that it\degiits contrast from endogenous
scatterers. This contrast, when coupled with tgk resolution of OCT systems, is
capable of differentiating between dysplastic aodmal tissues at close to a cellular
level. Because the optics used in OCT do not redugh numerical apertures,
miniaturization of the instrumentation used is tigkely simple. Many of the current
OCT systems are designed as endoscopes, and useahtine diseases that are
accessible from the outside of an animal or by sstlerough the mouth, anus, or a
surgical port. Because it is in and of itself muasive, OCT can be usedvivo. As

such, it can be used to monitor disease progressiarsingle animal, reducing the
number of sacrifices that must be made to condstii@dy on cancer growth or treatment.
At this time, OCT is more commonly used for acadeaaincer research than for clinical,
though work is currently underway to adapt the nedbgy for some clinical research

applications. [13]

Confocal microscopy and, more specificallypfocal endoscopy is also an imaging
technique that has been moving towards increaseidalluse in cancer diagnostics. [14,
15] Confocal microscopy is an imaging modalitytthses a scanned light source and
pinholes in the imaging planes of the microscopgeioerate high resolution images in
both the lateral and axial dimensions. By focughmeglight to a single point, scanning
that point through a sample, and only detectingrééscence or reflected light that arrives
from that focal point, it is possible to effectiyadliminate out of focus signal and
dramatically improve axial resolution over widelfienicroscopy techniques. Along

with multiphoton microscopy, confocal microscopyegerred to as an optical sectioning
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technique. Because out of focus light is rejediadges created with these modalities
have axial resolutions on the scale of single nm@ters, a common slice thickness used
when examining tissue sections in histology. Byngign optical sectioning technique, it
is possible to obtain information about tissue anwith the level of detail available

through histology techniques without physicallytmg it.

Multiphoton microscopy is similar to confocaicroscopy in that it is an optical
sectioning technique. Unlike confocal microscadpys optical sectioning does not
require the illumination of out of focus regionstie sample, and does not result in the
loss of light scattered in tissue. Instead, mbtiton microscopy takes advantage of far
less favorable electronic transitions that occupbgton upconversion. This
upconversion manifests as an anti-Stokes shiftadséom with an intensity that is usually
dependent on the square of excitation power densitys power dependence results in
an improvement in both the lateral and axial resmhs. However, the long excitation
wavelength offsets most of this effect when comg@oeconfocal microscopy, such that
the resolution is approximately double the bestltggn of a confocal microscope. The
main advantages multiphoton microscopy has ovefocahare an increase in imaging
depth and a decrease in effective excitation voJumith a related decrease in the rate of
photobleaching and phototoxic effects in tissué] [Because multiphoton excitation is
so improbable compared to single photon processlsnced lasers and optics are
necessary components for any multiphoton systeonti@ued advances in laser and
contrast agent technology have recently made nigitgm endoscopy a more realistic

venture for routine clinical use. [17, 18, 19]
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Super-resolution microscopy may be used tordesone of any number of
techniques, and sometimes a combination of thebmigues. In all cases, super-
resolution microscopy refers to a technique thatks the diffraction limit of optical
imaging. The diffraction limit is a hard limit dhe ability of a lens to focus light to a
point. Therefore, the diffraction limit determing®e best possible resolution of a

normal-resolution microscope, which can be expksseng the Rayleigh criterion as

S (1.1)

where r is the lateral resolution, is the wavelength of light usedkin is the numerical
aperture (NA) of the objective lens. Using 400 light and an oil immersion objective
with an NA of 1.4 gives a best resolution of ~115.nTo get around this limit, it is
possible to take advantage of a variety of nonlitiea and stochastic processes to better
localize where exactly light is coming from in argde. There are two categories of
super-resolution microscopy techniques. The fakés advantage of nonlinear behaviors
in fluorescent molecules and the second uses ¢ernalysis and photoswitchable
contrast agents to localize single molecules atigg@s. Stimulated emission depletion
(STED) microscopy is an example of the former, SMOR an example of the latter. [20,
21] While these techniques can achieve resolutietier than 50 nm, the strict
requirements on laser profiles and contrast agemtde prohibitive for some

applications.
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Lanthanoids

The lanthanoids are a group of f-block elermavith very similar chemical properties.
They are also referred to as rare earth metal$aantidanides; however, they are neither
rare, nor earths, and IUPAC nomenclature has clibingm lanthanide to lanthanoid to
better represent the elements and their predisposd exist in cationic states. [22]

Their properties are such that they have numerppbcations in a variety of industries.
They are essential components in fluorescent hghtihe strongest permanent magnets,
and the electric drives used in hybrid cars. Taeyused in polishing compounds,
fertilizers, fiber optics, lasers, computer morstarell phones, and more. Much of our
technology has come to rely on these elements. [2i8]therefore surprising that most of
the nations of the world do not produce raw lantiéusalts for use in these technologies.
Of the 7 lighter elements, China produces more 8% of the world’s supply. Of the
heavier 8, their contribution approaches 100%retent years, this monopoly has
resulted in a significant increase in the priceant lanthanoid materials. The future of
lanthanoid nanoparticles as practical contrastt@genn part dependent on their cost,

which is currently controlled by a single counti32]

Back in the 1980s and 1990s, two major evecatsirred to change the lanthanoid
market drastically. At that time, the United Ssapeovided 60% of the world’s supply of
lanthanoids, and 100% of its own, from the Mountass Mine in California. At that
time, the Chinese government came to recognizeahe of these materials and began

to heavily subsidize lanthanoid mining in Chinanfowered to sell lanthanoids at a
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severe loss, and unfettered by many of the enviemtiah controls and safety standards
that restrained the rest of the world’s lantharmiders, Chinese mining groups were

able to put heavy pressure on foreign producersinfig many out of the market.

At the same time, the Mountain Pass mineuietler heavy scrutiny from state and
federal regulators due to several radioactivespillhe method of choice for isolating
lanthanoids at that time was a combination of fiftatation, acid treatment, and solvent
extraction. This produced a great deal of wastieme@ontaining radioactive thorium and
radium. Most of this waste was piped 14 miles afwasn the mine, to evaporation pools
at lvanpah Dry Lake. Following a spill in 1998y@stigation into waste disposal
practices at this mine uncovered a series of wasts between 1984 and 1998. All told,
~600,000 gallons of radioactive waste was spilletdooto the desert floor over 14 years.
The company that owned Molycorp, which in turn odhdountain Pass Mine, paid
more than $1.4 million in fines and settlementsisTcoupled with increasing pressure

from Chinese exporters, resulted in closure ofntiee.

In recent years, the resulting monopoly h&gQ&ina in an enviable position with
regard to lanthanoid production. As the sole seutttey have begun to place export
restrictions and tariffs on raw lanthanoid mateyisikely to both preserve the
diminishing supply of rare earth deposits and tinpote industrial growth within China.
This has led to drastic increases in lanthanoicegriexceeding 1000% over the last
decade for some elements. While the US Congreseelantly recognized the dangers

of remaining dependent on foreign lanthanoidscthet of many lanthanoid using
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technologies, including those that | have been logweg in my own research, may

become unwieldy in the future. [22]

In my own work, | have focused on the uniqumihescent properties of lanthanoids,
with special attention paid to their behavior imoparticles. Because the valence
electron in trivalent lanthanoid ions is locatedhr f orbital, these ions have a number of
interesting luminescent properties. First, shiedddf 4f orbital electrons by those in the
5s and 5p orbitals results in a decrease in infierecwith the ion’s local environment,
preventing spectral broadening of radiative trams# from excited electronic states. The
emission spectrum for each of the ions is uniqubabion, with emission peaks
occurring anywhere from the UV through the IR, mahwhich are in the visible range.
The electronic transitions that generate theseomagmission peaks are Laporte
forbidden, and as such, take a long time to ochwenncompared to molecular
fluorescence, on the scale of microseconds ratfaer htanoseconds. While this makes
lanthanoid based materials an excellent choicérfte-gated imaging and sensing
applications [24], it also means that their absorptross sections are small relative to
most commercially available fluorescent contragirdig. For example, fluorescein has an
absorption cross section of ~B° cn? while bare terbium has an absorption cross
section of ~3.810% cn?. [25] In addition, many of the lanthanoid ions &eavily
guenched by interactions with water. To remedgéhgoblems, the luminescent ion of
interest can be chelated or added into a crystaixnaAn antenna can also be attached,
which may be a molecule, another metal, or a diffetanthanoid ion codoped into a

crystal lattice. This antenna absorbs incidenttation light and transfers the absorbed
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energy nonradiatively to the adjacent ion, boostingffective absorption cross section.
Finally, because lanthanoid materials derive thaminescent properties from electronic
transitions within individual ions, photobleachilsgcompletely absent. This is in stark
contrast to molecular fluorophores and makes larttitematerials ideally suited for
applications that require long illumination timasnoany repeated measurements at

different time points.

Nanoparticle Contrast Agents

An ideal contrast agent possesses a numigpratities, most important of which is,
somewhat obviously, its ability to add contrasatoimage. As my own work focuses on
photoluminescent agents and optical imaging madslit will focus here on the qualities
most sought after in photoluminescent contrast tsgefin ideal agent will improve
contrast by emitting significantly more light thre background. This requires that the
agent has good quantum efficiency, that the emmss@velength does not overlap with
background luminescence, or both. In additionp@dgcontrast agent will only add
contrast to features of interest. Homogenousibigion or nonspecific binding of a
contrast agent greatly diminishes its utility. Wihese features in mind, it is important to
briefly outline the advantages and disadvantagegodkting with nanoparticles and to
give an overview of currently available luminesceahoparticles. With deference to
brevity, | will largely ignore those nanoparticlbst derive their contrast properties from
something other than photoluminescence, though rafthe advantageous properties

described below apply to them as well.
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There are a few potential advantages wheniwgnkith any nanoparticle compared
to a molecular fluorophore. First, functionalipatiof a nanoparticle is usually simpler
than with fluorescent molecules and proteins. Depe on the synthesis method and
type of particle, there are often a large numbesunface sites available for binding of
additional ligands. Amines, carboxylic acids, aadtfhydryl groups are often used due to
the ease of reactions involving them and the irsgdatability afforded by electrostatic
repulsion. This ease of functionalization alsceexds to the attachment of multiple
ligands to a single particle to achieve multivaleimiding, which is generally far more
specific than single target binding. [26] Nanojzdet can also be multifunctional. It is
theoretically possible to build particles that phetoluminescent, carry one or more

drugs of interest, and bind specifically to mukiglell receptors. [27, 28, 29]

In most cases, a single photoluminescent retiofe is significantly more
photostable than a single fluorescent moleculeratep. Nanoparticles are either
themselves photoluminescent, or have fluoresceil¢gutes incorporated into their
structure to render them luminescent. With thenfar, the luminescent material is
typically extremely resistant to photochemical a@sthat might result in a loss of
luminescence. The latter will suffer from photaabking over time, but will remain
luminescent longer on average due to the increaseter of fluorescent molecules
present. This makes nanoparticles ideal for meagking applications where the
movement of a single protein within a cell is akirest, provided they do not inhibit

motion enough to change cellular behavior. [30]
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Nanoparticles are classified as particles withameter between 1 and 100 nm. As an
example of scale, this size range runs from thekttass of a strand of DNA to
approximately half the diameter of a single HIVugr Somewhat obviously, a two order
of magnitude change in diameter can have a largactron nanoparticle function, even
ignoring the nanoparticle’s actual composition.r Example, a single 100 nm particle
has roughly the same mass as one million 1 nmctestibut one hundredth the surface
area. It will also have one hundredth the diffastoefficient of a single 1 nm patrticle,
and as a result will have a greater impact ontinetfon of any cellular components or
other ligands it is bound to. When viewed fronstherspective, it becomes clear that the
term nanoparticle is very limited in its ability describe materials falling into the
appropriate size range. In addition, size can laakaege impact on biodistribution.

Small particles, less than 8 nm in diameter, aualliscapable of clearance through the
kidney, while larger particles tend to aggregatehmliver and spleen and can remain in
these organs for extended periods of time. [31¢aBse most nanoparticle syntheses
result in particles with a range of sizes insteba single diameter, FDA approval of
many nanoparticle contrast agents is likely toigriBcantly more complicated than for

molecular agents.

Semiconductor nanopatrticles, also known astgua dots, are photoluminescent
nanoparticles with size dependent spectral prageerti hey derive their
photoluminescence from a quantum confinement eff@gich occurs in the transition
from bulk material to individual atoms. In thigénmediate size range, between 1 and 5

nm, a band gap forms in the electronic structurtdn@fimaterial. Transitions across this
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gap have energies inversely proportional to thessaf the radius of the quantum dot.
[32] Because quantum dot electrons can be exuwitéda photon of nearly any energy
greater than the band gap energy, very large Stikfis can be achieved, making
spectral separation of excitation and emission Vesgths simple. In addition, the
emission wavelength tunability of quantum dots nsatkem ideal contrast agents for
multiplexing applications. Quantum dots are exegnphotostable, but suffer from
fluorescence intermittency, or blinking. Becauseall transitions from an excited state
to ground are radiative, there exists some proivalilat a single quantum dot will not
emit light following one or more absorption evenidis can be potentially fatal to their
utility in tracking applications that rely on neaal time acquisition to capture
movement, but is otherwise unobtrusive. Also dernie quantum dot toxicity. While it
is possible to render quantum dots stable in biokdgnedia, approval for use in humans
has not yet been obtained due to the materialsateegomposed of, which include

elements like lead and arsenic.

Noble metal nanoclusters, similar to quantwisdoridge the gap between single
atoms and nanoparticles larger than ~2 nm and haeelspendent spectral properties.
Gold and silver nanoclusters also have surfacadigiependent spectral properties, such
that emission wavelength can be tuned with eittzer @r surface ligand. Unlike
guantum dots, their toxicity in the body is relatiwlow, making them attractive contrast
agents for biomedical imaging vivo. Typical quantum yields for noble metal
nanoclusters can be anywhere between 1% and 3@#ndieg on synthetic method,

size, and surface groups. [33] Smaller nanoclsgterd to have higher quantum yields.
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These nanoparticles are approximately 1000 time® plootostable than fluorescent
molecules, but are still less stable than mostrathaoparticle contrast agents. In a study
by Zhang et al., luminescence output of single g@doclusters was observed to decay
completely over the course of 60 seconds of contisullumination. [34] All told, noble
metal nanoclusters provide an interesting altevedt quantum dots for clinical research
and diagnostics, though their short excitation u@wgths may be undesirable in some

applications.

Similar to noble metal nanoclusters, nanodiads¢NDs) are promising for their
improved biocompatibility when compared to quandots. [35] They are more
photostable than noble metal nanoclusters, bualagesignificantly larger, ranging from
5to 100 nm in diameter. Luminescence in NDs ésré#sult of absorption of light by
color centers, or defects, in the diamond crysiitice. For biomedical imaging
applications, the most attractive of these colmtess is the negative nitrogen vacancy,
which absorbs light at 560 nm and emits at 700 imaddition to being incredibly
photostable, fluorescent NDs do not exhibit bligkand are largely immune to solvent
guenching, making them ideal contrast agents fdrgbatracking applications. [36]
While ND diameter doesn't affect emission waveléngtdoes affect luminescence
intensity, since there will be fewer nitrogen vadas per particle for smaller particles.
In addition, single NDs have approximately onedhire emission intensity of single

guantum dots under similar excitation power deesiti
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Lanthanoid nanoparticles are very similaranodiamonds in terms of their
advantages and disadvantages as luminescent ¢cadeags. They are far more
photostable than molecular fluorophores and noldahmanoclusters, and do not suffer
from fluorescence intermittency. They have longiluescence lifetimes, large Stokes
shifts, and relatively inert surfaces dependinghensynthetic method and coating ligand
used. Instead of color center defects, variowalent lanthanoid ions are doped into the
nanocrystal matrix and determine the spectral ptegseof the nanoparticle. For
downconverting nanopatrticles, europium, terbiung, laolmium are common choices,
with cerium, neodymium, and dysprosium seeing fliesguent use. For upconverting
particles, ytterbium, thulium, and erbium are uabdost exclusively. Luminescence in
the visible and NIR spectrum is the result of fdd@n f-f transitions in the lanthanoid
ions, with emission spectra and luminescence fifes unique to each ion. While the
nanoparticles mentioned above all had luminesckfetienes on the scale of tens of
nanoseconds, lanthanoid nanoparticles have lifstiomethe scale of microseconds to
milliseconds. This long luminescence lifetime baseral advantages and disadvantages,

which will be discussed in chapters 2, 4, and 5.

Multiphoton Excited Emission

Before discussing the bulk of the materiahis dissertation, it is important to have
some knowledge of multiphoton excitation processs described previously,
multiphoton excited emission is anti-Stokes shiftedblue shifted, from the

corresponding excitation. Multiphoton excitatiatso known as photon upconversion,
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can occur through several different mechanismsomparison of the relative
efficiencies of these mechanisms in lanthanoid masecan be found in Figure 1.1. As
long as the first steps of these processes araitaged by high power density excitation,
their emission intensity will be roughly proportadrio the square of the excitation power

density.

Arguably the best known of these is two-phabsorption (2p), which relies on the
near simultaneous absorption of two photons witintermediate excited state. This is
the mechanism employed in multiphoton microscopgrafogenous fluorophores, and is
among the least efficient of the upconversion psees. It is also among the easiest to
employ, as any fluorescent material can theordyited excited by 2p or 3p provided the
excitation energy is a multiple of the transitioresgy from the ground state to the

excited.

Second harmonic generation (SHG) is anotheham@sm commonly used in
multiphoton microscopy, and it too does not reqintermediate excited states.
Moreover, SHG does not require resonant excitatlaat,is, excitation matching the
energy gap between ground and excited electroaiesst Instead, SHG is a nonlinear
effect that occurs in asymmetric materials likdageén fibers, gold nanorods, and some
crystal lattices. In SHG, the emitted photon hescly double the energy of the exciting

photons.

Cooperative luminescence takes advantagemékwited ions or molecules in close

proximity to generate photon upconversion. Wheliltipla excited ions are located
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within ~5 A of one another, both valence electraaadition to ground simultaneously
and produce a single photon with energy equivatetite sum of the two transition
energies. Cooperative sensitization is a similacmanism to cooperative luminescence,
though arguably more complex. Rather than theeiaited ions combining their
transition energies together to produce a photay, tombine their energy to excite a
third ion or molecule to an excited state. Theiltesy decay back to ground then

produces the upconverted photon.

Excited state absorption (ESA) is similar g xcept that the requirement for near
simultaneous absorption of two photons is somewdiggved by the presence of an
intermediate excited state. In such cases, thengeexciting photon need only arrive and
be absorbed before the first state excited mateaslrelaxed back to ground. For this

reason, ESA is typically several orders of magmtatbre efficient than 2p.

As the primary method of photon upconversimdCNPs, energy transfer
upconversion (ETU) is of particular interest tosthissertation. ETU is very similar to a
combination of both ESA and cooperative sensitiratiMultiple excited ions, or the
same ion if the metastable intermediate statelseottivator are long lived, sensitize a
single activator ion. There are two major requieats for this to occur. First, the
excited ions must be within approximately 1 nm a¢leother. Second, the activator ion
must have electronic states that well match thetreleic states of the sensitizer, such that
sequential energy transfers are probable. Tlashgeved when the gaps between the

activator’s ground, intermediate, and final excistates are of approximately the same
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energy as the gap between the sensitizer’'s gront@xcited states. While this imposes
obvious constraints on the choice of luminescentends, it is also as much as ten

orders of magnitude more efficient than 2p.

ETU ESA Cooperative Cooperative SHG 2p
Sensitization Luminescence

e :
% 7=

n=10° n=10°% n=10" n=10"%

Figure 1.1. Relative efficiencies of various upeersion mechanisms in lanthanoid
materials. [37] Solid arrows represent photon giigm and emission, dashed arrows
represent nonradiative relaxation, grey arrowsasgmt cooperative and energy transfer

processes, and wavy arrows represent internal csiove

Finally, triplet-triplet annihilation assisteghconversion (TTA-AU) is a multiphoton
excitation process that involves energy transféween triplet states in two
phosphorescent materials. [38] While TTA-AU wastfreported in 1962, the field had
gone stagnant until very recently, when metallaukitizers became available for use
with preexisting activators. A schematic repreagon of the TTA-AU process is shown

in figure 1.2.
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Figure 1.2. Schematic energy level diagram of TAW- Black lines represent photon
absorption and emission, dashed lines represemadiative transitions, ISC is
intersystem crossing, TTET is triplet-triplet engtgansfer, and TTA is triplet-triplet
annihilation. 'S*, 3S*, *A* and ®A* are the excited states of the singlet sensitizglet

sensitizer, singlet activator, and triplet activatspectively.

In short, the sensitizer molecule absorb4 ligkciting it to a singlet excited state.
Once excited, intersystem crossing to an exciiptetrstate occurs, followed by triplet-
triplet energy transfer to a nearby activator. Tafithese triplet excited state activators
can then annihilate, resulting in one activatathi ground state and one activator in the
singlet excited state, from which radiative deceydpices the upconverted photon. The
requirements for this to occur are fairly strictemhcompared to other upconversion
processes, but the payoff is that TTA-AU is incbégliefficient when executed properly,
requiring excitation power densities of mW:ém W-cm. In short, the sensitizer
should have a high absorption cross section, highgbility of intersystem crossing
(near unity), long triplet state lifetime, an excitsinglet state with less energy than the

activator singlet, and an excited triplet statehvgiteater energy than the activator triplet
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state. Once all these conditions are met, TTA-Allaecur as long as there is no
oxygen present — oxygen severely quenches excifgettstates. While this last
condition will be a sticking point when making ttnansition to biomedical applications,
groups have already begun incorporating TTA-AU roole pairs into nanopatrticles in

an attempt to get them into water and into cef9] |
Upconverting Lanthanoid Nanoparticles

Upconverting lanthanoid nanoparticles NURS) were first successfully
synthesized by Heer et al. in 2004. Up until ime, upconverting lanthanoid materials
were limited to bulk crystals and large phosphadrke synthetic method that eventually
overcame this limitation was thermal decompositanng used oleic acid as a capping
ligand to control nanoparticle growth. Since thd@NPs of varying size, shape, and
composition have been synthesized by a large nuofligoups, and methods for
synthesis have expanded to include hydrothermakah@thermal methods in addition
to various thermal decomposition methods. The mottble feature of all of these
nanoparticles is their multiphoton excitation pnd@s. When excited at a long
wavelength, typically 980 nm corresponding to#Bg,  Fs). transition in YB*, these
nanoparticles emit light at shorter, anti-Stoka#teth wavelengths, often in the visible

spectrum.

This anti-Stokes shifted emission is the prymaotivation for the use of UCNPs as
contrast agents in optical imaging modalities. i€gly, the luminescence emission of a

contrast agent is Stokes shifted from its excitati@velength. This is true of molecular
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fluorophores, semiconductor nanoparticles, nanodrats, and most other luminescent
materials. It should be noted that multiphotonitaion of all of these compounds is
possible to some degree, but happens by diffesegtificantly less probable excitation
processes than in UCNPs. When working with biaalmaterials, exogenous contrast
agents are not the only compounds capable of Sa¥kied photoluminescence. Many
different compounds in the human body and in it ¢ioresce under excitation
wavelengths spanning from the UV into the red. tha@ reason, fluorescence imaging
with an exogenous agent is often obscured by emaagebackground fluorescence.
Except under very tightly focused excitation, thes#ogical compounds do not undergo
significant multiphoton excitation and as such, ges.of UCNP luminescence can be

completely free of background fluorescence.

Many of the previously stated advantages akimg with lanthanoid contrast agents
also apply to UCNPs. They are incredibly photdstalithstanding high levels of laser
power before undergoing an appreciable changeuctste and luminescence properties.
Even under these high excitation power densitiesparticles remain largely
photoluminescent, such that tissue damage threslaoddof greater concern than contrast
agent stability when selecting an excitation sourtiley also possess the long
luminescence lifetimes associated with lanthanatlsying for inexpensive lifetime and
time-gated imaging. Many of the UCNPs may alswesass ratiometric temperature or
pH sensors. A number of recent studies have alsgsed on their potential applications
in cancer therapeutics as light sources for phatadyc therapy. By illuminating a

region with 980 nm light and relying on the resudtvisible UCNP emission to activate a
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therapeutic molecule, it may be possible to tredy those cells that are immediately

adjacent to the UCNPs.

UCNP multiphoton excited emission efficiengpends on a number of factors. First,
the size of the nanoparticle will have a large iotga its luminescence quality, with
larger nanopatrticles being more efficient than $endly mass. There are two major
reasons for this increase in efficiency, both eglab the change in the surface area to
volume ratio with changing diameter. Because thitase area of a single particle
depends on the square of the radius, and the vali@pends on the cube, a batch of
small nanopatrticles will have a much higher surfaea than the same mass of larger
particles. This has two effects on UCNP lumineseegfficiency. First, the increased
total surface area results in an increase in tingbew of surface ions interacting with
solvent and bound surface groups. The vibratiom@des of the solvent can cause
nonradiative relaxation of excited lanthanoid iaesulting in a quenching of UCNP
luminescence. Second, nanocrystals typically lsaviace defects that also decrease
luminescence efficiency. The smaller the UCNPsthegreater the number of ions
interacting with surface defects relative to thenber of ions tucked safely away in the
nanocrystal core. Several groups have addresesd fitoblems with the epitaxial
growth of additional layers of undoped host ma#tsxa means of protecting the active
core. While these methods result in an increaseniinescence yield, a study has yet to
fully compare and quantify the improvement when panad to growing larger active

cores.
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In addition to particle size, particle shape bave a large effect on upconversion
efficiency. In particular, the structure of thestal lattice can be either the cubic or the
hexagonal phase, which may also be referred te asd - crystals respectively. The
hexagonal phase nanocrystals are approximatelp® of magnitude more efficient at
multiphoton excited luminescence compared to th@ic phase counterparts. In
addition to an increased quantum yield, hexagohase UCNPs are much harder to
synthesize. Synthesis of these particles typigallypires higher temperatures, stricter

control over the solvents used, and, at times tiatdil reaction steps.

The final two factors that determine UCNP uparsion efficiency are the
composition of the host matrix and the nanopartidating. Most UCNPs are composed
of a NaYR host matrix codoped with two or more lanthanoiasiousually YB* and
either EF* or Tn?*. These are the nanoparticles | have focused oryiown research.

A good host matrix for a UCNP that is to be usetdiomedical imaging will have a low
phonon energy, a high stability in biological emviments, and a lattice structure free of
stresses imposed by varying ion sizes. Nad@ssesses all of these traits, with a phonon
energy of approximately 350 ¢hand Na ions that roughly match the effective size

the lanthanoid ions. Many of the lanthanoid oxidst matrices are also fairly stable in
solution and in biological environments, but havagher phonon energy and as a result
guench a larger part of UCNP emission. Recenthyraber of groups have begun to test

different host matrices in an attempt to improveruplaY R with some success. [40]
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Another very active area of UCNP researchamestto nanocrystal coating. As
synthesized by thermal decomposition, UCNPs arallyscoated with a layer of oleic
acid. Because this molecule is hydrophobic, UCbHPs10t be immediately used in
aqueous media without additional modification & Hurface. There are countless
methods to accomplish this, so | will focus hem@monly a few general strategies and
refer readers to relevant literature for additianguiries. These strategies include oleic
acid removal, ligand exchange, silica coating,méaid modification, and coating with
amphiphilic polymers. These methods are coveredare detail in chapter 3: Synthesis

of Upconverting Lanthanoid Nanoparticles.

Summary of Dissertation and Research Aims

The primary goal of the research presentelisndissertation was to develop
lanthanoid nanoparticles as contrast agents fonédbical sensing and imaging
applications, in addition to developing new teclueig| that take advantage of the unique
photoluminescent properties of these particless @issertation can be broken up into
three major aims, each of which may be further nolp into smaller sections. The first
aim of this dissertation was the synthesis of huptonverting and downconverting
lanthanoid nanoparticles. This synthesis can é&urtte broken up by the type of synthetic
method employed, the surface modifications useditov for attachment of biologically
relevant ligands, and the methods used to attadetligands. The second aim was to
characterize the nanopatrticles, examining theictsplequalities in great detail. Within

this aim, | have measured emission spectra, luroére lifetimes, and unique spectral



44

properties of UCNPs that had not been previougipnted in available literature. 1 also
discuss computational modeling of UCNP emissionitadse to better understand the
phenomenon of excitation frequency dependent eamssT he final specific aim was to
explore the use of these UCNPs in a number of egmbins. These applications included
diffusion enhanced luminescence energy transfetl @), time-gated wide-field
microscopy, luminescence lifetime microscopy, nphiiton microscopy, staining of

ovarian and colon cancer tissue models, and s@setttion microscopy.

Because these aims are fairly broad, | havieelil the chapters of this dissertation by
subject rather than by the specific aims listedvabd first present the synthesis,
characterization, and application of downconvertarghanoid nanoparticles. Next, |
present a detailed description of the synthesig] koating, and functionalization of
upconverting lanthanoid nanoparticles. This itofwkd by characterization of UCNPs,
which includes study of their luminescence speata lifetimes as well as excitation
power density and excitation repetition rate depabh@mission. The fifth chapter
discusses multiphoton microscopy with UCNPs andstkih details preliminary work on

a super resolution microscope.
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CHAPTER 2: DOWNCONVERTING LANTHANOID NANOPARTICLES
Introduction

Synthesis of downconverting lanthanoid nantiglas (DCNPs) became a topic of
great interest between 1990 and 2000. [41, 4244345, 46, 47] Initial synthetic
methods focused on the production op@pand Y-Os:Ln nanoparticles through a variety
of methods [46], where Ln is a placeholder forahant lanthanoid ions like By Tb*,
and H3", and were eventually succeeded by methods thaséaton the production of
fluoride nanoparticles, like Laf.n due in part to the reduced phonon energy and
increased luminescence yield of fluoride nanoplatievhen compared to their oxide
counterparts [48, 49, 50]. DCNPs possess manyecadlvantageous photoluminescent
properties commonly associated with lanthanoid rmedse specifically long
luminescence lifetimes, sharp, well defined eladtrdransitions, large Stokes shifts, and
exceptional photostability. These features set BEBpart from other contrast agents,
particularly from molecular fluorophores that areWwn to suffer from relatively weak
photostability and spectral broadening effectse $ize independent spectral
characteristics of DCNPs also enhance their useuitiplexing applications.
Nanocrystals containing different luminescent lamibid ions can be synthesized to have
nearly identical particle size and morphology, With very different luminescence
spectra. This, coupled with the aforementionedskanission peaks, makes separation
of different lanthanoids by spectrum fairly straigiward. Energy levels for three

luminescent ions commonly used in DCNPs are showigure 2.1.
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The relatively short luminescence lifetimesyadst other contrast agents are not
necessarily prohibitive, but do limit their usesiome applications. Conversely, the long
luminescence lifetimes of DCNPs can often be araince, but are also a boon for
biomedical applications that can take advantagelohger lifetime, such as time-gated
imaging and assays, luminescence lifetime imagnd, super-resolution techniques like
fluorescence resonance energy transfer. In ttapteh, | will focus on the synthesis of
DCNPs, briefly describe efforts to add functionat the nanoparticle surface, and
discuss preliminary findings obtained while exphgrthe three applications described

above.
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Figure 2.1. Simplified energy level diagrams fdew of the luminescent lanthanoid
ions commonly used in lanthanoid based contrasttageColored arrows indicated
strong luminescent transitions when excited wittigent energy. Diagrams were
constructed based on energy level calculationseapdriments from multiple sources.

[51, 52, 53]

Diffusion enhanced luminescence resonance eneaggfer

Diffusion enhanced luminescence resonanceggrieansfer (DELRET) is a
nonradiative energy transfer process that relietheriong luminescence lifetime of
lanthanoid nanoparticles and chelates [54, 555%p, While the basic concept is the

same as for fluorescence resonance energy trafl&T), the key difference is that



48

DELRET does not require direct binding between aod@nd acceptor. Instead, it relies
on the long luminescence lifetime of excited statehanoid nanoparticles to provide
ample time for diffusion to bring a significant nber of acceptors into range of DCNPs
in solution. According to Forster [58], the rafedgole-dipole energy transfer from a

fluorescent donor to an acceptor can be expressed a

- 1)

wherekg is the rate of fluorescence from the donor inghsence of the acceptoris the
distance between the donor and the acceptoriRaisithe distance where energy transfer

efficiency is 50% and is determined by the relation
1o#s %, (2.2)

wherelJ is the spectral overlap integral in i*, K% is the orientation factor (typically
chosen as 2/3 for freely rotating donor and aceg@ is the quantum yield of the
donor in the absence of energy transfer, rmisdthe refractive index of the medium.
Steinberg and Katchalski explored the theoretitfakceof diffusion on this type of
energy transfer [59] and created a set of goverpargal differential equations for this
interaction. Elkana et al. later established fifecein an experimental setting [56], and
Thomas et al. followed this a decade later witlumerical analysis of the governing
equations [54]. From this work, it was found ttta transfer efficiency is dependent on
the distance of closest approach between donoaereptora, the acceptor

concentrationfA] , the Forster distancBy, the unquenched donor lifetimg, and the
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diffusion coefficientD, of the acceptors relative to the donors. Foa@reptor
concentration of 0.1mMRy = 5 nm, andh = 0.5 nm, it was found that a donor lifetime on
the order of ~1 ms was required to see appreciadegg transfer from donor to
acceptor. In addition, energy transfer efficiergyfell into three regimes. Far < 10"°
cnt-s?, E was close to 0. For 18< D < 10° cn?-s*, E was sensitive to changes in the
diffusion coefficient. Fob > 10° cn?-s?, E approached a constant maximal value.
These results are interesting for two reasonsst,Rhre luminescence lifetime of
luminescent lanthanoid contrast agents are typicallthe order of hundreds of
microseconds to milliseconds, making them an ideabr for DELRET. Second, the
range of diffusion coefficients that result in aolge inE overlaps well with the range of
diffusion coefficients typically found in biologitenolecules and proteins. For example,
the diffusion coefficient of dissolved oxygen intemis ~2.110° cnt-s* [60], the

diffusion coefficient of human serum albumin in esis ~6.1 10" cm?-s* [61], and the

diffusion coefficient of a 1 m sphere is ~510° cnf-s*.

For this research, | chose to work with & Tdhelate and LafTh*" nanoparticles for
two reasons. First, the luminescent lifetime &b, 'Fs transition at ~550 nm is
often very close to 1 ms. Second, gold nanopesriplepared by Turkevich [62] method
have a strong absorption peak in the green, amd #re several commercially available
quenchers with good overlap betweerf*Témission and quencher absorption. Several
donor acceptor configurations were tested to detertie effects of a number of

variables on DELRET efficiency. In addition, twaok assays were created to
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determine if changes in acceptor or donor diffusamwould occur upon binding to a

protein or cell surface, could be measured.

Time-gated and Lifetime Imaging

When working with very low concentrations af@ntrast agent in biological samples,
background fluorescence and interference from xicéation source can impose harsh
limitations on the sensitivity of an imaging or éetion system. Time-gated microscopy
is, at its core, a technique to improve the detedimits of a system, whether that system
is a biological assay or a wide-field microscopetime-gated wide-field microscope is
essentially the same instrument as a standard figltefluorescence microscope, with
three exceptions. It requires a pulsed illumimasource, a contrast agent with a
luminescence lifetime much longer than both badkgdofluorescence and the excitation
pulse, and a camera capable of time-gating, ideatly on-chip integration. On-chip
integration allows for increased exposure timefiauit substantially increased readout
noise or acquisition times. Instead, signal idthys on a CCD whenever the excitation

source is off, and only read out once at the entl@flesignated exposure time.

When working with DCNPs, their long luminescerifetime also enables lifetime
imaging with a time-gated wide-field microscopey &llecting two images at different
delay times, it is possible to estimate the timestant for a single exponential delay.
Additional images at different delays will incredbe accuracy of this estimate, but are
not strictly necessary. By using luminescencdilife instead of luminescence intensity

to generate contrast in an image, it is possibtEbtain quantitative information about the
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local environment of the nanopatrticles and to ferttifferentiate them from background
or from other particles with similar emission spacnd modified lifetimes. Because
the luminescence decay of many DCNPs can be wetbapnated by a single

exponential decay,

&' & (7, (2.3)

whereA(t) is the amplitude at timig A is the initial amplitude, andis the luminescence
lifetime, it is possible to approximatevith only two time points. The luminescence

intensity of these two time points for a singlegdim an image can be expressed as

+ & ( - . and (2.4)

+ & (-, (2.5)

wherel; is the intensity for the image taken at dedayndl; is the intensity for the

image taken at delaj. From this we obtain

£ 3
2 4 5670% 4 5671%° (26)
3 1/ o - .
3 (/o andfinally (2.7)
Iol 1
2 gt (2.8)
9

It is also entirely possible, and more accuratéake images at a large number of delays

and fit corresponding pixels to an equation thakesamore sense for the contrast agent
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and application. | chose to employ the two paiting method in order to save time, as
the technique was being developed to enable ctossat time acquisition and
processing. To test this technique’s viabilityages were taken of DCNPs in solid

crystals as well as in solution and converted tesfield luminescence lifetime images.
Summary

LaR: Th®*" nanoparticles were synthesized by co-precipitaifsing two different
capping ligands, citric acid arf@phosphorylethanolamine. [63] The latter was chose
to provide amine functionality to these nanopagsdior future work with bioconjugation.
Unexpectedly, this resulted in a significant ine@@ the luminescence lifetime of green
LaFs:Tb** emission, while simultaneously limiting their atyilto participate in
luminescence resonance energy transfer. Theseadittes were then used in the
development of a homogenous assay based on diffesioanced luminescence

resonance energy transfer as well as in a widd-fighinescence lifetime microscope.
Materials and methods
Synthesis of LafTb** (EU**) DCNPs

Lak:Tb** (EW*") nanoparticles were synthesized by a co-precipitanethod similar
to that presented by Evanics et al. in 2006. [B#lreagents used were obtained at high
purity from Sigma-Aldrich, unless otherwise speadfi Four basic types of nanoparticles
were synthesized. Laffb**, LaRs:Eu*, and Lak: Th*",Er** nanoparticles were

synthesized with citric acid, and LaFb®* nanoparticles were also synthesized with
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varying amounts oD-phosphorylethanolamine in place of citric acid.altypical
synthesis, 35 mL of $#0 was added to a 100 mL flask and purged with AB065 g of
O-phosphorylethanolamine, 2.38 g of citric acidaa@ombination of the two was added
to the flask, and the resulting solution was theatéd to 75 °C in an oil bath. Both the
solution and the bath were magnetically stirre8%2NH,OH or 1M NaOH was added to
neutralize the solution, bringing the pH to ~6.theBolution was then stirred for 5
minutes, at which time 1.33 mmol of lanthanoidatiérhexahydrates at a 3:1 ratio of
La®: Tb**(EU®") or 14:5:1 L&":Tb*":Er** were added to 2 mL of methanol. The
lanthanoid solution was added to the flask contginvater, and the resulting solution
was stirred for 5 minutes. In some cases, thdtmegsolution was still cloudy after 5
minutes, and was stirred overnight at 75 °C. Qrbear, 3 mmol of NaF were dissolved
in ~2 mL of HO, then added dropwise to the reaction vessel valideving the solution
to return to clear between drops. Once all NaFbesh added, the solution was stirred
for 2 hours and then cooled to room temperatutbarol was added in excess of the
reaction volume, and particles were separatedamellet by centrifuging at 1000Q

for 10 minutes. The supernatant was discardedtangellet was washed 2-5 times with

EtOH, water, and further centrifugation.
DCNP Characterization

LaR: Th*" nanoparticles were sized by dynamic light scatteviith a ZS-90 Zetasizer
(Malvern, Worcestershire, United Kingdom). Emissgpectra were measured by a

QE65000 back-thinned CCD spectrometer (Ocean Qftiosda, USA) using a tunable
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optical parametric oscillator (OPO) pumped by aY¥iG laser Q-switched at 20 Hz

with a 3 ns pulse width for excitation. Luminesce decays were measured by a single
photon counting avalanche photodiode (PerkinElaudreuil, Québec, Canada) and
multichannel scaler (Picoquant, Berlin, Germanyhgs$he same excitation source as
above. Excitation was chosen to match resonamsitrans in the nanoparticles, 355 or

489 nm for TB* nanoparticles, 355 or 466 nm for*Emanoparticles.
Diffusion Enhanced Luminescence Resonance Eneeqsfiar

DELRET efficiency was tested with a*flchelate, Lanthascreen (Molecular Probes,
New York, USA), and LaETb** nanoparticles. Three acceptors were tested: gold
spheres prepared by Turkevich method, QXL570 (Aeaspalifornia, USA), QSY7-
NH (Molecular Probes, New York, USA). In additiowa mock assays were tested.
Because the luminescence lifetimes of these doravgsbetween one another, and
between different preparations in the case of Embid nanoparticles, DELRET
efficiency is measured &= 1 - / , where is the luminescence lifetime obtained by
fitting the luminescence decay profile with a sengkponential decay anglis the

luminescence lifetime in the absence of any acceptdecules.

Gold nanoparticles were prepared by Turkewethod [62] and dispersed in
deionized HO at a concentration of 5 mM. Between 0 and 2 rinth@se nanoparticles
were added to a cuvette containing 2 mL of $&6** DCNPs at a concentration of 27.5
mg/mL. The DCNPs were then excited with 490 nrhtl@gnd luminescence decay

curves were measured.
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Quenching of LafTh** DCNPs via DELRET was also measured using QXL 5%D a
QSY7-amine. Varying concentrations of donor antkators were tested, and the
temperature dependence of DELRET efficiency was e¥plored. Temperature was
controlled by running water from a temperature oalgd water bath through a metal
plate at the base of the cuvette holder. Sampipéeatures were verified to be within
0.1 °C of the bath temperature with a thermocobpked temperature sensor.
Temperature dependent luminescence lifetimes wetermined for DCNPs free of
guencher and DCNPs in the presence of unbound @XL %ollowing measurements
taken at increasing temperatures, a final measurewees taken at the first temperature
again to compare results. The effect of donor entration on DELRET efficiency was

also examined.

In the first mock assay, an amine reactivéavaiof Lanthascreen was introduced to
aminated latex beads with a diameter of fi1in order to test the effect of substantially
decreasing the DELRET donor’s rate of diffusionlipAatic amine latex beads were
obtained from Molecular Probes, New York, USA abacentration of 2.0% w/v in
water. 1 mL of the latex beads was centrifuge80&0 g for 20 minutes. Following
centrifugation, the supernatant was discarded laagellet containing the precipitated
beads was redispersed via sonication in 878f 5 mM HEPES buffered saline. 1@
of dry Lanthascreen-isothiocyanate were reconstitut 100 L H,O, and 50 L of the
resulting solution were added to 350 of the 2.29% w/v latex beads prepared above.

This suspension was allowed to react for 48 hoursan temperature with magnetic
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stirring. Once complete, the conjugated beadsTéaritichelate were centrifuged at 3000
g and the supernatant containing unbound Lanthasavas removed. The pellet
containing the latex beads and bound Lanthascreea redispersed in 400 5mM
HEPES. Varying concentrations of QXL 570, a straragecular absorber with
absorption peak at ~570 nm, were added to freeatad bead bound Lanthascreen and
luminescence lifetimes were determined via singletpn counting with 355 nm

excitation by the OPO tuned laser described above.

The second mock assay attempted to monitdpititing of a free quencher, QSY7-
succinimidyl ester, to aliphatic amine latex bea@s:o experiments were attempted
along this vein. In the first, 0%, 0.01%, 0.1%¢d d%86 w/v latex beads were reacted with
QSY7-succinimidyl ester by adding 0, 0.015, 0.X% &.5 mL of 2% w/v aliphatic amine
latex beads to 0.98L of 6.136 mM QSY7-succinimidyl ester, 0.2712 mLLaf F;:Th**
nanoparticles at 8.85 mg/mL in 5 mM HEPES buffesalihe, and enough deionized
H,O and 50 mM HEPES buffered saline to bring the n@uo 3 mL while maintaining
5mM of HEPES. Luminescence decay data was cotldetéveen 7 and 10 hours after
the reagents were combined. The same experimentepaated with amidine latex
beads (Molecular Probes, New York, USA). Finadl\similar experiment was conducted
with 0.1% w/v aminated latex beads andM QSY7-succinimidyl ester. In this final
experiment, a luminescence decay curve was measuesd 30 minutes for 7 hours.

Excitation for this experiment was at 490 nm.
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The effective diffusion coefficientd, for donor and acceptor combinations were

calculated using the Stokes-Einstein relation,

<= _A—, (2.9)

>7? @ B

wherekg is Boltzmann’s constant, is the temperature, is the viscosityrp is the
effective radius of the donor, angis the effective radius of the acceptor. Molecula

radii were estimated using carbon-carbon bond hengt

Time-Gated and Lifetime Imaging

Both time-gated and luminescence lifetime imggised the same optical setup. A
tunable optical parametric oscillator (OPO) pumpga Nd:YAG laser Q-switched at 20
Hz with a 3 ns pulse width was used as the exaitatource for all images obtained.
The microscope used was an MVX10 scientific micopgcfrom Olympus. A schematic

of the imaging setup is shown in Figure 2.2 below.
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Figure 2.2. Schematic representation of the tietedjand luminescence lifetime

microscope.

Because the laser only operates at peak pwohiér allowed to run at 20 Hz
continuously, the imaging system uses a TTL triggan the laser to initiate image
acquisition. An interline CCD camera with on-cimpegration was used in conjunction
with a proprietary camera controller and softwageedoped by Photonics Research
Systems, Newhaven, East Sussex, United Kingdonanliptiating image acquisition in
the software, a signal is sent to the camera bgxitoe it for opening an electric shutter
on the CCD at a delay and gate width set by theingasoftware. The laser sends a TTL
trigger to a function generator whenever the Q-cdwis opened and light is emitted. The
pulse generator then sends a trigger to the cabwerafter a user defined delay, which
begins camera exposure if the camera is primedaudge the light from the laser travels

faster than the electrical signal, the delay orftimetion generator was set to trigger the
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camera ~20 s before the next pulse in the train, rather tinamediately following the
pulse that spawned the trigger signal. This h#e practical impact on the operation of
the microscope, but may result in slight deviationpulse arrival time due to jitter. For
luminescence lifetime imaging, two images were akievariable delays and processed
to convert luminescence intensity contrast toihfiet contrast. The images were gated
such that all luminescence following the delay timeeurred while the camera was
active. The processing used was a simple backdrsubtraction to remove dark noise,
followed by a floor function to set anything belden percent of the images’ maximum

intensity to 0, and finally pixel by pixel lifetimgetermination.

For each pixel valu&; andB;; in imagesA andB, the lifetime of that pixel,;;, was

calculated as

2cpeF (2.10)

B b
8 %
<HDI

where tis the change in delay time between the two images
Results and discussion

Nanoparticles synthesized had an average tkaroe~20 nm and were readily
dispersed in KD or buffered saline. Representative spectrai@tdanthanoid
nanoparticles are shown in Figures 2.2. Emisseakp were narrow and matched
expected values. Introduction of a small amourEdf into Laf: Tb** nanoparticles did
not result in a significant change in the positdrthe emission peaks (Fig. 2.3).

Changing the surface group of lFb®*" nanoparticles from citric acid ©-
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phosphorylethanolamine or a mixture of the tworthdl shift emission peaks either.
Luminescence lifetimes were collected for manyhef $amples synthesized. As can be
seen in Figure 2.4, the luminescence decays dfdkglLn nanoparticles in O were

not single exponential. They were, however, weby two exponentials. The obtained
luminescence lifetimes for the particles examimetigure 2.4 are available in table 2.1
along with the reduced’ for each fit. Decay profiles were also collecteddry

LaFs:Tb** nanocrystals, the data from which was bettenfialsingle exponential decay
than its counterpart in water. The time constemtfthis fit was 1.606 ms with a
reduced ® of 1.626. LagTb** nanoparticles synthesized with
phosphorylethanolamine had a markedly increasethiesoence lifetime compared to
those prepared with citric acid. Single exponéifitisito the decay profiles of these
nanoparticles in water resulted in a luminesceifetrhe of 3.126 ms with a reduced

of 2.759. Nanoparticles synthesized with a mixtireitric acid andO-
phosphorylethanolamine were more difficult to ceesuiccessfully. Several preparations
succeeded, and luminescence lifetimes were bet@&esnd 3 ms, with no obvious

correlation to the synthetic method used.
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Figure 2.3. Luminescence emission spectra for & and Lak:EW*". The former
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are from the excitation source.



1e+0

1e-1 -

Normalized Counts

1e-3 -

1e-4

1e-2 A

62

LaF;:Eu
LaF,:Th
LaF,:TbEr

Time (ms)

15

20
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Sample 1(ms) | A1 (%) 2 (Ms) Ao (%) ?

LaFs:Tb** 4.680 1.4 1.1608 98.6 0.983
LaRs:TE* Er* | 4.161 1.8 0.9401 98.2 1.114
LaFs:Eu®* 3.218 35 0.3701 96.5 1.579

Table 2.1. Luminescence lifetimes for three repmnéative DCNPs. Excitation was at

466 for Lak:Eu** and 490 for LagTbh* and Lak: Th*",Er*. A 600 nm bandpass filter

was used to collect emission from the former, abd@mnm bandpass filter was used to

collect emission from the latter two samples.

As can be seen in table 2.1, the differendidtime between TH and Ed* doped

LaFs nanocrystals is significant, which is to be expddas the emission from each results

from electronic transitions in different ions. @reater interest is the difference between
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those nanocrystals doped with*fland those codoped with a combination of Tand
Er*. The slight decrease is likely due to the additbnonradiative energy transfer to
Er**, provided an addition depopulation route. Suipgiy, little emission is witnessed
from Er**, indicating that energy transferred to it doesrestilt in radiative transitions to
ground (Fig 2.5). This could be a result of thestal lattice used, though a specific

mechanism for nonradiative relaxation following egetransfer is unclear.
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Figure 2.5. Luminescence emission spectra fdf Based nanocrystals. Excitation was

at 355 nm. Emission was normalized to the peakst5 nm. Concentrations were not

matched between the samples.



64

Diffusion Enhanced Luminescence Resonance Enesgysiar

Effective diffusion coefficients for the DELRESystems tested are shown in table 2.2

below.

Donor Acceptor Diffusion Coefficient (Cits)
LaFs:Th>" (r = 10 nm) - 2.45 107
Lanthascreen - 3.27 10°
Lanthascreen + 1m bead | - 4.91 10°
- Au nanoparticle (r = 10 nm) | 2.45 107
- QXL570 5 10°

- QSY7 5 10°

- QSY7 +1 m bead 4.9110°
Lanthascreen QXL570 8 10°
Lanthascreen + 1m bead | QXL570 5 10°
LaFsTh>" (r = 10 nm) Au nanoparticle (r =10 nm) | 4.90 107
LaFs:Th>" (r = 10 nm) QXL570 5 10°
LaFy:Th>" (r = 10 nm) QSY7 5 10°
LaFy T (r=10 nm) QSY7 +1 m bead 2.5107

Table 2.2. Calculated diffusion coefficients foetvarious donor acceptor combinations

tested.

A comparison of the absorption and emissi@tsp for QSY7, QXL 570, and
LaFs:Th* is shown in figure 2.6. Good spectral overlapieen the donor and acceptor
ensured a high probability of DELRET when they welose together in solution. The
emission spectrum for Lanthascreen was nearlyiicrio that of Lag Th**

nanocrystals, owing to the invariability of lantleéshluminescence.
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Figure 2.6. Absorbance and emission spectra ®DBLRET acceptors and donor

respectively.

DELRET was observed between kaB*" nanocrystals and all three of the acceptors
used. In addition, DELRET was observed betweenHastreen and QXL 570.
DELRET efficiency was observed to be dependentaae@ator concentration, viscosity,
and the effective diffusion coefficient of the dom@ceptor combination. The effect of
donor concentration and temperature on DELRET iefiicy were minor, and will be

discussed later on in this section.

Figure 2.7 presents concentration dependeateefdr the free donor / acceptor
combinations tested. In all nearly all cases,aases in the DELRET efficiency were

correlated with increases in acceptor concentratdrcombination of LagTb**
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nanocrystals and QSY7 had the best sensitivith&mges in acceptor concentration, on
the scale of tens of nanomolar. Au nanopartiadteshown in their own plot, and
required concentrations 3 orders of magnitude grehan molecular quenchers to
achieve similar levels of DELRET efficiency. Afghier concentrations, the Au
nanoparticles changed color and precipitated froluti®n, indicating a loss of plasmon

resonance due to a change in particle size.



67

Figure 2.7. DELRET efficiencies for varying contrations of acceptors in the presence
of LaF3:Tb3+ or Lanthascreen. Excitation was 355 nm for Lastheen and 490 nm for

LaFs:Th®".

The change in Lanthascreen luminescencenligetvith temperature is presented in

Figure 2.8. It can be seen that donor lifetimerel@ses with increasing temperature. The
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addition of QXL 570 to a concentration of 200 resulted in quenching of donor

lifetime via DELRET, as expected. The two data skefcrease at approximately the same
rate, though there is some curvature present isahes containing QXL 570. The

lifetime was measured twice at 6.8 °C, once ab#ginning of the experiment and again
at the end. For the sample containingW® QXL, the lifetime was 1.4021 ms at the
beginning and 1.2578 ms at the end, a 10% decréasehe sample containing 20M

QXL, the lifetime was 1.0577 ms at the beginnind r6439 at the end, a 49% decrease.

Figure 2.8. Temperature dependence of Lanthastwa@nescence lifetime with and

without QXL 570 present.

Figure 2.9 presents results from the firgheftwo mock assays described in the
materials and methods section above. Binding othascreen-isothiocyanate to latex
beads with aliphatic amine surface groups resutftedslight decrease in DELRET

efficiency for similar concentrations of QXL 570.
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Figure 2.9. DELRET efficiencies before and aftexding of amine reactive

Lanthascreen to aliphatic amine latex beads.

Results from the second mock assay are showigure 2.10 below. Binding of
QSY7-succinimidyl ester to the surface of both aated and amidinated latex beads
results in a significant decrease in DELRET withF4:@b®" nanocrystals. At low
concentrations of latex beads, those coated witheappear to bind more QSY7 than
those coated with amidine. This relationship regsifor bead concentrations greater

than or equal to ~0.1% w/v latex beads.
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Figure 2.10. DELRET efficiency for LafTb®*" nanocrystals and QSY7-succinimidyl
ester incubated for 8 hours with varying concerdrest of either aliphatic amine latex

beads or amidine latex beada1iin diameter.

In addition to examining DELRET efficiency’ggendence on microparticle
concentration, efficiency was also monitored asrection of reaction time for a reaction
between QSY7-succinimidyl ester and aminated |atsads at concentrations of M
0.01% wi/v respectively. LaFTb** was used as the energy donor. The results of this
experiment are shown in Figure 2.11. As the reaqgtroceeds, free QSY7 becomes
attached to the latex beads, reducing its effectiffasion coefficient by an order of
magnitude. This change manifests as a decreadthdRBET efficiency. After ~4 hours,

the efficiency begins to reach a threshold, anct@lations over time become apparent.
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Figure 2.11. Monitoring of a reaction between 0dd/v aliphatic amine latex beads
and 1 M QSYy-succinimidyl ester. The donor used was486*", which was excited

at 490 nm.

LaR: Th®*" nanoparticles prepared with 10@4phophorylethanolamine, DCNPs were
completely unaffected by varying concentrationQ&Y7 within the concentration
ranges tested for other particles. As the conagatr ofO-phosphorylethanolamine
decreased relative to citric acid, the DELRET édiicy in a 5 M solution of QSY7-
amine increased. Unfortunately, similar levelgjoénching were not achieved with any
amount ofO-phosphorylethanolamine, suggesting that aminetiomalization of

LaFs:Tb** nanoparticles results in a loss in sensitivity.

The results of the experiments presented dreréoth promising and sobering. As
can be seen from figure Figure 2.7, molecular gherssignificantly outperformed gold

nanoparticles in terms of DELRET efficiency and @amtration sensitivity. This is fairly
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predictable, as the effective diffusion coefficiefta two nanoparticle system is smaller
than that of a system containing single unbouncemgdés. Between the two available
guenchers, QSY7 appeared to cover the greatest cdrgjficiencies, in some cases
quenching LagTb*" emission completely. This may have been beca®¢7Quas
significantly more soluble in water than QXL 578omewhat surprisingly, Lanthascreen
and Lak:Tb** nanoparticles had similar DELRET efficienciesha same quencher
concentrations. This suggests one of two possésli First, as a chelater, Lanthascreen
may provide shielding to individual Thions comparable to the shielding*Tbons

located away from the nanopatrticle surface ara@éd. Alternatively, the nanoparticles
used in these experiments may have been small Bribagsurface ions generated the
bulk of the luminescence, with very few*flions buried far enough into the particle to
be ineligible for energy transfer. Changes in daramcentration did not appear to affect
DELRET efficiency to any great degree. Accordiagtevious reports by Stryer et al.,

this is to be expected. [65]

While a change in luminescence lifetime wasenbed with changing temperature for
the TB" chelator, it was not clear if the addition of QXEO resulted in a greater
decrease in lifetime due to the change in diffusioefficient. This result is not entirely
surprising; a change of 30 °C only represents a é8&fige in the effective diffusion
coefficient of the system. While this might norigdde sufficient to result in an
observable change in DELRET efficiency, the greaffact temperature has on DCNP
lifetime obscures such changes. The addition&atibn observed in the sample

containing QXL 570 was likely the result of incoreg@ dissolution of the quencher at
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low temperatures. While heating the sample amdrgji QXL 570 continued to dissolve
into solution. The return to low temperature & ¢émd of the experiment then resulted in
an increase in DELRET efficiency associated withrenease in the effective
concentration of QXL 570. It is not clear why anfe in luminescence lifetime was
observed in the absence quencher over the couthe ekperiment. Repeated
measurements of a single sample result in errbieiime measurement on the order of
single microseconds, so instrument error is likedythe culprit. The change in lifetime
may be the result of some change in the crystatistre or DCNP surface following
several hours of nearly continuous illuminationtefnatively, DCNP dispersion may
have changed during heating and constant stirregglting in a slight increase in the
amount of surface area exposed to solution, witassociated decrease in lifetime.
Finally, user error may have also contributed, gtothis was unlikely with the

experimental setup used.

While a change in DELRET efficiency could Heserved upon binding of
Lanthascreen to latex beads, the difference wasargtsignificant, particularly at higher
guencher concentrations. This may be related tmathe diffusion coefficient of the
system, which may also be used as the argumetiidagreater changes observed in
binding of QSY7 to latex beads. When both the pimreand the donor are highly mobile
in solution, as is the case in the LanthascreeXl §ystem, changes in the diffusion
coefficient of either the donor or the acceptonalwavill not have a large impact on the
effective diffusion coefficient. As an example banind Lanthascreen and QXL both

have diffusion coefficients of ~80° cn’s®. Binding of Lanthascreen to latex beads



74

reduces its diffusion coefficient to 50°, a three order of magnitude change. However,
the effective diffusion coefficient of Lanthascrelesads and QXL together remains
approximately 510°. In essence, the fastest component in the DELRE&Faction

determines the diffusion coefficient, and therefone efficiency of the interaction.

This diffusion based explanation of the resplesented in Figure 2.9 can be extended
to the results obtained for the LgFb®" / QSY system. By using a nanoparticle as the
donor rather than a chelator, changes in quendfiasion become substantially more
pronounced. For this reason, we observe a dramiaicge in DELRET efficiency upon
binding of QSY7-succinimidyl ester to either aliphamine latex beads or amidine latex
beads. In addition, we can monitor the progresh@feaction between quencher and
beads over a prolonged period of time. Providediavaot excite the acceptor directly,
photobleaching of the system should be much leascohcern than for assays relying on
molecular fluorophores. The nanopatrticles theneseare absolutely photostable at the
laser powers used in these experiments, and DELREEEs likely to result in
photobleaching than direct excitation simply beeatisvill not occur as frequently. That
said, some photobleaching was observed in QXL éxets using 355 nm excitation,
particularly in experiments where the viscosityled solution was modified by addition
of glycerol. The full effects of photobleaching assay stability need to be investigated

in more detail.

Unfortunately, the DCNPs used in these expamiisiare not sensitive enough to

detect changes in quencher concentration belowesmanomolar. This severely limits
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their use in many homogenous assay applicationsentigh sensitivity is a necessity.
By attaching the donor to a static surface, eitheell surface or a glass slide, it might be
possible to enhance this sensitivity. For thisoeawe chose to pursue LaFb**
nanoparticles with amine functionality on the saeféahrough the use @-
phosphorylethanolamine. Use of this capping ligasdilted in a 3 fold increase in the
luminescence lifetime of our DCNPs. Accordinghe theory put forth by Steinberg and
Katchalski [57], this should have resulted in anfigant increase in quenching by
QSY7. However, the opposite was observed. Thiglmeadue to electrostatic
interactions between QSY7 and the positively chéisygfaces of DCNPs synthesized in
this manner, or it may be the result of additistaklding from solvent interactions that
are also to blame for the dramatic increase inhascence lifetime. DELRET sensitive
LaFs: Th*"-NH, nanoparticles were eventually synthesized by usitig a minor amount
of O-phosphorylethanolamine, though they were not testéehsively to determine their

capacity for further modification or immobilization
Time-Gated and Lifetime Imaging

Time-gated imaging was achieved with a dela&gigion on the order of single
nanoseconds. Representative images were colldetadnstrating the basic
functionality of the microscope. Figure 2.12 presdour such images. Laffb®*
nanoparticles were painted onto white printer paghen illuminated at 490 nm with the

OPO tuned NdYAG laser. A 525 nm bandpass filtehwiFWHM of 50 nm was used to
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collect luminescence from the sample. As can bae gethese images, postponing the

shutter opening by 1s was sufficient to completely remove backgroundriéscence.

Figure 2.12. Images taken of LgFb®" nanoparticles in b painted onto white printer
paper. The top sample was prepared at ~5 timeghagimcentration than the bottom.
Excitation was at 490 nm. No excitation filter wesed, and a 525 nm bandpass filter
was used to filter emission light. ‘d’ is the tiftem excitation pulse to camera

exposure.

In addition to the demonstration above, tinéed images were taken of LaFb*",

LaFs:EU®, and Lak: Tb**,EFP** nanopatrticles dry and in water. These images e



77

processed using a simple MATLAB script to perfoima tnanipulations described

previously. Figure 2.13 presents these imagesFande 2.14 presents the end result.

Figure 2.13. Images of LaRanoparticles doped with TH EL**, or a combination of
Tb** and Ef*. Emission filters were a 525 nm bandpass fotweTh** based
nanoparticles and a 605 nm bandpass for tHétased nanoparticles. The top images
are of dry particles excited with 490 nm light, \ehthe bottom two images are the same
particles in solution. In the top image, LaFb*" is on the top left and LafEW*" is on

the top right. In the bottom image, LgFb®" is on the top right and LafEl®" is on the

bottom. ‘d’ is the time from excitation pulse tangera exposure.

Lifetimes estimated in the luminescence lifetiimages were similar to those

obtained via single photon counting, though typicslightly higher. LagEU"*
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nanoparticles can be easily distinguished fromtwreTh** based samples. LafFb**
and Lak:Tb*" ,Er* could be identified relative to one another whesalution, and to
some extent as a dry powder, but the differencefardsss obvious than was the case

with LaFs:EU®,

Figure 2.14. Luminescence lifetime images of $:&6°*, LaR:EW*", and Lak: Th*",EF".
In the top image, LaFTb*" is on the top right and LafEW*" is on the bottom. In the
bottom image, LagTb*" is on the top left and LafEW*" is on the top right. The color

bars on the right represent time in ms.
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Time-gated images collected with this system demnatesa large improvement in
contrast when compared to ungated images of the samoparticles. In addition,
DCNPs of different compositions can be separateldiilmpnescence lifetime even in the
absence of differences in emission spectra. \hilgle changes in lifetime are still
beyond this microscopy system, it may be possiblgeéate multiplexed images based on
luminescence lifetime rather than emission wavedlen@ne can imagine, for example, a
sample containing many different LaFb®*,Er* nanoparticles, each with a different
concentration of Bf. All of these DCNPs would possess nearly idehécaission
spectra, allowing the user to image with a siniferfset, but would be discernible from
one another based on their lifetimes. The usetabgpoint fit to determine the time
constants is the probable cause of fluctuatiotidetime seen within a single sample, as
shown in Figure 2.14; however, it does allow forren@mpid imaging with these
nanoparticles. In addition to noise within the péamthe calculated lifetimes appear to
depend on emission intensity. Ideally, this waudd be the case and all samples would
look more like the EYi sample above. This too may be due to the useved @oint fit,

though there may be other causes.
Conclusion

In this chapter, the synthesis and applicatioa number of different downconverting
lanthanoid nanoparticles was demonstrated. Itslkasvn that the luminescence lifetime
of Tb** doped nanoparticles can be modified through thiitiad of EF* or by addition

of a different surface group, in this ca3ghosphorylethanolamine. It has been shown
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that DCNPs participate in luminescence resonanesgggriransfer with properly chosen
acceptor molecules even in the absence of bindehgden donor and acceptor, and that
the efficiency of this energy transfer is depenaentoncentration and diffusion

coefficient.

Two potential applications of these nanopbesievere investigated. The first was as a
donor for homogenous DELRET assays that detectgasaim acceptor concentration or
acceptor diffusion coefficient upon binding to egler particle. In the future, this may be
extended to monitoring the uptake of functionaliaedeptor molecules by cells, or
binding to cell surface receptors or free protdtor example, with further development,
DELRET assays might be used to detect the presdrspecific pathogens in whole
blood or water and measure their concentratiorsutrh an assay, DCNPs would be
added to the sample along with acceptor molecalggted to the pathogen of interest.
The luminescence decay would be collected and credpa a standard. Decreases in
DELRET efficiency would indicate the presence & thrgeted pathogen and possibly

the concentration of the pathogen.

The second application was as a contrast agemtable wide-field time gated and
luminescence lifetime microscopy. The additioniwfe-gating to images taken of
DCNPs in solution resulted in the complete rem@fdlackground fluorescence,
significantly improving the signal to noise rat@ualitative information could also be
obtained via luminescence lifetime microscopy.thi@ experiments presented here, three

different types of lanthanoid nanoparticles, twaubiich possessing nearly identical
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emission spectra, were separated by their lifetinfes multiplexing applications,
separating luminescence by lifetime instead of spkposition enables a much larger
degree of multiplexing. For example, llaFEr nanoparticles could be synthesized with
a large range of different lifetimes and functioties, then introduced to a tissue sample
and imaged simultaneously with two back to backgesaand no change in emission
filter. Additional improvements in the nanopamicdynthesis are necessary before a high
degree of multiplexing can be realized, as both arzd crystal morphology will impact
lifetime. Additionally, functionalization of thesenoparticles continues to be one of the
major research focuses in this field and propetomals for reliable functionalization still
need to be established before imaging of DCNPsiges\a significant advantage over

molecular fluorophores or quantum dots.
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CHAPTER 3: SYNTHESIS OF UPCONVERTING LANTHANOID

NANOPARTICLES
Introduction

The first report of a synthetic method forgwoing stable suspensions of UCNPs was
published in 2003 by Heer et al. [66] Before tiate, upconverting lanthanoid materials
were typically synthesized as phosphors, bulk nmeej67, 68, 69], or dry nanoparticles
that could not be dispersed in solution. [70, 21, The nanoparticles synthesized by
Heer at that time had an average diameter of ~7nthware composed of YbRE&ro 05
and LUPQ:Ybg.4g Tmg 1. Due to the host material chosen, the upconvesificiency of
these nanoparticles was low, though upconversimmescence could still be observed
with the naked eye. Shortly after this was pulddsiHeer et al. released a second paper
describing the synthesis of highly efficient upcerting lanthanoid nanopatrticles,
choosing NaYEas the host matrix instead of the previously ygeasphates. [73] The
switch from phosphate crystal lattices to NaYiras accompanied by an eight fold
increase in the luminescence intensity of UCNPise duthors make sure to clarify that
this increase in luminescence efficiency is noglsatiue to the change in the host lattice.
Particle size was also noted to increase subsligrigtween the particles composed of
YbPQO, and those composed of Nay IFesulting in a decrease in the relative number of
lanthanoid ions available for surface quenchinga#. In addition, they posited that the

decrease in the amount of ¥lveduced quenching effects caused by this ion.
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Since these seminal papers on the synthesi€bIPs, there has been a dramatic
increase in activity in this field. There are nas'many synthetic methods for producing
UCNPs as there are groups researching them. Wnfely, many of these methods
were reported because they were possible, not bet¢hay were ideal. In reality, there
exist only a few synthetic protocols to reliablpguce UCNPs of good quality. In
addition, many of the experimental details aresgasuch that reproducibility is a

serious concern for researchers looking to emalaeecific protocol.

In addition, many of the best protocols pralWCNPs stabilized with a hydrophobic
capping ligand, such that they can only be disgkirs@rganic solvents. For this reason,
modification of UCNP surfaces is also a very acfietd. Ligand exchange, ligand
removal, polymer coating, and, more recently, lipaéting are all popular methods for
rendering UCNPs water dispersible and adding foneligroups to their surfaces. With
UCNP synthesis and surface modification so active,somewhat surprising that UCNP
functionalization appears to be a less active fidlthny groups report a novel synthetic
method or surface modification, attach a singleltgand to their nanoparticles as proof

of principle, and move on to the next synthetic et

This chapter is focused on the synthesisasariodification, and functionalization of
upconverting lanthanoid nanopatrticles. It will begith a review of many of the
currently available synthetic methods for producmgl modifying UCNPs for use in
biomedical research. | will then describe two thardecomposition protocols | have

used to synthesize these particles, going intaldetan effort to make my methods as
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reproducible as possible. | will then describe tip@ coating methods for dispersing
hydrophobic UCNPs in aqueous solvents. Finallilllgive a brief overview of two
antibody conjugation methods that were used to Amentibody for epidermal growth

factor receptor (anti-EGFR) to UCNPs.
Synthesis Methods

Before discussing individual synthetic methatls necessary to discuss the various
factors that determine UCNP quality during syntbedihe first, and most important, is
the choice of sensitizer and activator ions. Irstmases, Y3 is chosen as the sensitizer
due to its single, relatively strong transitiortte visible / NIR spectrum. In addition,
the®F7,  %Fsp transition matches several transitions iffEFm®*, and HG* very well
(Figure 3.1). The doping ratio of the sensitizeciitical. It must be high enough that the
average distance between sensitizers and activiatayss energy transfer, but not so high
that cross-relaxation, cooperative luminescencequid energy diffusion between
sensitizers results in significant upconversionrgpieng. [37, 74, 73] As mentioned,
typical activators are B, Tm*", and H3" due to the resonance match with*Ybin a
more general sense, good activators will have lwegl metastable excited states. The
longer an electron spends in an excited metastatelenediate, the more likely it is to be
excited again by an incident photon or by energggfer from a nearby ion. In addition,
those activators that have multiple transitionswgimilar energy gaps make good

dopants for upconverting materials. For exampt&’ lEas more than 4 transitions that
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have energies close to 10,200 (980 nm). This enhances both single wavelength

and ETU.

Figure 3.1. Energy level diagram forergy transfer upconversion in Nag:Yb**, Tm**
and NaYR:Yb* Er*. Dashed lines represent energy transfer exaitaiim relaxatior
grey lines represent nonradiative relaxation, asdred lines represent radiati

transitions. Energy levels taken fr Carnall et al. [51, 75]

Second to a proper sensitizer/activator combinasidhe host matrix. As alreau
mentioned in the context of Na; and YbPQ, choosing a good host matrix can gre.
enhancaipconversion efficienc [73] There are three major considerations for tt
crystal matrices. The first is size matching betwenatrix cations and the lanthan
ions. Because trivalent lanthanoid ions all passesy smilar ionic sizes and chemic
properties, they are ideal as inactive host mations. This is particularly true of**,

Gd™, and L&" as they do not have strong electronic transitiarteé visible and NIR
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though the latter has a few strong transitionhieéV and violet wavelengths. [76]
Alkaline earth metals and some transition metae hhve similar ionic size to the
lanthanoid ions. These include®GaBa™, SF¥, Zr**, and T*. However, due to the
charge mismatch, crystals composed of these migtefian have numerous defects

when doped with lanthanoid ions. [74]

Lattice phonon energy is also of great impwréain selecting a host matrix for
upconverting materials. Phonons are single uritsexhanical vibration energy, and can
couple with electrons to result in nonradiative algyation of excited states. Its

influence on the nonradiative transition raddg, can be expressed as

K(L MNO (3.1)
for low phonon numbers and

K(t M (3.2)

for phonon numbers above two or three, wheeexd are constants unique to each host
matrix, E is the energy gap between the two electronic statenterest, and is the
maximum phonon energy for the host matrix. [77]id@nanocrystals have the largest
phonon energies among those considered for UCNBisatly between 550 and 700 tm
! while halogen based nanoparticles range fromcht5for LaBr; to ~350 crit for

NaYF,. While host matrices based on bromine and ioge®n like obvious choices
based on their phonon energies, they do not fitasiecriterion for a good host matrix.

That requirement is good stability in biologicave@onments. Matrices composed with
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Br and I are hygroscopic and not well suited for use indgwal systems. NaYHs
relatively stable in aqueous media, however, aldasefore ideal for the purpose of

developing UCNPs as biomedical contrast agents.

In addition to the chemical composition of tfenocrystal, crystal lattice structure is
important when creating efficient upconverting mials. NaYR nanocrystals may be
either cubic (-NaYF,) or hexagonal (-NaYF;) phase, with the hexagonal phase
nanoparticles typically being an order of magnitut@e efficient at photon
upconversion. [78] Unfortunately, synthesis of &igonal phase nanoparticles is often
significantly more difficult than synthesis of theubic phase counterparts, requiring

higher reaction temperatures and strict contrehoét other reaction parameters.

Finally, the capping ligand used to stabitize UCNPs in solution has a direct effect
on upconversion efficiency. Vibrational modeslod tapping ligand will interact with
surface ions, often resulting in quenching of tha@minescence. This occurs alongside
solvent quenching and can be mitigated by the x@pitgrowth of additional NaYJto
form a shell around the active core. [79, 80, 8lith these properties in mind, we now

look at each synthetic method in detail and welgirtpros and cons.

Thermal Decomposition

Arguably the most popular method of UCNP sgsib over the past decade has been
thermal decomposition. [82, 83, 84, 85, 86, 87rfial decomposition involves the
heating of lanthanoid precursors in nonpolar sdlventh high boiling points in the

presence of other host matrix materials. A cappgand is usually used to manage
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nanoparticle growth and stabilize the growing nambg@les in solution. In most of the
current thermal decomposition methods reporteds aled is used in conjunction with
either oleylamine or trioctylphosphine. Becauséhefhigh temperatures involved and
the general sensitivity of UCNPs to oxygen impeasficontrol over the reaction must be
precise in order to produce good quality nanoctystha narrow, monodisperse size.
Parameters that influence nanocrystal morpholagg, and crystal phase include
temperature, pressure, capping ligand, precursoposition, heating rate, cooling rate,
reaction time, solvent, and reagent concentrati@aj. Careful selection of these
parameters allows for control over UCNP size anydtat phase. However, the large
number of variables also makes isolating errorsraptbducible synthesis exceptionally
challenging. While thermal decomposition produgesd UCNPs, it also produces toxic

byproducts. As such, a number of groups have pdraiternative synthetic methods.

Coprecipitation

Compared to thermal decomposition, copredipitas a very friendly synthetic
method. Not only are there fewer toxic byprodubts,the temperatures required during
the initial synthesis are not as extreme. [89] ddtinately, these factors are outweighed
by lower UCNP quality immediately following synthgsoften requiring additional
annealing to achieve good photon upconversion. [Fdlexample synthesis involves the
rapid injection of a lanthanoid-EDTA complex inte@ution made up of NaF in
deionized water, resulting in immediate nucleatidihis was then allowed to react at

room temperature for 1 hour. Following precipaatby centrifugation and several wash
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steps, the dry nanoparticles may be annealed at@®® promote the transition from

cubic to hexagonal phase. [90]

Hydrothermal and Solvothermal

Along the same lines as coprecipitation, hiftgomal and solvothermal synthetic
techniques require lower temperatures and prodewerftoxic byproducts than thermal
decomposition methods. The main requirement fdrdthermal synthesis is an
autoclave, which is necessary in order to bringpblar solvents used to temperatures
and pressures above their critical points. [86paDic solvents may be added to these
reactions to help control crystal growth and diwlity, though high quality

nanoparticles can still be synthesized without them

Other, less well known, synthetic methodsudelionothermal [91], sol-gel [92],
combustion [93], and flame synthesis [94]. Flaytlsesis is particularly enticing due
to its scalability and low cost, though additionalrk is necessary to refine the technique.
While each of these synthetic methods has its avtmes, the nanoparticles produced are
in general inferior to the methods described iratgedetail above. In my own research,
| have chosen to focus on thermal decompositiomatst. While the toxic byproducts
and strict reaction requirements are disadvantafjtee method, they do not outweigh
the ability to inexpensively produce small, monpéise nanocrystals of good
upconversion quality. As mentioned previously, URSNmanufactured by thermal
decomposition are hydrophobic due to coating witfanic acids. While hydrophobic

nanoparticles may have some applications in biooatinhaging, as labels for lipid
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bilayers and other hydrophobic cellular componethies ability to disperse a contrast
agent in water or biological media is often consdea necessity for an ideal luminescent
contrast agent. For this reason, a great dedfat @das been put into techniques for

surface modification.

Surface Modification

Surface modification of UCNPs remains a veryva field, with many of the groups
in the field proposing multiple techniques capatfleendering UCNPs water dispersible.
[74, 95, 96] In addition to hydrophilicity, suriaéunctionality is also an often sought
after goal in the field of UCNP surface modificatioCommon functional groups include
amines, thiols, and carboxylic acids due to the e@dth which they may be reacted with
many biologically relevant molecules. Functionafian with maleimide has also been
proposed recently as a convenient method for tiaetanent of proteins. [97] For
simplicity, surface modification methods investigghso far can be roughly divided into
five categories: ligand exchange [98, 99, 87, 101, ligand modification [102, 103],
ligand removal [84], adsorption of amphiphilic maldes [104, 105, 106, 107], and
growth of a silica shell [108, 109]. Among thekskave focused on coating with
amphiphilic molecules and ligand exchange as twthous for addressing the problem

of UCNP hydrophobicity.

Lipid Coating

Lipid coating uses hydrophobic interactions@en the fatty acid hydrocarbon tails

of phospholipids and the hydrophobic surface ofrttagerial to be coated, UCNPs in this
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work, to render the coated material hydrophilic aftén to provide functionality for
further modification. [110] Nanoparticle stability affected by the degree of
polyethylene glycol (PEG) lipid as well as the lgngf the lipid tail groups used. In this
chapter | will describe my own efforts to develogehable lipid coating method for use
on UCNPs we synthesized. These will include tlieced of varying PEG concentrations

and lipid composition.

Ligand Exchange

In addition to lipid coating, | also attempteddevelop a method for the exchange of
oleic acid surface ligands witB-phosphorylethanolamine. The motivation for ligand
exchange with this molecule was threefold. As@né=d in chapter II, DCNPs coated
with O-phosphorylethanolamine demonstrate a three-facdease in luminescence
lifetime over citric acid coated nanoparticles ame significantly more resistant to
nonradiative quenching effects. In additi@phosphorylethanolamine provides

functionality to the nanoparticle surface by wayted primary amine moiety.

Antibody Conjugation Methods

While there has been a great deal of sucoassgroved synthesis and surface
modification of UCNPs, conjugation to biologicatiglevant ligands, particularly to
antibodies, has seen considerably less attentitheifiterature. A few groups have
demonstrated conjugation to antibodies either b€ BNIHS chemistry [111, 112] or
maleimide click chemistry [113]. In my own workhave focused on both conjugation

methods, starting with EDC/NHS mediated amide bionehation between carboxyl



92

groups on the UNCP and amino groups on the angsodDifficulties with this reaction
led me to pursue a different method, wherein matengroups were attached to UCNPs
and introduced to cleaved antibodies with exposétiydryl groups, resulting in

spontaneous bonding between the two moieties.
Materials and methods
Nanoparticle synthesis

Two thermal decomposition methods were usgudduce UCNPs. The first was
performed using a method described in several patictns and is shown in figure 3.2.
[85, 79, 83]All reagents were obtained from Sigma Aldrich wsletherwise specified.

In a typical synthesis, 2 mmol of lanthanoid actatt a ratio of 78:20:2 Y:YhEr"

were added to 12 mL of oleic acid and 34 mL 1-oetate in a 100 mL 3-neck flask.
The resulting cloudy mixture was then heated ta5~X2 for 45 minutes. The resulting
solution was clear and either colorless or paleowel Once cooled to room temperature,
10 mmol of NaOH and 5 mmol of NH were dissolved in 20 mL of methanol and added
to the reaction vessel. Methanol, oxygen, and magee removed from the reaction
vessel by alternating between Ar flow and vacuuasgure while heating to 100 °C. The
solution was maintained at 100 °C under vacuum bobbles stopped forming. The
solution was then heated to 310 °C for 1 hour. €xnwoled to room temperature, ~80
mL of ethanol was added to precipitate UCNPs, winehe separated from solution by
centrifugation at 6000g for 10 minutes. Following several washes witraebl,

particles were dried overnight under vacuum andpedlsed in chloroform after
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massing. The redispersed UCNPs were then cergdfagj~1000 g to remove larger
particles. The supernatant containing UCNPs ofitmred size was removed, and the
pellet was dried and massed. Reaction temperataetion time, and oleic acid

concentration were varied across multiple reactions

Figure 3.2. Schematic of UCNP synthesis by theaeabmposition of lanthanoid oleate

precursors.

The second method used was similar to ondqarsly described by Mai et al and is

shown in figure 3.3. [114] In a typical synthegisnmol of lanthanoid oxides at a molar
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ratio of 78:20:2 Y":Yb**:Er** or 79.5:20:0.5 Y":Yb**:Tm** were added to a solution
made up of 25 mL deionized water and 25 mL trifbametic acid, forming a cloudy,
white suspension. This solution was then heat&DttC and magnetically stirred
overnight to form lanthanoid trifluoroacetate (TH#ecursors. Precursors were
separated from solution by rotary evaporation,ah&d in 20 mL of tertiary butanol, and
lyophilized. Once dry, 2 mmol of lanthanoid TFAepursors and 2 mmol of Na(C-
2F30,)3 were added to a 100 mL 3-neck flask containin@ ok oleylamine (Acros
Organics, New Jersey, USA), 6.32 mL oleic acid @&cDrganics, New Jersey, USA),
and 12.8 mL 1l-octadecene. The resulting solutiaa then heated to 100 °C and
magnetically stirred while alternating between Asdlow and vacuum to remove
oxygen and water from the reaction vessel. Folgwi hour at 100 °C under vacuum,
the solution was rapidly heated to 280 °C and na@ed at this temperature for 1 hour.
Once cooled to room temperature, nanoparticles me@pitated with ~80 mL of
ethanol and centrifuged at 600@ for 10 minutes. The supernatant was discarddd an
the pellet was washed several times with ethab@NPs were then dried overnight

under vacuum and redispersed in chloroform.

Figure 3.3. Schematic of UCNP synthesis by theeabmposition of lanthanoid

trifluoroacetate precursors.
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Following initial synthesis of UCNPs, size wasasured by dynamic light scattering
with a ZS-90 Zetasizer (Malvern, WorcestershireitéthKingdom). Photon
upconversion quality was assessed qualitativelyiswyal observation of upconversion

upon excitation with a 980 nm laser diode.

Two of the samples prepared by this methocwen through a second heating step.
In this step, the dry nanopatrticles were dispensed mL 1-octadecene, then added to a
100 mL 3-neck round bottom flask containing 12.6 otkic acid and 6.6 mL 1-
octadecene. 272.02 mg of NakgD,); were then added and the resulting slurry was
heated to 100 °C and magnetically stirred whilerakiting between Ar gas flow and
vacuum to remove oxygen and water from the reastémsel. Following 1 hour at 100
°C under vacuum, the solution was rapidly heategB® °C and maintained at this
temperature for 15 minutes. Once cooled, UCNPe& wezcipitated with ~80 mL of
ethanol and centrifuged at 6008 for 10 minutes. The supernatant was discarddd an
the pellet was washed several times with ethabd@NPs were then dried overnight

under vacuum and redispersed in chloroform.
Surface Modification
Lipid Coating

Two methods of lipid coating were tested.thie first, DPPC and DPPE-
[methoxy(PEG)2000] (Avanti Polar Lipids, AlabamaSAa) were added to UCNPs in
chloroform. The amount of lipid added was deteledim part by calculating the total

surface area for the nanoparticles and assumingéua lipid would cover 0.6 rfnof
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that surface area. This solution was added tajaivalent volume of water and the
chloroform was removed with vacuum and heat viarsoevaporation. Varying

concentrations of DPPC and DPPE-PEG were used.

In the second method, a mixture of some, buah, of DPPC, DSPC, DPPE-
PEG(2000), DSPE-PEG(2000), DSPE-PEG(1000), DSPiBdes(PEG)2000], DSPE-
[folate(PEG)5000], and DSPE-[maleimide(PEG)2000% wepersed in chloroform along
with between 1 and 100 mg of UCNPs. This solutias then dried underJjas
followed by vacuum overnight. Buffered saline wlasn added to the dried film
containing lipids and UCNPs, and heated past tlasekransition of the lipids used while

shaking. The solution was then sonicated for sg\eyurs to further disperse particles.

The resulting coated nanoparticles were separabed émpty lipid vesicles by

ultracentrifugation. Lipid combinations tested an®wn in table 3.1 below.

DPPE- DSPE- DSPE- DSPE- DSPE- DSPE-
DPPC | DSPC| - (2000) | PEG(2000) | PEG(1000) PEG(2000)- | PEG(2000)- | PEG(2000)- | MPPC
COO folate maleimide
0.950 0.050 -
0.950 - 0.050
0.950 0.040 0.010
0.890 0.100 0.010
0.780 0.200 - 0.020
0.790 - 0.200 0.010
0.795 - 0.200 0.005 -
- 0.890 - 0.100 - - 0.010
0.795 0.200 - 0.005 - -
0.590 0.200 - 0.010 0.20

Table 3.1. Ratios of lipid components testedpidlicoating.

Ligand Exchange

Ligand exchange with oleic acid was condueiedbllows. UCNPs in

dichloromethane were added to exdessbutanol and lyophilized overnight. 700 mg of
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O-phosphorylethanolamine were dissolved in 20 mtabnized HO. The resulting
solution was then added to the flask containingdited UCNPs and stirred at 400 RPM
overnight. 20 mL of hexanes were added to thetisragessel and magnetic stirring was
increased to 800 RPM to form an emulsion. Stiri@s then removed for ~5 minutes to
allow the organic solvents to separate from sohytwhich were then removed. This was
repeated 2 additional times. The pH was then siadjusted to 7.0 by dropwise
addition of 1M NaOH with continuous magnetic stigi The resulting nanoparticles
were precipitated with acetone, centrifuged at 30§ ahen washed two additional times
with acetone, discarding the supernatant each tifiine. pellet was dried withJ\yas and
placed under vacuum overnight. The dried sampkenedispersed in 5 mL of deionized

H,0O and centrifuged at 20Qy for 10 minutes to remove large particles.

As part of preliminary experiments investiggtihe effects of plasmon resonant gold
shells encapsulating UCNPs, ionic gold was redweed the surface of the above
prepared nanoparticles. Varying amounts of 0.1 A and 0.5 M ascorbic acid were
added at a 2:3 ratio by volume A4@A to 500 L of ~25.8 mg/mL UCNP-NKwhile
gently agitating the solution. The resulting nasutigles were tested qualitatively for

changes in luminescence.
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Antibody Conjugation Methods

Carbodiimide Mediated Amide Bond Formation

In a typical reaction, 30CL of lipid coated UCNPs dispersed in 10 mM MES (pH
4.5) at ~20 mg/mL were added to 235 of deionized HO. 6.5 mg of N-
hydroxysulfosuccinimide salt (NHS) were added is #olution, followed by 5.31L of
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC The resulting solution was
stirred for 10 minutes at room temperature, and tieutralized to pH 7.5 with 1M
NaOH. 153 L of anti-EGFR rabbit polyclonal IgG (Santa Cruod&ichnology,
California, USA) at 200 g/mL was added and the solution was stirred at 4V&night.
The sample was then dialyzed against 2L of 1X P&8gua 300 kDa membrane cutoff.
This was repeated a second time. The presenaauotdantibody was verified by

absorption measurements at ~260 nm.

Maleimide Conjugation to Sulfhydryl Groups

To begin, 600 L of anti-EGFR rabbit polyclonal IgG at 20@/mL was added to 600
L of 1X PBS containing 7.2 mg cysteamine and 4 486EDTA. The resulting
solution was incubated for 90 minutes at 37 °C, @rsleamine was removed by dialysis
against 250 mL of 1X PBS containing EDTA using &D& cutoff membrane. 1 mL of
UCNPs at ~25 mg/mL were added to the cleaved antiaod the resulting solution was

incubated for 2 hours at 37 °C. The sample was thelyzed against 2L 1X PBS using a
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300 kDa cutoff membrane. The presence of bound@dy was verified by absorption

measurements at ~260 nm.

Results and discussion

Thermal Decomposition

Nanoparticles synthesized by thermal decontiposof lanthanoid oleate precursors
generatedh situresulted in UCNPs ranging in size from 7 nm tovabd m. A
complete table containing information of each rigacts available in appendix section
Al. In all cases, the product of the reaction palydisperse, and contained two
populations of nanoparticles. The first populatioas of small nanoparticles, which
were typically between 7 nm and 200 nm and werdirtoed by powder XRD to be of
the cubic crystal phase. The larger particles werdirmed to be hexagonal phase. Both
populations of UCNPs were upconverting, with langarticles being generally brighter.
Figures 3.4, 3.5, and 3.6 present some of the gkttends observed during nanoparticle
synthesis. Due to the large amount of variabbgyween reactions, data presented here
is largely lacking in independent controls. Thatisthe following trends were observed.
Particle size decreased as users practiced theoreaas reaction temperature was
increased, and as oleic acid concentration wasased. Particle size increased with
increasing reaction time. Reaction yield was reddy constant for all variables except
reaction time, which appeared to be negativelyetated with total reaction yield. The

yield of the smaller particles as a percentag@etotal yield was positively correlated
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with oleic acid concentration and reaction timej aegatively correlated with reaction

temperature.

Figure 3.4. Effects of various reaction parameber&) CNP size for particles

synthesized by thermal decomposition of lanthaotedte precursors.
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Figure 3.5. Effects of various reaction parameber&) CNP total yield for particles

synthesized by thermal decomposition of lanthaotedte precursors.
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Figure 3.6. Effects of various reaction parameber&) CNP small particle yield for

particles synthesized by thermal decompositioranfHanoid oleate precursors.

TEM of UCNPs synthesized by this method res@a@ mixed population of hexagonal
and cubic nanopatrticles, along with what may bmaller population of nanoparticles

(Fig. 3.7). The latter observation was not conéichioy other methods.
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Figure 3.7. TEM image of NaYFYb** Er** nanoparticles. Particle diameter was 50.13

as measured by DLS.

Four reactions were conducted using the thledle@omposition of lanthanoid TFA
precursors. In addition, two of these samples waneghrough a second heating cycle, as
described in the materials and methods sectioneab®tie results of these reactions are

listed in table 3.2 below. The first reaction was at 320 °C and resulted in
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NaYF5Yb** Er* nanoparticles with an average diameter of 38.70 fhe subsequent
UCNP synthesis reactions were run at between 2d®8&6 °C. NaYEYb*" Er*
nanoparticles had average diameters of 2.76 a6 NaYk:Yb*" Er*

nanoparticles had an average diameter of 3.45Ewery batch of nanoparticles
synthesized were upconverting to some extent. Aumetion in the heating mantle
resulted in the 6.62 nm UCNPs being heated excagsnear the end of the reaction,
reaching a maximum temperature of 330 °C beforenthetle was shut down and the
reaction ended. These nanoparticles had very wpeednversion luminescence, which
appeared red to the naked eye. These UCNPs aasuwdlé single batch of
NaYF,:Yb* , Tm** nanoparticles were used for a second heating .cyidie result of this
heating cycle was a significant increase in lungeese, suggesting a transition from
cubic to hexagonal phase. The heat treated UCH&sllameters of 7.26 and 46.50 nm
for NaYF.:Yb** Er* and NaYR:Yb**, Tm** respectively. In all cases, UCNPs were
composed of two populations of nanoparticles, tidagger particles represented a very

small fraction of total sample volume for UCNPspaeed at ~270 °C.
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Composition Reaction Temp. Mean Diameter Yield (mg)
(°C) (nm)
NaYF,;:Yb** Er? 320 38.70 189.5
NaYF,;:Yb** Er? 275 2.76 508
NaYF,:Yb** Er* 280 6.62 250
NaYF.:Yb** Tm® | 270 11.17 146
NaYF,;:Yb** Er™ 329 7.26 200
NaYF.:Yb>* Tm**® [ 330 46.50 2

Table 3.2. Results for UCNPs prepared by therraebohposition of TFA precursors.
#This sample was heated to 330 °C near the enceaktiction due to a malfunction with
the heating mantle’These samples are the result of the second hestéipcgapplied to
the NaYR:Yb** Er* sample denoted Bland the NaYEYb*", Tm** sample.“This yield

has not yet been established.

The results presented here suggest very $yrtimaf thermal decomposition of
lanthanoid TFA precursors is a more easily corgtbind more reproducible reaction
than thermal decomposition of lanthanoid oleateymsors createh situ. While many
of the preparations with oleate precursors wereglp@ontrolled, those reactions that had
nearly identical parameters still produced UCNPth wariable sizes and of variable
yields, albeit within a narrower range than waseobsd for all samples taken together.
In addition, the long reaction times, typicallyarcess of 10 hours, coupled with almost
exclusively manual control of the reaction allovadple room for mistakes to be made
during each reaction. For this reason, reactibasrhay be executed more rapidly and
with less involvement from the user should be fadorWhile there are still a small

number of samples to compare, preliminary datahfermal decomposition of lanthanoid



106

TFA precursors indicates that there is less vdrigliietween preparations. There are a

number of reasons this may be the case.

TFA precursors can be prepared in large batahd can therefore be used in multiple
reactions. This eliminates variability due to pnesor preparation, which is not an option
when preparing oleate precursorsitu. It also removes some potential for human error
in measuring out reagents by reducing the numbezagfents to be measured out for
each reaction from 8 to 5 and fixing the lanthanorddoping ratios. The oleate
precursor method also has a disadvantage in thigi@dof NH,;F and NaOH in
methanol can take different amounts of time whemedmanually, as can removal of that
methanol by vacuum and heat. Perhaps the mostadlngpcase for the use of TFA
over oleate precursors is in the reaction timetctBareparation of precursors takes
roughly as long as preparation of oleate precursora single reaction, but with far less

user input. It then saves roughly 7 hours on epegparation after the first.

Temperatures in excess of 290 °C result irgtmeeration of large, hexagonal phase
particles regardless of the synthetic method engaloylhe reason for this polydispersity
is at this time unclear, though there are a coppssibilities. First, higher temperatures
typically result in more significant bubble fornati either due to gas byproduct or due to
boiling of solvents. In either case, these bubblay act as addition nucleation sites for
the growth of larger crystals. Second, differe@NFP nuclei may form at different
temperatures, such that slow heating rates resta populations of nanoparticle nuclei

with different growth directionality. In this cagdeexagonal phase particles may grow
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more quickly than their cubic phase counterpafisis increased growth rate could be
further exacerbated by Oswald ripening, with smmalenoparticles decomposing back
into their monomer components before being incasat into larger, more stable

nanoparticles.

The effect of natural grade oleic acid onréction is still unclear. The natural grade
was chosen due to cost, and was used for moseaétctions presented here. High
purity ( 99%) oleic acid resulted in less colorful reactiongh the end product being
white or pale yellow instead of dark yellow or browrFollowing purification, UCNPs
were of similar color regardless of oleic acid puriUntil further experiments are run,
the largest difference between natural grade anel geic acid is likely the true
concentration of oleic acid used in the reactibough there may be some as of yet

undiscovered deleterious effects due to impuritigbe natural grade.

UCNPs within the desired size range for biowecapplications were almost
exclusively cubic phase, even though the protodetcribed herein were largely based
off of reports of hexagonal phase synthesis. [854,79] | do not know why this is the
case. Running samples prepared with lanthanoid @redursors through a second heat
cycle in the presence of NaTFA at 330 °C results sngnificant increase in
upconversion luminescence efficiency. Furtherstesitl need to be run to determine if
this is due to a transition from cubic to hexaggtase, though this finding would be in

line with reports from literature. [114]
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There are several areas for potential imprargnn the synthetic methods described
here. Automating the entire process would probgblyhe furthest towards improving
reproducibility. As can be seen from appendix Whjntaining a single set of parameters
from reaction to reaction can be a challenge ddyicontributed heavily to variations in
reaction products. As a general rule, the fasteréaction vessel can be heated and
cooled between steps, the better. Starting a@ffily used the heating mantle to manage
vessel temperature. This resulted in the reatémperature often reaching a maximum
below 300 °C, with the mantle unable to drive tw@perature any higher. | observed
that decreasing the air flow in the hood resultedn increase in maximum temperature.
This is obviously not an option as a means of iasirgg the maximum temperature, but it
did illustrate that the air flow across the vesseface was significantly affecting the
reaction temperature. Not only was the air flowidg the temperature of the reaction
down, it is also likely that the temperature witkine reaction vessel was not uniform.
Such a temperature gradient may have resultedfarelt reaction kinetics at the surface
of the solution compared to below the surface, eoang the resulting nanocrystal size
distribution. The solution | employed for this pfem was two-fold. First, a flexible
wall of aluminum foil was constructed and wrappealiad the reaction vessel during
reactions, with care to ensure that there wasex lafyair between the flask and the foil to
act as an insulator in addition to preventing lawfaround the flask. Second, a hotplate
was placed below the mantle, and heated to 300 t@lp maintain the temperature of
the air surrounding the flask. These additiongpstresulted in a dramatic increase in the

maximum temperature of the reaction, from ~300 °€360 °C. Surprisingly, it did not
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result in a substantial increase in the averaggrueeate, ~9 °C-mitl between 100 °C
and 300 °C. Removing the foil and mantle fromftask was typically sufficient to cool

the reaction quickly.

Another area for potential improvement isha injection of Ar gas into the reaction
vessel. Currently, Ar is flowed through the reactvessel and attached reflux column at
a rate just high enough to produce a slight pasipressure. During heating, a thick
white vapor forms at temperatures above ~210 °@hefi Ar flow results in more vapor
leaving the top of the reflux column. When allowteccondense in the reflux column,
the vapor forms a thick white film. When it dripack into the heated solution, it
immediately boils off again. At this time, | amawme what this vapor is made up of and
whether it is beneficial to increase Ar flow to pusout of the reaction vessel before it
has a chance to condense. Future students ig@riesimproving UCNP synthesis may

attempt to determine this vapor’s affect on thetiea products.

One route of upconversion enhancement that mot pursue to any great extent in
this research was the growth of a shell made wgtlbér NaYFR or NaYFR:Yb on the
outside of previously synthesized UCNPs. Doingpa® been reported to improve
upconversion efficiency by between 10 and 35 f{808] The research presented here has
focused primarily on developing a highly reprodieiimethod for the synthesis of core
UCNPs. The addition of either active or inactihelts to these core particles is a clear

direction for future research using these nanogasti
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Surface Modification

Lipid Coating

UCNPs were successfully coated with lipidsmritiple occasions. The most
successful coating methods were those that usédcbigcentrations of PEG-lipid
relative to the total amount of lipid used and thtsat used lipids in excess of what was
necessary to coat each nanoparticle once. PEGdmicentrations below 20% of total
lipid concentration did not coat the UCNPs welbubh concentrations of 20% were
sufficient to generate stable colloidal suspensiddspending on the concentration of
nanoparticles, 4 to 10 fold excesses were necessdigperse UCNPs in aqueous media.
In general, successful coating procedures resuitadnoparticles with a size increase of
~4 nm = 10 nm. For smaller nanoparticles, belowmQ coating with lipids usually
resulted in particles between 30 and 40 nm in diemelEM imaging indicated that
coated nanoparticles were mostly free of aggregdfag. 3.8). In one case, 2.76 nm
particles coated with 20% PEG-lipid and ~80% DSPstilted in coated UCNPs with a
diameter of ~31.90 nm. The smallest coated pastmigained were 11.17 nm in
diameter, with a 7.26 nm core UCNP, and were mate30% DSPE-mPEG(1000) and
10% DSPE-[maleimide(PEG)2000]. Switching from DPBOSPC decreased coating
success, and often resulted in large or unusabltelea. In all cases, smaller particles
were easier to coat than larger, and centrifugarg@es to remove any large
contaminates resulted in a better product. Betweeiwo methods used, dispersing a

dry film containing UCNPs and lipids into aqueousdia was easier and less time
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consuming than extracting chloroform from an enarstontaining lipids, UCNPs, and

water.

Figure 3.8. TEM image of lipid coated nanoparscldhe average diameter of these
nanoparticles was 38.64 nm by number. The avetageeter of the same nanoparticles
before coating was 40.88 nm. Lipid composition 8% DSPE-mPEG(2000), 78%

DPPC, and 2% DSPE-[carboxy(PEG)2000].
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While it was possible to coat UCNPs with adipmonolayer by removing chloroform
from an emulsion containing chloroform, water, UGNEnd lipids, this method was
found to be vastly inferior to the other method &yed. While removing chloroform,
nanoparticles and lipids aggregated into a stickgsrthat was only broken up following
removal of the majority of the chloroform and adshal stirring under vacuum.
Additional sonication could be used to further éige the nanoparticles in solution, but
there was generally a large amount of aggregatdnsabsequent precipitation of
UCNPs out of solution. Large aggregates couldeb@oved easily with light
centrifugation, leaving only the colloidally stabl&cNPs. For the sample prepared with
50% PEG-lipid, UCNPs were stable in solution foeo% year. Unfortunately, the yield

of small, lipid coated UCNPs was small, leaving mta be desired.

The second coating method employed resultasthmficantly higher yields,
approaching 100%. In addition, it was more eastlgiable than the emulsion method, as
it did not rely on magnetic stirring of a stickyllbaf lipids and UCNPs during the
reaction and required less solvent to successtolly the nanoparticles. While previous
reports have focused on completely coating UCNRIs REG-lipid [110, 105], | have
shown here that it is possible to obtain stabléatdl suspensions of coated UCNPs in
water using as little as 20% PEG-lipid. While #tability of lipid coated UCNPs as a
function of PEG-lipid concentration needs to besstigated in more detail, these results
are promising for future research. At the timeéhi$ writing, DPPC is 16% of the cost of

an equivalent mass of DPPE-[methoxy(PEG)2000],48f the cost for an equivalent
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number of moles. For particles coated with 20% f@Hikid, 79% DPPC, and 1%

maleimide-PEG-lipid, this is a savings of ~70% oi# tost of coating.

In some cases, hanopatrticles decreased iretkarmollowing lipid coating. | suspect
that this was due to filtration effects from theting process. Larger particles may have
been less likely to make it through filters andtdémgation steps than smaller particles,
resulting in the observed decrease. However, ytlb@gaan error in the DLS protocols
used, such that the solvent or material paramesag are not perfectly accurate. This
will become especially important far vivo biodistribution and toxicity studies, as small
differences in particle size can have a dramafecebn their distribution in and

clearance from the body.
Ligand Exchange

Ligand exchange was attempted numerous tintesiifferent sized nanopatrticles
and slightly different methods. The method thaiceeded is described in the materials
and methods section above. Prior to coating, @émtYb**,EP* nanoparticles used had
a mean number weighted diameter of 122.4 nm. Aadaf O-phosphorylethanolamine
reduced pH to 3.5. Following ligand exchange stmple dispersed into water, but was
cloudy and slowly settled out of solution over toairse of a few days. Centrifuging at
200 g was sufficient to remove larger aggregates fromt®n, leaving behind UCNPs
186.7 nm in diameter. These particles disperseilyan water and were visibly

upconverting under 980 nm excitation.
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Gold was reduced onto the surfaces of thesdRiby addition of AuCl and ascorbic
acid. Between 0.05 and 1.2nhol of AuCk were added alongside 1.5 times as much
ascorbic acid to 500L of O-phosphorylethanolamine coated UCNPs. Plasmon
resonance was observed visually in all samplesapeelp and the absorption of these
samples was measured (Fig. 3.9). As the amouatiGt; added was increased, the
position of the plasmon resonance peak increaBedgh the effect was mild. At 1.2

mol of AuCk added, particles precipitated out of solutiondapi Upconversion
luminescence was observed visually in samples wl20 mol of gold added. For

higher amounts of gold, no upconversion lumineseamild be seen with the naked eye.

Figure 3.9. Absorption spectra for gold coated WSN Vertical lines represent positions

of plasmon resonance peaks. The sharp drop ati®08 an instrument related artifact.
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Ligand exchange of oleic acid fOrphosphorylethanolamine was moderately
successful. While the particles were water digpkrsthey fell out of solution faster than
is desirable. The large size observed followiggrid exchange is likely due to some
small degree of aggregation, and not a changesihydrodynamic radius of individual
particles. Lyophilization of the oleic acid coatd@NPs intert-butanol drastically
improved the outcome of ligand exchange, and shioglldonsidered a necessity for

future work along this line of inquiry.

Gold coating successfully resulted in plasmesonant shells surrounding the UCNPs.
The original goal of these experiments was to gaegrlasmon resonant shells within
energy transfer range of the particles to imprawveihescence quality. | hypothesized
that this enhancement would be the result of tvieced, if it worked. The first would be
a decrease in interactions between the solventU&iP surface defects, resulting in a
decrease in quenching of upconversion luminescembe.second would be an
enhancement of the net absorption cross-sectitimeajold coated UCNPs, due to the
presence of plasmon resonance at 980 nm, whichdwoulrn be resonant with the
’F15  %Fspp transition in YB*. [115] The results presented here strongly sugbasgold
coating of NH-UCNPs will not result in luminescence enhancemé&nhile the loss of
luminescence at higher gold coating concentratiotisates that some energy transfer is
taking place between the composite gold shell kadupconverting nanoparticles, the
plasmon resonance peaks obtained were broad, aimg tinem past ~660 nm was
impossible without forcing the nanoparticles ousolution. Epitaxial growth of a gold

shell may result in better tunability.
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Antibody Conjugation Methods

Carbodiimide Mediated Amide Bond Formation

An example absorption spectrum for the refl EOC/NHS mediated amide bond
formation between HOOC-UCNPs and anti-EGFR is priegkin figure 3.10 below.
While there is a significant difference in absasptat ~260 nm, where one would expect
to find a peak for protein absorption, the peakeobsd is narrow and drops into noise,
making it suspect. Both samples were diluted technthe same concentration, though
this did not compensate for UCNP loss during thgwgation reaction and purification.
Most of the conjugations attempted did not resutiaticeable absorption peaks at 260
nm. In addition, samples were often heavily aggteg following the conjugation
reaction. This was investigated further by additd each of the components
individually to 1.5 mL of UCNPs. It was found treddition of anti-EGFR to UCNPs
was sufficient to cause significant aggregationpanwith the result of the entire
reaction. Lower concentrations of UCNPs and a&FR were incubated together at 4

°C with similar results.
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Figure 3.10. Absorption spectrum of conjugated amcbnjugated UCNPs in HEPES

buffered saline. Similar concentrations of UCNRgewsed in both samples.

The results obtained for EDC mediated conjogatf anti-EGFR to UCNPs are
unclear. The absorption data presented in Figil&el@s not clearly indicate the
presence of anti-EGFR following purification, andna closely resembles the monotonic
scattering expected of larger particles in solutibmaddition, the severe aggregation of
all samples prepared using this method indicatasitiis not an appropriate route for
producing contrast agents for biomedical imagikigwever, severe aggregation does
indicate the presence of protein. For this reas@an be concluded that absorption

measurements are likely an insufficient means dgguhe success of these reactions.
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Large aggregates could be broken up by soaicatut quickly reformed and fell out
of solution. Changing buffer, buffer concentratiand reagent concentration had little
effect on aggregation. Even more disconcerting,dggregation occurred when anti-
EGFR was introduced to lipid coated UCNPs withoDtCEor NHS. With this in mind,
there are a couple of possible mechanisms behis@gigregation. Spontaneous amide
bond formation between the carboxyl groups on thifase of the nanoparticles and the
amino groups on the protein could result in heawgdinking between multiple proteins
and nanoparticles. Sonication of the sample cthéd temporarily remove individual
protein bound lipids from the UCNPs, allowing treetcles to redisperse temporarily
until the lipids reincorporated themselves in erggimonolayers. Alternatively, anti-
EGFR may be electrostatically attracted to UCNEsylting in temporary aggregation of
particles in solution. For pH values less thanisloéectric point of 1gG, the protein has a
net positive charge. While pH was adjusted toif7 shany of the reactions, 1gG
antibodies have an isoelectric point between 6dl8b. For this reason, future
experiments using HOOC-UCNPs should experiment higher pH values before

proceeding with additional reactions.

Maleimide Conjugation to Sulfhydryl Groups

Nanoparticles conjugated to anti-EGFR viaactien between maleimide-PEG-lipids
and exposed SH groups on the cleaved antibody hadhaer weight diameter of 67.27
nm. Prior to conjugation, the same nanopartickebdn average diameter of 51.65 nm.

The solution was well dispersed in water, and slibmeesigns of aggregation.
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Upconversion luminescence could not be observeslybybut was observed under a

multiphoton microscope with 980 nm excitation.

While this preliminary data is promising, peutarly due to the lack of sample
aggregation, the concentrations used were veryalmivthe end product is difficult to

asSess.

Conclusion

In this chapter, | have investigated differeathniques for synthesizing upconverting
lanthanoid nanoparticles. While synthesis of UCKPthermal decomposition of oleate
precursors prepared situ had the advantage of using a single reaction \/essthe
entire synthesis, it had numerous disadvantagésdimg long reaction time, low
reproducibility, and polydisperse products. Systhiéy thermal decomposition of
lanthanoid trifluoroacetate precursors appear®ta more attractive alternative due to its
ability to produce small, monodisperse nanopadialéh a lower chance for human error
and less time required. XRD and TEM need to belaoted for nanoparticles run
through a second heating step, both before andradtding to 330 °C, and additional

reactions should be run to establish the reprodiigibf this method.

| have also demonstrated the viability ofdipbating as a method of dispersing
hydrophobic UCNPs in aqueous media. This methalidhce modification is attractive
due in large to its simplicity. Functional groupay be chosen by doping different
commercially available lipids into the coating, ahchay even be possible to add several

different functional groups to a batch of UCNPsjalicould in turn provide a route for
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targeting these nanoparticles to multiple proteM#hile lipid coating was inspired by
biology, and may even be called biomimetic, furtbteidy is needed to establish toxicity

and observe cellular interactions with lipid coatédNPs.

Ligand exchange wit@-phosphorylethanolamine was also performed with enaig:
success. With further development, this may becamattractive method for
functionalizing UCNPs with amino group functionglitGold coating these nanoparticles
was possible, but did not result in any effects Where obviously desirable. Future work
in this area may yield plasmon resonant gold sleéltbe desired resonance peak at 980

nm.

Conjugation of anti-EGFR to HOOC-UCNPs wagédy unsuccessful, and resulted in
significant aggregation of the end product. Predary results indicate that conjugation
between maleimide-UCNPs and cleaved antibodiesbraan attractive alternative to
EDC/NHS chemistry. Additional experiments are ssegy to establish the success of
this method. A clear direction for future worktms area is in detection of bound anti-

EGFR to verify successful conjugation.
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CHAPTER 4: CHARACTERIZATION OF UPCONVERTING LANTHAN OID

NANOPARTICLES
Introduction

The electronic structures of many of the tewalanthanoid ions have been well
known for more than 50 years [116], and theoretieaérmination of their transition
intensities has been an active area of researatefoty as long. [117, 118, 119] Due to
the high complexity of energy transfer upconversioNaYF,: Yb** EF*, new

spectroscopic properties continue to be discovégi]

Significant effort has been put into modifioatof preparative techniques to control
the relative intensities of Eremission bands, yielding NaY®b**,EF* nanoparticles of
desired colors in a broad spectral range. [121, 123] In a different approach, color
selection has been demonstrated in hybrid systgrmselbctive quenching of individual
emission bands by absorbers placed proximate td\N¥®>",Er** nanoparticles. [124,
125] The presence of multiple emission bandsése¢manoparticles enabled their
application as ratiometric pH and temperature sansptaking advantage of surface
group vibrational modes in the former and the Bolnn distribution of energetically

close states in the latter. [84, 126, 127]

Of particular interest for biomedical assagessell resolved Ef emission lines in
green, red and, to a lesser extent, in blue. |a¢leof spectral overlap and, perhaps
fortuitous, match with the spectral separatiorhef Bayer filter mosaic widely used in

color imaging, suggest opportunities in varioustipléxed biological sensing and
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imaging modalities. To examine these opportunili@svestigated the spectral
properties of NaYEYb*" ,Er*(Tm*") particles suspended in organic and aqueous
solvents under pulsed illumination. In this chaptevill discuss several of these
properties, paying special attention to NaW®**,Er** nanocrystals. | also demonstrate
experimental control of the intensity ratio betweed and green emission lines in

NaYF::Yb®* Er* nanoparticles through control of the excitationitig.
Materials and methods
UCNP Synthesis

Two sets of upconverting nanoparticles werglsgsized via a thermal decomposition
method similar to one previously demonstrated byeB@t al. [82] The first was
composed of NaYEYb*' Er* and the second was composed of NaYB**, Tm*".

Briefly described, lanthanoid precursors were pregéy dissolving 1.25 mmol of
lanthanoid oxides at a molar ratio of 296 E20% YB™, and 78% Y* or 0.5% Tni",

20% YB™, and 79.5% ¥ in 10 mL of 50% aqueous trifluoroacetic acid at 80 Ln-

TFA precursors were dried, then added to a solwwntaining 20 mL of 1-octadecene
and 20 mL of oleic acid and heated to 1@0for 30 minutes. The resulting solution was
heated to 300C for 1.5 hours under Ar. Following synthesis, slaenple was
precipitated with acetone, separated from solutiarcentrifugation, and washed twice
with ethanol before being vacuum dried and disgknsehloroform for analysis. A third
set of nanoparticles was also synthesized with 209 and 80% Y in order to

measure the decay constant forihg, *Fs, transition in YB*.
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Lipid Coating

Lipid coating was performed using one of thetimds previously described in the
lipid coating section of chapter 3. 1.5 mL of 2§/mL DPPE-[methoxy(PEG)2000] and
10 mg DPPC (Avanti Polar Lipids, Alabama, USA) wadseled to a 50 mL round bottom
flask containing 5 mL of NaY£Yb** EF* nanoparticles dispersed in 5 mL of
chloroform. The exact reaction yield and concemnaweren’t recorded, but were likely
between 10 and 20 mg/mL. The sample was agitatgidipids were dispersed, and
then 10 mL of 20 mM HEPES buffered saline was adddte flask. The resulting
solution was heated to 45 °C and stirred magnéfiéal 10 minutes to form an
emulsion. The sample was then attached to a retayorator and maintained at 45 °C
while slowly increasing vacuum for 11 hours. Theduct was then centrifuged at
~2000 g for 5 minutes to remove large aggregates. Thersatant was carefully

removed and stored at 4 °C for future use.
UCNP Characterization

All spectra and emission intensity measuresasgre made using a QE65000 back-
thinned CCD array spectrometer (Ocean Optics, Duné&tbrida, USA) for detection
and a 980 nm pulsed laser diode for excitationec8p were collected at different pulse
widths, repetition rates, and excitation power @@ Luminescence lifetime
measurements were made by single photon count@igrache photodiode (PerkinElmer,
Vaudreuil, Québec, Canada) and multichannel s¢Rleoquant, Berlin, Germany).

Excitation was provided by a tunable optical paraimescillator (OPO) pumped by a
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Nd:YAG laser Q-switched at 20 Hz with a 3 ns pwiséth or by a 980 nm laser diode.
Nanoparticles in suspension were sized by quasiieliight scattering using a ZS-90
Zetasizer (Malvern, Worcestershire, United Kingd@ngl powder X-ray diffraction

(XRD) was performed to determine crystal structfréhe particles obtained.
Results and discussion
Emission Spectra

Emission spectra obtained for NaY¥b*",Er** and NaYE:Yb**, Tm*" had peaks in
regions that corresponded well with previous repfig. 4.1 and 4.2). [95, 51] For
UCNPs doped with T, the strongest emission line had its peak at 862 n
corresponding to th#H, >*Hs transition. Emission peaks were also observéd sy
697, and 476 nm, giving visible upconversion lurscence from these nanoparticles a
blue/purple appearance. Emission peaks for UCNBediwith EF* had emission lines

at 409, 522, 542, 667, 801, and 848 nm.
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Figure 4.1. Upconversion luminescence emissiontsp® for NaYRk:Yb®", Tm**
nanoparticles dispersed in 1-octadecene. Exaitates by 980 nm laser diode, and
emission was passed through a 900 nm short pses filhe inset shows the same data

on a semi-log plot to illustrate locations of ermosspeaks.
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Figure 4.2. Upconversion luminescence emissiontspa for NaYRk:Yb*" Er*

nanoparticles dispersed in chloroform. Excitatias by a 980 nm laser diode.
Excitation Power Dependence

The relationship between excitation power dgrad emission intensity were
investigated using both a 980 nm laser diode amdiliphoton microscope. The laser
diode was useful for probing low power densitiag, for many particles, could not reach
the power necessary to observe saturation efféasNaYFR:Yb*" Er* nanocrystals, the
data for excitation power density vs. emissionnsity for the 522, 542, and 667 nm
emission lines were well fit by linear regressionsa log-log scale, and had a slope of
~1.9 (Fig. 4.3). For NaY£Yb*, Tm*" nanocrystals, excitation power dependence data
had slopes of 2.6 and 1.9 for the 802 and 478 rakgeespectively (Fig. 4.4). At high
excitation power densities, all slopes presented trended towards a slope of 1 (Fig.

4.3).
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Figure 4.3. Power density dependence of threesimnipeaks in NaYf Yb** EFP*
nanoparticles. Left: Data for visible peaks aedl\matched to linear fits with slopes of
approximately 2, indicating 2-photon processescitakon was by 980 nm laser diode
pulsed at 500 Hz with a 103 pulse width. Right: Data for 409, 542, and 66Y
emission peaks at high excitation power densitidse slopes approach ~1 for the green

and red peaks, and ~1.5 for the blue peak.



128

Figure 4.4. Excitation power density dependenddaX F;:Yb**, Tm** nanoparticles.
The slope of the 802 nm emission intensity was3..8Bhe slope was 2.594 and 2.410
for 476 and 645 nm emission respectively. Exatatvas by 980 nm laser diode

operated with a 200s pulse width and 500 Hz repetition rate.

Log-log plots of excitation power density esission intensity indicate results that
are largely expected from the energy level diagrafitee blue line in TAf UCNPs has a
slope of ~2.6, indicating that the associated radidtansition required fewer than three
absorbed photons on average to occur. Emissi®@2ahm in Tni* and 522, 542, and

667 nm in E¥" all require roughly 2 photons when excited at fmwer densities.

Deviation from integer values for the slopesyrbe due to a number of reasons. If the
population of excited lanthanoid ions become sigaift compared to the population of
ions in the ground state electronic configuratianreasing the excitation power density

will not increase emission intensity in an exacpliadratic fashion. Because the
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luminescence lifetimes of UCNP excited states arg long, it is not surprising that a
noticeable portion of the luminescent ions aréngirtexcited states under continuous or
rapidly pulsed illumination. In addition, the peese of multiple upconversion
mechanisms occurring simultaneously further conapdis the relationship between
power density and emission intensity. At high &ten power densities, in excess of 40
W-cnt, the slopes deviate further from integer valuesapproach a value of 1. At these
powers, the trivalent lanthanoid ions are in popoiteinversion, such that all available
luminescent ions are in their first excited statd sequire only one additional photon to

emit light.
Excitation Frequency Dependent Emission

Uncoated nanoparticles used in excitationdesgy dependence experiments had an
average diameter of 8-14 nm and XRD confirmed daYF;, crystal structure, similar
to previous work by Boyer et al. [82] Followingid coating, UCNPs had an average
diameter of 38 nm. As can be seen in Figure 4riis®on peaks were observed at 522,
542, 667, 800, and 847 nm when the sample waseeioit a 980 nm laser diode pulsed
at 6 kHz with 10 s pulse width. These can be attributed to trasstirom®Hy1/, “Sap,
*For, and*lgs to l1s/, for the first four peaks respectively and fr88ay, to “1.13, for the
peak at 847 nm (Fig. 4.6). A peak was also prese#®9 nm, but was of much lower

intensity when compared to other transitions.
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Figure 4.5. Left: Emission spectra for Nay¥b** Er** nanoparticles normalized to peak
green emission intensity. The spectrum shown bydtitted line was collected using a
980 nm diode laser pulsed at 6 kHz with a $Qulse width. The spectrum shown by
the solid line was collected with the same sourdsqul at 20 Hz with a 10s pulse

width. Right: Image of NaY£Yb** E** nanoparticles illuminated simultaneously by
two 980 nm lasers at different frequencies andepwislths. The top beam was pulsed at

166 kHz with a pulse width of 0.5 and the bottom beam was pulsed at 0.267 kHz with

a pulse width of 200s.
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Figure 4.6. Energy level diagram of energy transfstem between ¥** and Ef* in
NaYF5Yb** Er* nangarticles. Grey arrows represent routes for ndatixe decay
dashed arrows represent excitation and decay hgetransfer from Y** to EF*. The
diagram was constructed based on prior work by &behal [51] aswell as

experimental data.

Figure 4.7 demonstrates the principal finding @fsi experiments, the change
GRR with changing excitation pulse width and fregqme As excitation frequency
increased from 0.01 kHz to 100 kHz, the GRR dee®fom ~1.4 to 0.28. Th
emission ratio was calculated by dividing the im&gd emission from the 2 and 522
nm peaks by the integrated emission from tF7 nm peak. The three data sets ext
asymptoticlike behavior at high and low frequency. In ition to frequency depende

effects, it can also be seen from Fig4.7that the GRR decreases as pulse w
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increases for mid and low-range frequency valudss dependence diminishes with

increasing pulse width, becoming nearly nonexisfenpulses longer than ~40@.

Figure 4.7. Change in ratio of green emissioretbemission from NaY£Yb** Er*
nanoparticles with changing excitation pulse wigltlal frequency. Excitation was by a
pulsed 980 nm diode laser. Times listed in therelgrefer to excitation pulse width.
The inset shows the same data represented agithe gesen ratio vs. time between
pulses. This curve, well fit by a single exponaintise and decay with a decay time
constant of 2.06 ms, is related to population ef‘tfy, probed by subsequent excitation

pulses.

The same phenomenon was also observed indgaittd UCNPs. Near the maximum
and minimum frequencies tested, the GRR of lipigted UCNPs was significantly lower
than their uncoated counterparts. In additionragtic behavior was observed at

higher frequencies on both the high and low enith®iGRR curve.
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Figure 4.8. Change in the green to red emissibo {&@RR) from coated and uncoated
NaYF;:Yb* ,Er* nanoparticles with changing excitation pulse wigltll frequency.

Excitation was by a pulsed 980 nm diode laser dpdrat a 10 s pulse width.

This phenomenon can be explained by the comgaeulation process of the excited
states leading to 667 nm emission. Populatiohetfy, excited state may occur
through several different pathways. Three of tlesdllustrated in Figure 2.
Nonradiative decay frorfSs/, or °H11,, may directly populatéFs, and result in red
emission. If this was the only route to red enoissthe GRR would not be expected to
vary with changing excitation frequency, sincetltkee transitions involvedH11/, “Ssp,
*For. “l1s/» would result from the same initial populationt@dlis,  *li1i, *Frr.
Instead, the ability to tune the GRR in these narnages can be attributed to the long
lived #1135, state (Table 2). Nonradiative decay fréim,, or radiative decay frorfs

both populatél.s,, which can then be excited #s/,by energy transfer from a nearby
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ytterbium ion. It follows that the population %, and hence the intensity of red

emission, depends on populatiorflaf,,at the time of energy transfer from ¥tio EF".

The low extreme of the GRR shown in Figureid.@btained by maximizing the
population of'Fgy,, while limiting excitation of E¥ ions to*F7,. This is accomplished
by repeating excitation of the sample when the fagjmn of*l,3, has peaked from the
previous excitation pulse. To determine when dloisurs, luminescence lifetimes were
collected for red and green emission following &80 excitation (Table 1, Fig. 4.9), as
well as following direct excitation at 546, and 63 (Table 2, Fig. 4.9). The decays
observed following direct excitation of excitedtetawere fit fairly well with a single
exponential term; however, some nonexponential\debawas observed. This may be
due to some population of Erions being more easily quenched than others. For
example, ions located near the surface of the ratioles may be influenced more

readily by vibrational modes of oleic acid, thevauit, or surface defects.

A brief treatment of the rate equations inealwn upconversion luminescence of
NaYF;:Yb* ,Er* nanoparticles illustrates how specific transitians involved in the
generation of green and red light. This treatnferids upon lanthanoid luminescence
analysis presented elsewhere. [128, 129] Fietsume that back energy transfer and
excited state absorption (ESA) effects are nedkgitWeak transitions and those that
occur rapidly, such &7,  “Ssp, are neglected, and transitions that would populat

*F,, are instead listed as population routes'Sp. In addition, energy migration
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between YB' ions is ignored here. With these simplifying asptions, the rate

equations may be described as follows:

dN. 1

dts F(t) s°s‘Ns° (KoaNg  kisN;  ky,N, *S)Ns* (41)

AN NN W, Na (4.2)

dt .

an, kNN. W,N, Ny (4.3)

dt s X

dN N

CF FO aNy kNN NN WoN, 2 (4.4)
2

ﬂ k13Nle' W,:N, M (45)

1

where N represents the population of statas illustrated in Figure 4.&; ( i, W, i)
represents the coefficient for energy transfer fidoi* to Er* (absorption cross-section,
nonradiative decay, radiative decay) resultinghmtransition from stateto statg, and

F(t) is the excitation photon flux. From here, werakze the extreme case for which the
system relaxes completely to ground between eiaitgiulses, and the ground state
populationsNs andNy, are large and constant relative to other popuiatin the system.
We examine the system following a narrow excitapatse at = O such that the
excitation term may be replaced with an initial plapion in state§* andN,. In

equation 1, termk;3sN; andkz4N, are neglected as they are likely small compared to
kooNo.  Similarly, thek;sNoterm is neglected in equation 4.5. With theserag$ions,

we obtain the following solutions for the first tveacited state populations:
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Ng Nle%™ (4.6)

N, C,e"™ Ce'™ 4.7)

whereW is the sum of decay rates for statsdWs is the sum of decay rates for the

sensitizer, YB', andCy, are constants.

For the equations above, the emission obseat/880 nm following a single 980 nm
excitation pulse is made up of two decay componeidsed to the luminescence
lifetimes of state$* and 2, which matches our experimental observafi@ble 4.2).

Using the solutions for these two states, we apprate the populations of the states that

result in green and red emission:

N C41e Wyt C426 (Ws W)t C43e 2Wst (48)

4
N, Cpe" C,eM" C MW C o C g W) (4_9)

While a complete assessmen€Cgfconstants is beyond the scope of this dissertation
(Appendix F presents the constants | found forghrage equations), a general result that
applies to many of the terms involved is that sheed states will determine the time
constants associated with an exponential risedptipulations olNz andN,4, while the
longer time constants in the system will deterntioes these states decay over time.
While | have made the fits in Table 4.1 using arexponential rise and decay, the

time constants | obtain experimentally do not cgpond directly to any pair of time
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constants within this system. Instead, they reprea mixture of different transition

rates which are well fit with a single time congttor the rise and decay each.

Measured
Color Transition (8) ] a(s)
Green | *S;,  Ylygp | 11.35 | 231.7
Red | “Fop “li5n | 65.76 | 334.1

Table 4.1. Time constants associated with upcamweresulting in green and red

emission . Excitation was by OPO/Nd:YAG laser thite 980 nm with 3 ns pulse width

and 20 Hz pulse repetition rate.

Time consttortsise and decay of luminescence were

obtained by curve fitting data to two exponentghts representing the rise and decay of

the involved states.
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Figure 4.9. Left: Luminescence decay of N8, Yb** nanoparticles at several
wavelengths following direct excitation of the agated transitions. Excitation and
measurement matched the wavelengths listed iretient. Right: Luminescence decay
of transitions resulting in green and red emis&ompconverting nanoparticles as well as
the luminescence decay of NaY¥b>* nanoparticles at 980 nm. Excitation for all three
was 980 nm. Excitation was by an OPO tuned NdYas&it pulsed at 20 Hz with 3 ns

pulse width for all measurements.
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Figure 4.10.Luminescence decay measured at 980 nm followiegagion by 1500 nm

(red) and 800 nm (blue).



140

Transition 1(8) | Ac (%) | 2(5s) | A2 (%)
o Ylisp 6.41 100 - -
Sap Yl 293.3 | 100 - -
Foro s 82.76 100 - -
N FFse Mlisp ot 23.42 61 323.6 39
Nz Mis? 3200 100 - -

Table 4.2 Luminescence lifetimes of transition®aYF,:Er*,Yb>* nanoparticles
following direct excitation . Excitation was byn3 OPO/Nd:YAG laser tuned to match
the energy gap betweéns;, and the excited state of interest. a. A two expaal fit
was used.A; andA; are used here to describe the amplitude weightseoéxponential
decays. b. Decay of this state was inferred framssion collected at 980 nm following

excited state absorption with 1500 nm excitatiag.(&.7).

Because the lifetime &y, is shorter than other time constants involvedn t
generation of red emission, | argue that the decafyle is largely determined by decay
of the states leading up 1Bs» and the rise profile is determined by the popatatf
those states as well as the decalFgb. For this reason, | conclude that the peak of red
emission occurs at approximately the same time=ak‘p 3, population, ~123 s after
excitation. This minimum GRR is seen in Figure, 4f7a pulse repetition frequency of 6
kHz, corresponding to a pulse repetition interal®/ s. Exciting the nanoparticles
more often than once every 163 will favor red emission less as peak green eomssi

occurs after ~40s.
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As the excitation frequency is decreased féokiiz, the population df13, upon
arrival of the next pulse in the train decreasHsis is expressed as an increase in the
GRR until*l;3, completely depopulates between pulses, at whiatt flte GRR is
determined entirely by the properties of a singlis@ in the train and approaches an
asymptotic maximum (Fig. 4.7). At these low freqcies, the GRR decreases with
increasing pulse width, which can be attributeddntinuing excitation of Y¥ ions and
subsequent energy transfer t6'Eat later times in a single pulse, after some nurobe
Er**ions have entered tih4, excited state. This also explains the changeRR @ith

changing pulse width reported in prior work by Mangand Mitchell. [130]

Asymptotic behavior observed at low frequeiscikely the result of two limiting
activities. First, multiphonon decay frot8s, to *Fej, will result in some level of red
emission under any excitation profile that resintgreen emission. Second, because the
excited state lifetime of Y8 is comparable to the rate constants for otherqases
within this system, ~146s in NaYR:Yb** particles, energy transfer continues to occur
after the laser excitation pulse has ended. Thisa time for the'l13, state of erbium to
populate such th&tis»  “Fe» may occur via energy transfer after the excitafiotse
has ended, resulting in red emission. A completdyais of the GRR as it relates to the

excitation repetition rate and pulse width candm@litated by an appropriate choice of

F(t) in equations 4.1 and 4.4 and subsequent evatuatithe ratio: . N,dt/ . N,dt

It should be noted that the phenomena degttibesin are necessarily dependent on

the medium in which the nanoparticles are suspentidaen working with lipid coated
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UCNPs, | observed a decrease in the GRR at higtoandxcitation frequencies when
compared to emission from uncoated UCNPs. Thisimdigate selective quenching of
the®H11/» and*Sy), excited states by water, though such an explaméits short of
elucidating why the decrease in GRR is not obseforedxcitation frequencies in the
middle of the range. It may be possible that wethand green emission are quenched by
the presence of lipids or water, and that the edeat states that result in green emission
are simply more quenched than those for red. itnddse, the time of peéko/

population would decrease, effectively shifting émire plot towards higher frequencies.
Conclusion

In this chapter, | have described severahefdpectroscopic properties of UCNPs.
Emission lines for the upconverting particles wetbgsized were at the expected
wavelengths, with the relative intensities antitgoafor cubic phase NaYlhanocrystals
containing Et* or Tnt™*. In addition, | have presented data on the etiaitapower
density dependence of UCNP emission and provided dapth survey of the excited

state lifetimes of involved in upconversion in NaY¥b®*",Er** nanocrystals.

| have also shown that the ratio of greeretbemission in NaY£Yb*" Er*
nanoparticles is dependent on 980 nm excitatiaquigacy and excitation pulse width.
The ability to control the emission ratio througttigation frequency may have uses in
biomedical sensing applications, specifically ipeuresolution microscopy and energy

transfer techniques. For example, in the areaaf-field optical microscopy with FRET
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probes, [131] these excitation-controlled nanopkasi may enable mapping of multiple

chromophores in functional assays by acting aschaiile energy donors.
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CHAPTER 5: BIOMEDICAL APPLICATIONS OF UPCONVERTING

LANTHANOID NANOPARTICLES

Introduction

Having investigated the synthesis and oppecaperties of upconverting lanthanoid
nanoparticles, | will now discuss their biomediapplications. As previously mentioned,
UCNPs have numerous advantages over more tradlyiarseed molecular fluorophores.
The two largest advantages these nanoparticlesdsagentrast agents for luminescence
imaging modalities are their photon upconversioa pimotostability. The large anti-
Stokes shift of their luminescence allows for tieaive removal of background
fluorescence from images of UCNPs, and their inbleghotostability empowers their
use in imaging experiments that rely on long illnation times, such as single particle
tracking. In addition, UCNPs are fairly nontoxary important feature for any
luminescent contrast agent to be used in biologipglications. [132, 108] Their other

advantageous properties are more conditional, angfvom application to application.

In recent years, there have been numerousadsan the development and use of
upconverting lanthanoid nanopatrticles for biomeditaging and sensing. [132, 133, 95,
130] Much of the research on these particlesomiedical imaging and detection
systems has been focused on proof of principl&foNPs rather than investigations of
specific biological processes. This is to be etlgubéor any novel contrast agent, and
further development will likely realize a transiitowards using UCNPs as a routine

research tool. Before discussing the specificiagpbns | have investigated in my own
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research, it is important to have an understandirtje current state of the art in UCNP

applications at the time of this writing.

Imaging of UCNPs in cells grown vitro has been far and away the most common
application of upconverting nanoparticles in thetpbecade. [133] Due to the controlled
nature of cell cultures, they make a useful tesgirayind for new contrast agents.
Preliminary investigations can look at cellularal@ and clearance of nanopatrticles, as
well as cytotoxicity, to determine if the nanopelds will be useful as imaging agents.
Initial imaging experiments can also be perfornad; contrast agent will generally
perform at its best in a nearly transparent envirent like that of a cell culture. The lack
of scattering results in increased excitation agigction of emission from the contrast
agent, and the well controlled environment provigessater assurance that certain cell
surface proteins will be expressed. Of particuitgrest to my own research are
experiments that focus on targeting cellular congpds by conjugating UCNPs to
antibodies. Multiple groups have demonstratedifpdnnding of antibody conjugated
UCNPsin vitro [134, 135, 136, 112], but to date,vivotargeting via antibodies has yet

to be demonstrated.

Several groups have reported on the use of REIMNvivo in small animals. The first
study of UCNP imaging in live animals was condudigd.im et al in 2006, and
monitored UCNP ingestion 9. elegans[137] In 2008, Chatterjee et al. reported on
the toxicity of polyethyleneimene (PEI) coated Na¥®*",Er** nanoparticles injected

intravenously into rats. They observed that fon&0Oparticles, accumulation was
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primarily in the lungs after 30 minutes. After Bdurs, most of the particles were cleared
from the body, with a small increase in the conedidn of UCNPs in the spleen. After
7 days, nanoparticle within rat tissues had fatlelow the detection limit of their
equipment. In addition, they were able to imageUWECNPs at depths of up to 10 mm
below the surface of the skin following subcutaremjection of 100 L of UCNPs at

4.4 mg/mL. Similar biodistribution results weretaibed for 21 nm Si©coated UCNPs
by Jalil et al. in the same year. [108] Kobayahal. demonstrated real time wide-field
imaging of lymphatic drainage basins in mice foliogvinjection of Tni* and EF* doped
UCNPs coated with CTAB and PL-PEG intradermallpitite lip. [107] They remarked
in this work that they were able to image the 860peak from Tri" through the skin,
but not the 545 nm peak from3¥rowing to the increased depth of penetration &t NI
light in tissue. More recently, Liu et al. haveosim improved upconversion efficiency in
citric acid coated NaLufYb** EF*(Tm*") nanoparticles when compared to

NaYF:Yb* Er*(Tm*"), and have used these nanoparticlés wivoimaging of black

mice with a reported depth of penetration of 2 pi0]

Almost immediately following the successfuh#tyesis of colloidally stable UCNPs,
researchers began employing them as donors for L&Xg&riments. While the low
absorption of the radiative transitions in UCNP<kenthem poor candidates as LRET
acceptors, they are in many ways ideal as energgrdo The large anti-Stokes shift
between UCNP excitation and emission ensures ltiea¢ is minimal overlap between the
excitation source and the LRET acceptor’s excitaipectrum. This lack of overlap

between excitation source and acceptor absor@iaoegessary in order to avoid direct
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excitation of acceptor molecules, which decredseseénsitivity of LRET measurements.
In addition, the narrow emission lines of UCNPs makparation of donor and acceptor
emission with optical filters an almost trivial kasThe ability to separate out donor
emission so easily also allows the user to collegteater portion of the emission peak,
further improving sensitivity. In addition, theng luminescence lifetime of UCNPs
improves the efficiency of energy transfer, enalivesdetection of acceptor fluorescence
via time-gated methods, and also enables the dmtewft LRET through either donor or
acceptor lifetime with relatively inexpensive equignt. In 2005, Wang et al. presented
what is, to my knowledge, the first report of LR&®h UCNPs. They employed
aminated NaYEYDb,Er nanoparticles in a simple biotin-avidin himgl assay using gold
nanoparticles as the LRET acceptors. Using thihaak they were able to detect sub-

nanomolar concentrations of avidin. [138]

The final application I'll discuss in this mduction is the use of upconverting
lanthanoid nanoparticles as transducers for photaahc therapy (PDT). PDT is a
technique for cancer treatment that uses lighttvate photosensitizers, which in turn
produce reactive oxygen species, killing nearbiscéllormally, PDT requires visible
excitation wavelengths, and is subsequently limiteits use as a cancer treatment due to
low depth of penetration. By using UCNPs, it isqble to excite in the NIR, at 980 nm,
and activate photosensitizers with the resultingdNB@mission. [139, 140, 141]
Tetraphenylporphyrin is a commonly chosen PDT agemd has absorption peaks at 419,

515, 550, 593, and 649 nm, three of which match witth the emission peaks of
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NaYF;:Yb,Er nanoparticles. [142] In addition, UCNPs nieyable to provide additional

targeting to cancer cells that would be unavailabla photosensitizing molecule.

In my own research, | have focused on theofis8CNPs as markers for cancer cells
in tissue, specifically as markers for colon candgeresent in this chapter preliminary
results for experiments in targeting NaY¥b*",Er** nanoparticles to a mouse model of
colon cancer. In addition, | discuss the use e$¢hnanopatrticles in multiphoton
microscopy and describe methods that may be usedeteome some of the limitations

associated with their long luminescent lifetimed amgh upconversion efficiency.
Multiphoton Microscopy with Upconverting Lanthandidnoparticles

Many of the unique optical properties of UCNPRake them ideal as exogenous
contrast agents for two-photon scanning microscadfhe relationship between
excitation power and emission intensity is stiladeatic for two-photon ETU, leading to
optical sectioning similar to two-photon microscopyh endogenous fluorophores. [143]
While ETU is very efficient when compared to otfeims of multiphoton excitation, it
is still considerably less efficient at producinght than single photon processes.
Quantum vyields for NaYEYb** EF*(Tm®") are typically between 0.005% and 3%. [144]
The electronic transitions that result in lantha@laminescence typically occur within
the 4f orbital of these ions, and are consequdathidden. An immediate consequence
of this property is that the absorption cross-sestiof lanthanoid ions are relatively
small. The highly sensitive detection obtainedwito-photon scanning microscopy

techniques helps to mitigate these properties.
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Another consequence of these luminescentitiams being forbidden is that the
luminescence lifetime of excited UCNPs is longgtifines greater than 10@ are not
uncommon. This has advantages in some applicaamscularly those that sense
changes in the local environment by measuring obsingthe luminescence lifetime.
[145, 55, 130, 146, 147] However, this long lified is a hindrance when imaging with a
fast scanning microscopy technique, with a pixetltvme as short as 1s. For a pixel
dwell time less than 500s, nanoparticle emission is streaked along theskzest axis of
the microscope (Fig. 5.1). This streaking is #&uit of nanoparticle emission from
previously scanned locations being attributed &dinrrent location of the excitation
focus. In addition to emission streaking, the Idifegime of Li** excited states makes it
fairly easy to saturate the first step of the EXdiwtion process. This saturation results
in a change in the relationship between emissitansity and excitation power, from
guadratic to linear, for many of the emission lime&)CNPs[148] In essence, excitation

of UCNPs begins to behave like a single photonggs@nd optical sectioning is lost.
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Figure 5.1. A demonstration of the streaking obseiby two-photon scanning
microscopy when contrast agents with long luminesedifetimes are used. The image
is of 665 nm emission from lipid coated Nay¥b**,Er** nanoparticles following 980
nm excitation. The fast-scan axis representsitieettbn of a single line acquisition,
with lines added sequentially in the directionlué slow scan axis. Long lasting
luminescence collected in non-descanning mode oéscthe actual distribution of

luminescent nanoparticles. In this example, txelpdwell time was 4.6 s per pixel and

the luminescence lifetime is approximately 358

These now recognized characteristics of UCdl#3gure their potential as robust and
efficient contrast agents for advanced imaging rmtels based on laser scanning. Both
Li's and van Veggel’s groups have reported on thesges previously, and each has
developed a working solution to mitigate some eféfffects of a long luminescence
lifetime at the expense of, respectively, lighbtghput and optical sectioning. [149,
150] In addition, Faris’s group has addressedrdai issue in multiphoton imaging with

europium chelates. [151] In spite of these effajgplications of UCNPs in biomedical
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imaging remain limited, with the bulk of data geated to date obtained by wide field

imaging techniques. [132, 152]

Herein, | report an image processing methodrfitigating the effects of this long
luminescence lifetime on lateral resolution whitegerving a short pixel dwell time and
low excitation power, both of which are essentialrapid acquisition of luminescence
images while maintaining optical sectioning. Timsthod employs Richardson-Lucy (R-
L) deconvolution with the time resolved luminesaeiné UCNP emission in order to
remove pixel streaking, resulting in images witbgbly equivalent resolution in the fast-
scan and slow-scan axes of a two-photon scanniogatopy image. As proof of
principle for the application of deconvolution tog specific problem, NaY£Yb®* EF*
nanoparticles were synthesized by thermal decortiposrendered water compatible by
lipid coating, and functionalized with an antibddy epidermal growth factor receptor
(anti-EGFR). Following functionalization, these NEs were incubated with 12n
thick sections of mouse ear tissue, which is kntwexpress EGFR, and imaged using a

two-photon scanning microscopy system.
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Figure 5.2. Excitation of a solution containingWNr:Yb,Er nanoparticles by focused
980 nm light. The excitation source was a Ti:Sagplaser with 80 fs pulse width and
80 MHz repetition rate. The objective lens used aanagnification of 10X and a NA of

0.4.

In addition, three dimensional imaging was perfadroaex vivocolon tissue and a tissue
model of ovarian cancer that consisted of ovaramcer cells seeded on a collagen
matrix. As can be seen in Figure 5.2, increadiegeixcitation power density used to
generate luminescence results in a loss of oeaioning. Two address this issue, |
explored two methods of preserving optical sectigiwhile using laser scanning

multiphoton microscopy to image UCNPs in three disienal tissue models.

Targeted Delivery to Colon Cancer

Colorectal cancer is currently the third gesakiller of men and women among all

forms of cancer. [1] As with most cancers, eadtedtion and treatment are critical to
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the successful removal of diseased tissue. Dtleetsuccess of modern screening
techniques and the slow progression of the dis¢lases is not an urgent need for
advances in colon cancer screening at this timaweier, colon cancer does make a
useful test tissue for new contrast agents. ftirishis reason that my work has focused
on specifically targeting UCNPs to colon cancetsceWhile the results of experiments
involving specific binding to colon cancer may povve immediately useful, they can

serve as a good spring board for future work wi@NP functionalization.

Many researchers attempting to attach a cstnaigent to cancer cells do so by
functionalization with antibodies specific to ovepeessed cell surface proteins. Of
particular interest to the research presentedisndigsertation is epidermal growth factor
receptor. EGFR, also known as HER-1, is a recdptosine kinase responsible for,
among other things, stimulating proliferation indgymal and epithelial tissues, as well
as in cancers derived from epithelial cells. [1534] In relation to the latter point,
EGFR is often overexpressed in tumors; in somescdise concentration of proteins per
cell can exceed normal physiology by one to twemadf magnitude [155]. This makes
EGFR a very attractive protein to target with cartberapies or imaging agents. With
these properties in mind, | chose to pursue targett EGFR in a mouse model for colon

cancer using an antibody for EGFR.
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Materials and methods
Multiphoton Microscopy with Upconverting Lanthandidnoparticles

All reagents used in UCNP synthesis were obtainau fSigma-Aldrich unless
otherwise stated. Na¥fYb*" Er* nanoparticles were synthesized by a thermal
decomposition method described in several pubboati[85, 79, 83] In a typical
synthesis, 2 mmol of Lnght a molar ratio of 78:20:2%:Yb**:Er** were added to 11
mL of oleic acid and 30 mL of 1-octadecene. Thatgmn was purged of oxygen and
water by alternating between vacuum and Ar flowlevhieating slowly to 150 °C. The
solution remained at 150 °C for 30 minutes, and sudsequently cooled to 50 °C. 5
mmol of NaOH and 8 mmol of N4 were added to 20 mL of methanol. This solution
was then slowly added to the reaction vessel dwveecourse of 20 minutes under Ar
flow. The resulting cloudy mixture was kept at®Dfor 30 minutes, at which time any
remaining methanol was removed by vacuum and hdag. solution was then heated to
300 °C at ~10 °C per minute and was held at thapésature for 90 minutes in Ar
atmosphere. Nanoparticles were precipitated bytiaddf 60 mL of ethanol once the
solution had cooled to room temperature, and teearsited by centrifugation at 1000 g.
The supernatant was discarded and the pellet wigspersed in minimal

dichloromethane, then washed several times witksxethanol.

To render particles water compatible, 50 mg of UEMMRre dried with lipids at 2
times the concentration necessary to coat eaciclpashce. DPPC, DPPE-

[methoxy(PEG)2000], and DSPE-[carboxy(PEG)2000]awtv Polar Lipids, Alabama,
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USA) were used at a molar ratio of 95:4.5:0.5 DHMRRE:DSPE. Once dried, 1.2 mL
of MES buffer was added to the mixture of lipidslahCNPs and heated to 50 °C.
Particles were dispersed via sonication and filtenelltiple times through a series of
Nucleopore polycarbonate membranes (Whatman, Kented Kingdom) with

decreasing size cutoffs. These particles were filneetionalized with anti-EGFR.

6.5 mg N-hydroxysulfosuccinimide salt, 5.31 N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide, and 235L of deionized water were added to 300of the coated
particles in 10 mM MES. After 10 minutes of gerdtaring at room temperature, 30.6

g of anti-EGFR rabbit polyclonal IgG (Santa Cruntgichnology, California, USA)
were added. The solution was stirred overnigdt 4. Purification was by dialysis
against DI water with a 300 kDa membrane cutoflidwing dialysis, the presence of
bound anti-EGFR was confirmed by the presenceld¥ absorption peak at ~280 nm.
Particles were used for tissue staining and sulesgaonaging immediately following

purification.

NaYF.Yb** Er* nanoparticles were sized by quasi-elastic lighttecing using a ZS-
90 Zetasizer (Malvern, Worcestershire, United Kimgdl. Emission spectra were
measured by a QE65000 back-thinned CCD spectrorf@teran Optics, Florida, USA)
using a 980 nm laser diode for excitation. Lumaeese decays were measured by a
single photon counting avalanche photodiode (P&tkner, Vaudreuil, Québec, Canada)
and multichannel scaler (Picoquant, Berlin, Germaisyng a tunable optical parametric

oscillator (OPO) pumped by a Nd:YAG laser Q-swittla¢ 20 Hz with a 3 ns pulse



156

width for excitation. Luminescence rise and decaystants were determined by fitting
lifetime data to —A¥ *+ Be” 2 + BKG, where 1 is the rise constant and is the decay

constant.

For work with mouse tissue, protocols were apprdwethe University of Arizona
Institutional Animal Care and Use Committee. Tepgare tissue for imaging, a mouse
was euthanized with GCand ear tissue was removed and fixed in Histoehoic
(AMRESCO, Ohio, USA). Fixed ear tissue was embdddeparaffin and sectioned at
12 m. Sections were deparaffinized and rehydratedater. Phosphate buffered saline
was added to the suspension of purified partideschieve an osmolality of 286
mmol/kg. Each tissue section was then incubatéd approximately 100L of the anti-
EGFR-UCNPs at 4 °C for approximately 16 hours. [136e slides were then washed

with DI water and mounted with cover slips for inray

Two-photon scanning microscopy was carried outguaifi:Sapphire laser with ~100
fs pulse width and a repetition rate of 80 MHz dacitation and a commercial laser
scanning microscope (LaVision Biotec, Bielefeldri@any). All images were collected
using a 20X water immersion objective lens withA ® 0.95. Emission from the
nanoparticles was collected at 665 nm following 880excitation. Tissue
autofluorescence was collected at 460 nm followi8@ nm excitation. Both channels
were detected using H7442A-40 PMTs (Hamamatsu RitstoHamamatsu City, Japan).
Excitation power density was determined by meaguasiverage power at the sample and

dividing by the area of a circle with a In radius. For reference, a 15.4 mW average
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power measured at the sample is equivalent to ~¥®@rk’. Images were processed by
background subtraction followed by deconvolutiotiva PSF determined by the
exponential rise and decay of lipid coated UCNBsconvolution was performed by a
custom script | developed in MATLAB (MathWorks, Mashusetts, USA) using the
Richardson-Lucy function. [157, 158] The axialalesion was assessed at varying
excitation power densities. Image stacks were rgéee for a single particle bound to a
glass slide and were composed of 81 images covéfingn in depth at 0.5m steps and
the FWHM was measured from the axial profiles esthimage stacks. Images used in

this analysis were 255 by 255 pixels and had a piwell time of 19.6 s. The lateral

field of view was 100 m in both dimensions.
Targeted Delivery to Colon Cancer

Anti-EGFR-UCNPs for these experiments werdlsssized as described in the
section on multiphoton microscopy above. For gsstaining, AOM treated Vil-Cre
mice were euthanized with G@nd proximal colon tissue was removed. Colon &ssu
samples were washed twice with 1X PBS, then inadbatth 100 L of either anti-
EGFR conjugated UCNPs or unconjugated UCNPs at +himtpr 1 hour at room
temperature. Following incubation, colons were vealsim 1X PBS, then splayed open on
a glass slide, submerged in 1X PBS, covered wilass coverslip, and imaged using the
multiphoton microscope described above.n6thick sections of AOM treated mouse
colon were also tested. To prepare tissue foriingag mouse was euthanized with £LO

and proximal colon tissue was removed and fixeldistochoice (AMRESCO, Ohio,
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USA). Fixed colon tissue was embedded in paraffid sectioned at Gn. Sections
were deparaffinized and rehydrated to water. Phatepbuffered saline was added to the
suspension of purified particles to achieve an dality of ~286 mmol/kg. Each tissue
section was then incubated with approximately 10®f the anti-EGFR-UCNPs at 4 °C
for approximately 16 hours. [156] The slides widnen washed with DI water and
mounted with cover slips for imaging. Alternatiyeincubating for 1 hour at room
temperature was also tested. For the samplesrpeparoom temperature, @n

sections of colon and skin were rehydrated as destabove, then washed twice with
PBS for 5 minutes per wash. 1X PBS containing ot serum was then added to the
samples and allowed to incubate at room temper&urehour. This was followed by
two more washes with 1X PBS, followed by incubatiath either conjugated or
unconjugated nanoparticles. The samples were atedlfor an hour at room
temperature after addition of the UCNPs, then waisheee times with 1X PBS for 3

minutes per wash, then 3 times with DiH

Three Photon Upconversion Microscopy with an OvaiGancer Construct

CAOQVS3 cells were seeded onto a collagen mainck grown for 3 days in Dulbecco’s
modified eagle medium with low glucose and 10%lfetavine serum. For staining,
CAOV3/collagen constructs were washed twice withPIBS, then incubated with 500

L at 1 mg/mL of either folate-PEG-lipid-UCNPs orloaxy-PEG-lipid-UCNPs in folate
free RPMI at 37 °C for 1 hour. Following incubatj@onstructs were washed twice with

1X PBS, placed in a well containing 1X PBS, andgeth
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Results and discussion
Multiphoton Microscopy with Upconverting Lanthandidnoparticles

Following synthesis, Na¥FYb** EP* nanoparticles used in these experiments had an
average number weighted diameter of approximat@lgré. Once lipid coated, these
UCNPs had an average diameter of ~60 nm and weitg émspersed in water, indicating
that the bulk of the nanoparticles were coated bingle monolayer. The size
distribution had a full width half max of 11.5 nridvhile an increase of ~4 nm in
diameter is expected following the addition of@dimonolayer, this change was not
detectable with the particle sizer used. Lumineseealecay profiles were collected for
uncoated and coated particles. The red emissoon émcoated particles in
dichloromethane was fit by the exponential rise decay described previously with a
rise constant of 75.2s and a decay constant of 3489 This fit had a reduced of
1.62. Fitting the luminescent decay of red emis$iom the lipid coated UCNPs to the

same equation resulted in a rise constant of 28.8nd a decay constant of 3583

with a reduced ? of 1.11 (Fig. 5.3).
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Figure 5.3. Time resolved luminescence of NaYB*",Er** nanoparticles following
excitation by a 3 ns laser pulse at 980 nm. AeRisd decay of red emission from
uncoated particles in dichloromethane. A bin widltl2.048 s was used. B: Rise and
decay of red emission from lipid coated particle$4ES. A bin width of 4.096s was

used.

In order to determine an excitation power dengigt tvould maximize emission
intensity while retaining optical sectioning, | estigated the effect excitation power

density has on axial resolution. For the measunésrghown in Figure 5.3 and 5.4, a
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dwell time of 19.6 s per pixel was used. As can be seen in Figufearid 5.5, as
excitation power density is decreased from 490 kiAo 850 W/cr, the axial
resolution improves from a FWHM of 37n to approximately 5m for 665 nm
emission. Using this information, | chose an etain power density of approximately
21 kW/cnf for imaging experiments that measured 665 nm eéomisshich corresponds
with an axial FWHM of 7 m. For images that measured 409 nm emission, @taggn

power density of 3.255 MW/chwas used.

Figure 5.4: Images of a single Nay¥b,Er particle or aggregate collected at 665 nm
(left) and 409 nm (right) with varying excitatioower densities. Images were 255 x 255
x 80 pixels with a lateral FOV of 100 um, an ax&V of 40 um, and a pixel dwell time

of 19.6 us.
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Figure 5.5. Axial resolution vs. excitation powekxial resolution was determined by
imaging emission from a single, lipid coated nambpla at 0.5 m steps for 40 m
along the z-axis. Images used were 255 by 253giaad were taken with a 19.6
dwell time. The field of view used was 10 by 100 m. Excitation power was
calculated assuming a In radius spot size. The axial FWHM of the systeas w

measured as ~2.5m.

The images in Figure 5.6 were collected using a spaed of 200 lines per second, a
510 by 510 pixel resolution, and a 40 field of view. The resulting dwell time was
9.23 s per pixel. The image shown in figure 5.6A watoted by summing 8 images
acquired at this scan speed, resulting in a totabe acquisition time of 18.7 seconds.

Due to the long luminescence decay time of nanmbp@gmission at 665 nm, the
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resulting luminescence image is heavily streakedgthe fast-scan axis of the image.
This streaked image can be represented as the lationoof the true image with the

exponential rise and decay of UCNP luminescence,

g(xy) f(xy) hxy) n(xy), (5.1)

whereg is the blurred luminescence imagés the true image that | wish to resolveis
the convolution operatom is noise x andy are positions along the slow-scan and fast-

scan axes respectively, and the PSF is described by

h(x, y) Ae"l Be'? (X)dx, (5.2)

where (X) is a Dirac delta along the slow-scan axis amlthe fast-scan speed. This
PSF assumes that the pixel pitch is roughly mattbeéde diffraction limited
performance of the microscope. Otherwise, equdi@ns convolved with a Gaussian
distribution due to diffraction. In trying to s@his equation fof, we are fortunate
because we can easily determine the parametengsgidint spread function (PSF) with
single photon counting. However, even with a knd®@t, it is difficult to resolve the
true image using a simple linear inverse filter tméhe presence of significant photon
noise, especially at the tail of nanoparticle erniss Instead, we apply an iterative
deconvolution technique to retrieve our desiredgenaRichardson-Lucy deconvolution
is an iterative deconvolution technique that isl\webwn in the astronomy and medical
imaging communities and is commonly used to resbluered images generated in the

presence of significant Poisson distributed noRel. deconvolution is described by



164
P, fh 9 (-3)
wherefy is the estimated image afteiterations and is the correlation operator. [159]

This iterative method almost always converges; vandt is usually unwise to iterate to

convergence, as the deconvolution begins to ampdifge after many iterations.
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Figure 5.6. 12 m section of murine ear stained with anti-EGFR-NaYB*",Er"
nanoparticles, false colored green here. The gedgsmages shown are tissue
autofluorescence at 460 nm following 780 nm exictat UCNP emission was collected
at 665 nm following 980 nm excitation. Images wet@ by 510 pixels and represent a
400 m field of view. Dwell time was 9.2s per pixel. The excitation power density
was 21 kW/crhfor the upconversion luminescence image and ~10 dwfor the
autofluorescence image. A: Full image before deotution. The arrows at top and
bottom represent the location of the profile shawB. B: Profile taken along a single
scan line of an image of upconverting nanopartiblmsnd to tissue. The dashed line is
equivalent to the PSF used for deconvolution, stiiind scaled to overlap with the rise
and decay of a single particle. PSF amplitudegwet equal for simplicity. C: The
same profile following deconvolution with the PStown in the left image. This profile
is the result obtained following 60 iterations a€ardson-Lucy deconvolution. D: Full

image after deconvolution of each line along trst-fxan axis.
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Figure 5.6 conveys the result of the decor@iwe employed to resolve streaked
images. Because the distortion from luminesceifietnhe is entirely one dimensional,
we can separate the image into single pixel shb®sg the fast-scan axis. Figure 5.6B
plots the profile of one such section, from whitban be observed that nanoparticle
emission matches well with the fit obtained throsgigle photon counting in a
suspension of lipid coated UCNPs. R-L deconvofutbthese profiles typically
converged after 120 iterations, but between 206&niterations was sufficient to fully
resolve UCNPs at a lateral resolution roughly egl@nt to that of the slow-scan axis
(Fig. 5.7, 5.8). The profile plotted in figure &.@s the result of 60 iterations of

deconvolution. The final, reassembled image isvshim figure 5.6D.

Figure 5.7. Deconvolution of luminescence fromnagle, lipid coated nanoparticle over
120 iterations. Excitation power density for themages was ~850 W/dm Iteration
number is shown in the top right of each imageades were normalized to the same

maximum value for comparison purposes.
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Figure 5.8. Single fast-scan line taken from insaigefigure 6 and presented in profile.
Intensities are normalized to aid comparison. &xicin power density was ~850 W/em

Iteration number is shown in the top right of eptdt.

Immediately following coating, very little aggregat of the UCNPs was observed, as
indicated by sizing. Over the course of weeks,eaettling occurred in lipid coated
UCNP samples. As can be seen in Figure 5.6, sggregation of particles did occur
during staining of tissue sections. This manifestslifferences in intensity between each
discrete cluster of particles. A smaller conceardraof PEG-lipid in the UCNP coating
was chosen to avoid interference with conjugatmariti-EGFR and binding to EGFR in
the tissue sample; however, a higher concentratiay be preferable to prevent this

aggregation.
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It is interesting to note that while we obseavsignificant decrease in the rise
component of red luminescence, the decay is relgtinchanged by lipid coating and
dispersion in an agueous medium. This discrepanlikely the result of a match
between short-lived excited states iff'Emnd high-energy vibrational modes in either the
solvent or lipid coating, resulting in preferentiplenching of those states. [84] While
the contribution of individual time constants t@leaecay component is complex,
increased quenching of th8, or *Fgy, excited states may explain the observed effect.

[120]

The method of image acquisition presented bemepares very favorably to the
methods recently proposed by the Li and van Veggmips. [149, 150] In the former, a
confocal pinhole was added to the image acquisigth in order to block out of focus
light. This has the advantage of improving axésalution at high excitation powers and
is successful in removing pixel bleeding causetNP emission. However, this
method is not without disadvantages. UCNP emisgipically does not reach a
maximum until many microseconds after excitatidfrthe pinhole is large, peak
emission is observed at a location down-scan flwrattual nanoparticle location and
may include emission from adjacent nanoparticlethe pinhole is small enough to
properly locate the particle, peak emission is rgdaltogether and much higher
excitation power densities are required in ordeddtect nanoparticle emission. In
addition, removing the tail end of emission alsmoges UCNP sensitivity to dynamic

events that interact with the long lived electrostiates.
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In the latter, a different approach to avogdith\CNP emission streaking present in
scanning microscopy images is demonstrated. fpsoach instead uses wide-field
imaging, and is able to associate the entire nskedcay of UCNP emission with a
specific location that corresponds well with thetigée location. There are two
immediately apparent drawbacks to this method aigimg when compared to two-
photon scanning microscopy. First, scatteringnoission light will result in a slight loss
of lateral resolution, increasing with depth intbssue sample. More importantly, wide
field illumination prevents the use of this imagieghnique as an optical sectioning

technique.

Another method for avoiding the streaking etfecaused by long lanthanoid
luminescence was presented by Faris’s group. [I81i$ method replaces the PMT
detection typically used for multiphoton microscopyh a CCD camera while retaining
scanned excitation. This wide-field acquisitioauis in images that are free of streaking
along the fast-scan axis and have the same pdtémtiaptical sectioning as a
multiphoton microscopy system, provided the extapower density applied to the
sample does not result in saturation effects wherkiwvg with UCNPs. When working
in thick tissue samples, wide-field acquisition mlagwever, result in a loss of lateral

resolution due to collection of scattered lumineseephotons.

The solution proposed here retains opticaiaeiog and detects the entire rise and
decay of UCNP luminescence, maximizing the amobihgbt collected. R-L

deconvolution of images like that shown in figuré #as implemented using a fairly
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simple script in MATLAB. 60 iterations of this ggt completed in ~7 seconds using an
Intel Core2 Duo E7200 CPU at 2.53 GHz. On therdtlaed, differences in individual
nanoparticle lifetimes will result in small differees in the effectiveness of a set number
of R-L deconvolution iterations. Because the deotution takes Poisson noise into
account, it is also possible for signal from a Eruarticle to be mistaken as part of the
streaking from a large aggregate of particles Et@ainmediately up-scan. These issues
can be in part addressed by implementing a gooebfdsstest to control the iterative
process of deconvolution. Further optimizationha R-L deconvolution and a better
processor would likely allow for implementationtbfs method as an unobtrusive part of
image acquisition rather than a post-processiny sttemay also be possible to
parallelize deconvolution and image acquisitiosdme extent, such that deconvolution
begins on each scan line as soon as it is collebefdre image acquisition has finished.
The use of a software based solution to the proloedCNP streaking is particularly
enticing because it allows commercially availale-photon microscopy systems to be

used for UCNP imaging without hardware modification

Targeted Delivery to Colon Cancer

Staining of colon and skin with anti-EGFR aagted UCNPs did not result in a
noticeable increase in binding over unconjugatatparticles. Figure 5.9 presents four
representative images of the results obtaineddsu¢ staining experiments. Figure 5.10
demonstrates multiphoton imaging of UCNP®xwivocolon tissue from an AOM

treated mouse. UCNPs found attached taetheivocolon were typically in crevices in
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the sample, or attached to feces. Neither congagabr unconjugated UCNPs appeared

to be bound to the tissue directly.
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Figure 5.9. Images of 6m sections of colon and skin stained with lipidteda
NaYF;:Yb* Er*. A: Colon stained with HOOC-UCNPs. B: Skinisea with HOOC-
UCNPs. C: Colon stained with anti-EGFR-UCNPs. $kin stained with anti-EGFR-
UCNPs. Images were 94848 pixels, 400400 m. Pixel dwell time was 4.95s. The
channel shown in grayscale was excited at 800 rdvtteresulting emission was
detected at 460 nm. The channel shown in red (MRS excited at 980 nm with

resulting emission collected at 665 nm.
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Figure 5.10. Proximal colon from a AOM treated Zite mouse stained with anti-EGFR-
PEG-lipid-UCNPs, false colored red here. UCNP eimis#/as collected through a filter
with a 665 nm center wavelength and 45 nm bandpagsfluorescence was measured
using a filter with a 460 nm center wavelength 8adm bandpass and is shown in
grayscale. UCNPs were excited with 980 nm light teglie autofluorescence was
obtained using 780 nm excitation. Images are 510xb¥els and cover a 400m by 400

m area. Dwell time was 9.%/pixel. The bottom image is from a point of view

orthogonal to the other images in the figure.



175



176

As can be seen in figure 5.10, R-L deconvotutiontinues to function well in 3D
scans of whole tissues. This serves as good exadbiat the image processing
techniques described in the previous section dresteenough to handle more demanding
imaging applications. The requirement that the kseps the excitation power down to
maintain optical sectioning is a bit of a hindramdeen simultaneous acquisition of
autofluorescence is desired. One solution thawéstigated was the use of the three
photon excited emission from NaY¥b** Er** nanoparticles. By using this, much
higher excitation powers could be used while manmg optical sectioning, though at a

cost to emission intensity.

The finding that these nanoparticles nonspediy bind to tissue sections to such a
large extent, even after a goat serum block stdpawneral wash steps, was a bit
surprising. It may be possible that there is setaetrostatic interaction between the
nanoparticles and tissue due to surface carboaglds. Alternatively, there exists some
small probability of spontaneous binding betweermamoieties in cellular proteins and
carboxylic acids on the nanoparticles. At a glaticis seems like an unlikely
explanation of the nonspecific binding observedviduen viewed alongside the
spontaneous aggregation of UCNPs and anti-EGFRBIlinien, it may be possible.
Considerable work will need to be devoted to thiabfem in the future to prevent

nonspecific luminescence from dominating anti-EGFENP signal.
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Three Photon Upconversion Microscopy with an OvaiGancer Construct

Figure 5.11 illustrates the primary resulegperiments with UCNPs using ovarian
cancer cells seeded onto a collagen matrix. Adeaseen, the nanoparticles were
generally associated with cells, though the extéctllular uptake isn't clear from these

images. UCNPs were well localized in axial andraitdimensions.
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Figure 5.11. CAOV3 cells seeded on a collagen coasand stained with COO
PEG-lipid-UCNPs, false colored red here. UCNP eimrsand collagen SHG were
collected through a filter with a 377 nm center elangth and 50 nm bandpass.
Autofluorescence was also measured using a filigr &460 nm center wavelength
and 80 nm bandpass and is shown in grayscale. UG@NRsexcited with 980 nm
light and tissue autofluorescence was obtainedyu&® nm excitation. Images are
510x510 pixels and cover a 40th by 400 m area. Dwell time was 9.X/pixel.
The excitation power density used was 3.255 MW/cithe bottom image is from a
point of view orthogonal to the other images infigare. The number in the bottom

left of each image are image depth relative tdfitiseimage.
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As can be seen in Figure 5.11, it is possible t@meoptical sectioning at high excitation
power densities by imaging three photon excitedssion from NaYEYb,Er
nanoparticles. The advantage of this method tsalsamilar excitation power density
can be used for multiphoton autofluorescence imagdsr UCNP luminescence images.
This is a necessity for proper coregistration afagrticle location and tissue features.
The disadvantage is that luminescence intensatilisacrificed in order to maintain

optical sectioning.
Conclusion

| have shown that deconvolution by a point spreettion determined by the time
resolved luminescence of upconverting nanoparticdesgreatly diminish streaking
caused by their long lived excited states. R-Logeolution provides a convenient route
to retaining fast image acquisition times and @tsectioning. | have also shown that R-
L deconvolution functions in 3D image stacks, argew coupled with appropriate
control of the excitation power density, allows mod localization of UCNPs in tissue.
It should also be noted that improvement coulddieexved by choosing a different
excitation source for two-photon upconversion imggi While two-photon
autofluorescence, associated with femtosecond fpagses, was minimal at 665 nm, the
use of a CW or longer pulse width laser would resuéffectively no autofluorescence
signal and enable acquisition at alf Bemission peaks. The detected luminescence
intensity could also be increased by using®Timstead of EY', resulting in a single, large

emission peak at ~800 nm instead of two peaks aaBd@65 nm. This anti-Stokes
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shifted NIR emission is also preferred for deepugsimaging due to its low attenuation

in biological samples.
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CHAPTER 6: SUPER-RESOLUTION MICROSCOPY WITH UPCONVE RTING

LANTHANOID NANOPARTICLES

Introduction

While optical microscopy techniques have madyantageous properties, they are
limited in their ability to resolve the fine detihecessary to fully investigate biological
processes. This limitation is hard set into thedamental governing principles of optics,
and is commonly referred to as the diffraction timrhis limit on the best resolution of
an optical imaging system is determined by the \eangth of light being used and by the
optics themselves. Under the best circumstancasnalard light microscope can
achieve a lateral resolution of ~150 nm. This rezputhat the imaging is done in the UV,
and that the system is perfectly aligned. In peacsuch fine imaging resolutions are

rarely realized; a resolution of ~250 nm is moradajp

In order to get around the diffraction limiésearchers in a large number of groups
began working on super-resolution microscopy tegqnes. [20, 21, 160, 161, 162] There
are now a whole host of techniques available foreatng resolutions beyond the
diffraction limit. Most functional super-resolutionicroscopy techniques can be broken
up into two categories, stochastic and determmidt the first, stochastic
photoswitching of a small population of fluoroph®@mbined with repeated exposures
can make centroid analysis a feasible approachgersresolution microscopy. This
technique is employed by imaging modalities likeckiastic optical reconstruction

microscopy (STORM) and photoactivated localizataicroscopy (PALM), and it
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capitalizes on the idea that if only a very smailitjpn of all the fluorophores in a sample
are active, the probability that two activated flegcent molecules will emit light within a
single diffraction limited spot approaches zerar this reason, it is possible to
determine the center of each point of fluorescenea image, state that that point is
probably fluorescence from a single molecule, apdat imaging with different
populations of activated fluorophores to obtairomposite image representing most of
the fluorophores in the sample. Using these teghas, resolutions of ~14 nm have been

realized. [163]

The second category of super-resolution mapyg techniques contain those that use
nonlinear excitation effects to reduce the poimead function of their imaging system.
Arguably the most famous example of this is stirredeemission depletion (STED)
microscopy, though ground state depletion (GSD$ fahder this category as well.

STED microscopy uses two laser sources at diffesawelengths to narrow the PSF.

The first laser source is used to directly exdie ftuorescent molecules in the sample,
much like a standard scanning microscopy setuge sBlecond laser source is sent through
a phase filter such that a donut like lateral pea generated at the sample. This donut
surrounds and overlaps the center beam profilejsatygically at a wavelength red

shifted from the emission peak. If the outer daswtt a high enough power, it will

knock fluorophores it hits out of the excited stayestimulated emission, forcing them to
relax by way of a lower energy transition and eanithoton that is red shifted from

normal fluorescence. In this way, only those fapgitores located in the center of the

excitation profiles will fluoresce at their emissipeak. This technique has resulted in
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resolutions of ~50 nm [20]. There are a few disativges to working with STED
microscopy. The greatest disadvantage is photobieg of fluorophores. STED
resolution is inversely proportional to the intepsif the STED beam. For this reason,
high excitation power densities are necessaryheese the best resolutions.
Unfortunately, high power densities also resulhia fastest photobleaching and the
highest probability of damage to biological samplasaddition, STED typically filters
out a great deal of the emission peak, focusing matively narrow band at peak
emission intensity and blocking out stimulated esmois and excitation wavelengths.
This heavy filtering diminishes the potential séingy of the imaging system,
compromising its utility in applications that aimdetect low fluorophores
concentrations. For this reason, dyes with goahtium yields are a must for STED. In
addition to functional super resolution microsco@ghniques, there is also a host of
“true” super resolution techniques which includamigeld scanning optical microscopy

and other techniques that take advantage of evanesaves.

In this chapter, | will present preliminary tkan a new type of super resolution
microscopy that makes use of the excitation freque&lependent emission of
NaYF::Yb* Er* nanocrystals. Instead of quenching luminescerme fluorophores
located at the edges of the diffraction limiteddiogoint of the excitation, different
excitation repetition rates were applied at difféngositions and the green to red ratio
(GRR) was assessed to determine if a particle acddd in the center of the excitation
profile. This technique used a single excitatioarse in the NIR to excite photon

upconversion with a large anti-Stokes shift, allogvfor collection of the entire emission
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band with no interference. The basic conceptHir hicroscope is presented in Figure

6.1 below.

Figure 6.1. Conceptual diagram of the super remwigtystem. Intensity profiles along a
single radial slice are shown for the two diffraatiimited illumination patterns.
Maximum GRR is obtained when a particle is locatethe center of the combined
illumination pattern. When multiple particles amegent, some mixture of GRRs is

measured by PMT detectors.

Because there are saturation effects at mdHawv frequencies, and because the GRR
is relatively insensitive to excitation power deysit low excitation powers, a nonlinear
transition from the high frequency response todlmefrequency response of UCNPs was
anticipated. In essence, the sum of high and teguency components result in a high
excitation repetition rate. If the GRR is insewsitto excitation power density, then it

will remain constant as long as the excitation tiépe rate is roughly the same. If a
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sharp change in effective repetition rate is obeseionly at the very center of the
combined excitation profile, then a high GRR wolbddobserved only when a patrticle
resides in this central position. It was with titisa in mind that | constructed the

microscope presented in this chapter.

Materials and methods

Characterization of UCNPs

Emission spectra were collected using a QE6500r-thacned CCD array spectrometer
(Ocean Optics, Dunedin, Florida, USA). Excitatfonemission spectra was provided by
a 980 nm laser diode pulsed at with a 10% duty cycle. Luminescence lifetime
measurements were made using single photon coumtaignche photodiode
(PerkinElmer, Vaudreuil, Québec, Canada) and mhdtioel scaler (Picoquant, Berlin,
Germany) with excitation by a tunable optical pagtimo oscillator pumped by an
Nd:YAG laser Q-switched at 20 Hz with a 3 ns pulsdth. Nanopatrticles in suspension
were sized by quasi elastic light scattering usittf5-90 Zetasizer (Malvern,
Worcestershire, United Kingdom). The green toregob of nanoparticle emission was
determined by dividing the integrated spectral peatk525 and 546 nm by the integrated

peak at 668 nm.
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Super Resolution Microscopy

Figure 6.2. Diagram of the imaging system usecfoof of principle of subdiffraction

imaging. A list of the parts used can be foundppendix .

Proof of principle for super resolution microscopa control of the GRR was
investigated using the system diagrammed in Figuke A Ti:Sapphire laser provided
excitation light at 980 nm. The laser was modedoct 80 MHz and had a pulse width
~100 fs. The output of the Ti:Sapphire was expandedatch the back aperture of a
100x/1.4 NA objective lens. The beam was then split two arms. Both arms contained
Glan-Laser polarizers and half-wave plates to iedejntly control the excitation power
of the two beams used. One beam was mechanic¢edjyped to a frequency below 1

kHz while the other passed through a vortex phése fRPC Photonics, Rochester, New
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York, USA). This phase plate has a transmissimetfon t=¢ , resulting in a donut
shaped excitation profile when focused into the@ammuch like that used for
stimulated emission depletion (STED) microscopy(bi3)[20] The two beams were
then recombined and focused into the sample. @sdting emission profile was
recorded on a CCD camera after being passed thmatigdr a red or green bandpass

filter.

Figure 6.3. A. Image of center beam (980 nm) fodus®o a mirror with a 100x/1.4 NA
objective. B. Image of donut beam (980 nm) focusat a mirror with a 100x/1.4 NA

objective. C. Horizontal profiles of A and B takieom the same region.
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Following initial proof of principle experimés) a Yanus IV scanhead (TILL
Photonics, Munich, Germany) and two H10721-20 PMdmnected to two C9999
amplifiers (Hamamatsu Photonics, Hamamatsu Ciggadpwere incorporated into the
system design. Custom adapters were machinedatiesattachment of the PMTs to the
laser port on an IX71 microscope (Olympus, Penmsyby, USA)(Fig. J7, J8, J9). In this
way, the detectors were located as close as pedsitthe back aperture of the objective
lens. An open source software package, Colibrg e@vnloaded to operate the scanhead
and PMTs. A simplified schematic for this setugh®wn in Figure 6.4. A more detailed
schematic including the electronic configuratiortled microscope is presented in Figure
J1. Data acquisition was accomplished using a@A@DB data acquisition board and

BNC-2110 adapter (National Instruments, Texas, USA)

Figure 6.4. Diagram of the current implementatbithe super resolution microscope.
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Results and discussion

As can be seen in figure 6.5, once construthkedmicroscope was capable of
generating images using the center excitation lerdfie donut profile, or a combination
of the two. Both excitation profiles were larggeserved through the scanhead, though

a small resolution loss was observed.

Figure 6.5. Images of UCNPs imaged with the secanmicroscope. The image on the
left was generated by excitation with the centambewhile the image on the right was

generated by excitation with the donut beam.

As a part of establishing proof of principe this technique, I illuminated a sample
of -NaYF4Er",Yb* nanoparticles on a glass slide using the diffeactimited spot,
donut pattern, and a combination of the two. Ems®as collected at 550 and 650 nm,
and the red emission image was divided from thergfellowing background
subtraction. Several example images are showigiuré&6.6. The green to red ratio was

significantly different for the center beam and dbbeam. lllumination with the
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unmodulated center beam and donut beam resul®dhitar green to red ratios. There
was no significant improvement in the lateral resioh of images collected using this
microscope, and resolution was often worse thamm# for luminescence intensity
images. In addition, | observed a change in GRIR shanging excitation power density
at higher excitation power densities, which is vealplained by the saturation effect

described in chapters 4 and 5.

Figure 6.6. GRR images of Na¥.¥b,Er nanoparticles. Pixel width was 50 nm aral th
pixel dwell time was 10 ms. The center beam wadufated at 100 Hz. A) Intensity
image excited by the center beam. B) GRR imagéaexkwith the donut beam. C)
GRR image excited with the center beam. D) Intgm®mage excited by the donut
beam. E) GRR image excited by a combination olutl@and center beams at the same
excitation power. F) GRR image excited by a caration of high center beam

excitation power and low donut beam excitation powe
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There are a number of problems with this nacope that must be overcome if it is to
be used as a research instrument. Division ofroage by another causes amplification
of image noise, especially at low signal levelfie Boftware is currently written to bin
signal by taking a running average, rather thamnaing sum. This wouldn’t be a
problem if not for quantization error. A long pbdvell time at low excitation power
results in low pixel intensity, which is effectedrsficantly by quantization error. This is
relatively simple to fix, and should be among tinst fchanges made to the system in
future work. The greater problem is that no sigaiit change in GRR is observed at the
position of individual nanoparticles. This was dae to other nearby nanopatrticles, as
experiments on single nanoparticles yielded sinméaults. It may be that the excitation
power densities and repetition rates necessarghi@ee super resolution have not yet
been found, and only further experimentation isdeele Another possibility is that the
donut beam intensity is too high in the centetef profile, such that there is always a
significant overlap between the two beam profiled ao part of the combined excitation
pattern is at low frequency. Finally, there maysbene flaw with the core concept,
though this seems unlikely given that the GRR dbegem to change in a linear fashion
across the PSF from a single particle. Instea@RR is fairly constant across the entire

particle, indicating that a nonlinear process lued in the generation of a GRR.
Conclusion

In this chapter, | have presented prelimirrasults from a super resolution

microscope based on the excitation frequency deperemission of NaY£FEr", Yb**
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nanoparticles. The use of a single excitation \ength in the NIR frees up spectral
space for additional multiplexing and the subsetjaati-Stokes shifted emission is free
from autofluorescence. That said, the effect veiseel herein was fairly weak, and likely
not sufficient to provide super resolution witheewerely sacrificing sensitivity.
Additional work will be necessary to optimize tiedative power densities and repetition

rates of the two excitation paths.
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CHAPTER 7: CONCLUSION

Upconverting lanthanoid nanoparticles areeehoontrast agent that may be used to
circumvent many of the tribulations associated witblecular fluorophores and quantum
dots. They are free from photobleaching and flsoeace intermittency effects, and their
anti-Stokes shifted luminescence effectively eliat@s background from
autofluorescence when working with biological saespl However, their low
luminescence yield and long luminescence lifetinakenthem a specialized contrast
agent, better applied to very specific applicatitiveg can take full advantage of their

benefits.

While UCNPs may be useful for a number ofickhand research applications in the
future, they are still too nascent for most biorsatapplications. Initial research
indicates that they are nontoxic, and that thegrdie®m the body more readily than
might be expected based on their size. [152, H@)vever, the synthetic side of this
field of research is still incredibly active, anohstant changes in surface modifications
will likely result in variable reports of biocompiaitity until a reliable surface coating
method has been found. In my own work, | have $eduon lipid coating as a method to
render UCNPs water dispersible. A number of otffneups also began to use lipids and
amphiphilic polymers at around the same time, arlrhay be the direction the field

takes in the future. [97, 105]

There are a number of potential future dimithe research presented in this

dissertation can take. Further work on the DELRJ¥EJject could yield a new
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homogenous assay, or, if used in conjunction withihescence lifetime microscopy,
may yield a useful tool for measuring acceptor rogle concentrations and diffusion
rates on a cellular level. Further work is neetteestablish sensitivity, and the entire
project would benefit from a faster method of mesguluminescence decay profiles. At
the moment, two measurements can take anywherebet@0 minutes and an hour. In
theory, this could be decreased substantially Imygus PMT for lifetime measurements

instead of an avalanche photodiode configuredifgies photon counting.

Along the lines of UCNP synthesis, there aneimber of directions to take for future
research. Incorporation of fuand Gd" in NaYF:was recently found to improve the
reaction yield of hexagonal phase UCNPs as wealh@agjuantum yield. [40] Altering the
synthetic method to incorporate these elementsavamake a good jumping off point for
any future students interested in UCNP syntheBisping with Gd* also allows the
particles to serve as MR contrast agents, and teexarently some activity in the field
associated with dual modality UCNPs of this varieijow that the synthetic method is
approaching good reproducibility, core/shell ancetshell/shell nanoparticles should
also be investigated as a method of improving phagconversion. While there has
been a good amount of research into active andvead§ENP shells, there is still plenty
left to learn about the effects of different stagpants on the core’s photon upconversion

efficiency.

While lipid coating is a facile method for de=ring UCNPs water dispersible, a full

study of the cytotoxicity and biodistribution ofethe nanoparticles is needed before other
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in vivo experiments are performed. The same is doubdyfouUCNPs coated wit®-
phosphorylethanolamine, which is toxic when unbqguamdi may not be compatible with

biological experiments.

Conjugation of UCNPs to proteins is still ndae forefront of this field of research,
and any successful conjugations, particularly tibadies, will advance the state of the
art in nanoparticle contrast agents. To date) hat aware of any research groups that
have successfully shown binding to a specific targemall animals, making this
another good direction for future work. Yet anattigection future research could take
is in investigation of UCNPs with collagen and athwatrix proteins to determine if
diffusion takes place through the extracellularnraand whether delivery of these

nanoparticles to cells through the vasculatureresadistic possibility.

Finally, there remain a number of advancesdaa be made to the super resolution
microscope | began. Super resolution microscopygusw excitation power densities
and unbleachable contrast agents should enablerausiaiteresting studies of cellular
processes, though there are significant hurdlégsrinat be overcome before the

microscope presented in this dissertation is réadyse.
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APPENDIX A: LIST OF ABBREVIATIONS

12 o TP PPPPTTTRRUUPPRRI two-photon absorption
A S e mArican cancer society
APD e avalanche photodiode
O U SUPPPPTTT computed tomography
DCNP e downconverting lanthanoid naaudicles
EDC. .. N-(3-dimethylaminopropyl)-N’-ethylcarbodiide
EGFR e epidermal grovidietor receptor
E S A e excited state absorption
ETU e energgrisfer upconversion
D G e e e aeanae fluorodeoxyglucose
FRET oo e Forster(fluorescence) resonance eneaggfer
GO DD et a e e e aanes ground state depletion
LRET e luminescence resonancegsnieansfer
VIR e et e e e e e e e s magueesonance imaging
N A ettt et e e e e e e et e e e e e rn s numerical aperture
NH S e e e N-(hydreulfosuccinimide)
(O ] G PRSP optical esbnce tomography
PALM L. photoactivated localizatiorcroscopy
P DT e e e e e eeaes photodynamic therapy
P E T e positramigsion tomography

F OV e e e ———————————— field of view
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P S e e point spread function
SPECT .o single-photon emission computed tomplgya
STED ..o stimulated emission depletiasnscopy
STORM ..ottt stochastic optical reconstructionnoscopy
TTA-AU ..o triplet-triplet annihilation assisted upeersion

UCNP e upconverting lanthannahopatrticle
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APPENDIX B: REPRINT PERMISSIONS
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APPENDIX C: THERMAL DECOMPOSITION REACTIONS WITHANTHANOID OLEATE PRECURSORS

¢7 9] F[25(35(55/85] I | ¢ 5] 2198 ¥ & B3¢l ¢
3 o X |2 |22 |39 |39 s o 5 S 5|25 = ) Q |S5% )
= 3 Py © s |Dd |B2@ L I & 3 o o = 3
Q S < = S 3 S 3 Qe Q o Is) o  Q & 8 » = o
'e) —_ () 3 — O —H 0 ~ o (] —~ =, o ig 7] o E
o 3 N > |®E |5E c 3 3 |8 — 3 = ) =
o o a X13¢ |33 = e E |2 S 3 3 = =
ol ° o 2 S ’3\ S < |3_ 5 é — = % 8
2-84 1 299 | 160 | 147 | 155 | 29 297 191 Nat. | 30 10 0.792| 74.64 | - - - -
2-88 2 297 105 92 145 25 301 206.5 Nat. 30 12 0.p05 7.91382.5| 150 232.% 60.8
2-90 3 305 | 111 | 104 | 164 |43 296.5 | 187 Nat. | 30 10 0.792| 149.24| 450 | 370 | 80 17.8
2-92 4 310 97 91 150 22 296.32 199.985 Nat. 3( 10 0{7B2.64 | 462 370 92 19.9
2-96 5 295 | 99 89 156 | 41 309.3 | 188.7 Nat. | 30 10 0.792| 156.20| 393.2| 192.4| 200.8| 51.1
GN-12 | 6 300 94 88 160 40 2994 180.2 Nat. 30 10 0.792 .4106245.4| 230.6 14.8/ 6.0
GN-16 | 7 312 | 88 81 160 | 36 296.9 | 210.6 Nat. | 30 10 0.792]| - 215 | 204 |11 5.1
GN-17 | 8 294 84 45 157 37 297.5 197.5 Nat. 30 11 0.850 .0002424.5| 364.9 59.6) 14.0
GN-20 | 9 290 | 109 |91 148 | 44 298.8 | 184.4 Nat. | 30 11 0.850| 230.70| 358.2| 183.6| 174.6| 48.7
GN-25| 10 - - - 150 37 301.8f 191.9 Nat. 30 11 0.850 83.0287.4| 127.8 359.¢ 73.8
GN-27 | 11 295 | 108 | 87 148 | 48 297.2 | 193 Nat. | 30 12 0.905( 50.79 | 395.4| - - -
GN-28 | 12 310 - 95 156 39 296.1 1936 Nat. 30 12 0.0059%62 311.5| 244.2 67.3] 21.6
GN-31 | 13 293 | 118 | 104 | 153 | 42 299.4 | 1994 Nat. | 30 12 0.905| 4.19 353.6| 232.4| 121.2| 34.3
GN-34 | 14 294 118 110 154 76 296.2 196.9 Nat.  3( 11 o[8x®.77 | 175.8 67.8| 108 61.4
GN-38 | 15 290 | 122 |98 150 | 40 298.2 | 188.4 Nat. | 30 11.3 | 0.867| 62.22 | 335.7| 205.8| 129.9| 38.7
2-133 | 16 304 110 93 160 44 296.3 217.3 Nat.  3d 11.3 0{8869.03 | 379 290.7 88.3 233
2-145 | 17 315 | - 108 | 172 | 31 295.8 | 88 Nat. | 28 12 0.951| 205.70]| - - - -
3-8 18 305 91 80 125 65 299.9 466 Nat. 34 12 0.827 8.92 100.7| - -
3-12 19 305 |- 90 125 | 47 297.3 | 337.5 Nat. | 34 11.7 | 0.811| 172.30| 433 180.5| 252.5| 58.3




3-20 20 315 | 45 39 147| 61 297.2 395.6 Nat. 31 15 1/0332450 320 218 102 31.9
3-22 21 308 | 80 71 137 | 69 296.3 | 393.5 Nat. | 34 12 0.827| 22.17 | 320 | 230 |90 28.1
3-25 22 315 | 46 40 130| 58 299 395.3 Nat. 34 12 0.B27 4349 - - -
3-33 23 311 | 98 83 130 | 60 151.2 | 194.5 Nat. | 34 12 0.827| 100.60| 131 | - = =
3-37 24 307 | 80 70 130 92 300 400.4 Nat. 34 12 0.827 8008.303 127 176 58.08
3-40 25 300 |82 72 130 | 85 296.3 | 383.5 Nat. | 34 12 0.827| 76.22 | - 118 | - -
3-42 26 305 | 73 60 135| 90 296.8 386.2 Nat. 34 12 0.827.4188 267 - - -
GN-42 | 27 304 | 101 |88 125 | 92 296.7 | 387.1 Nat. | 34 12 0.827| 40.88 | 322.4| 324.3| -1.9 | -0.6
GN-46 | 28 300 | 84 78 124| 093 296.1 390.3 Nat. 34 12 0827.8341 422 315 107 25.4
GN-48 | 29 310 |81 74 110 | 85 296.5 | 394.9 Nat. | 34 12 0.827| 50.13 | 300.8| - = =
GN-51| 30 310 | - 71 125 75 296.4 389.2 Nat. 34 12 0.827 0138, 353.1| 210.3 142.8 40.4
GN-54 | 31 310 | 80 68 129 | 87 254.9 | 385.4 Nat. | 34 12 0.827| 73.44 | 194.5| 141.5| 53 27.2
3-63 32 318 | 67 61 124 99 297.2 420 99 34 12 0.827 38.8D0 - - -
3-65 33 318 | 41 32 127 | 30 296.7 | 400 99% | 34 12 0.827| 66.21 | - = = =

Table C1. Table of reaction parameters and reBulidCNP syntheses using thermal decompositiaviedte precursors.
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APPENDIX D: MATLAB SCRIPT FOR LUMINESCENCE LIFETIM IMAGING

clear LRIM

clear LRIMf

t=.3; %t is the difference in delay times between Imagel
and Image2

%Images loaded outside of script

Im1 = im2double(rgb2gray(Imagel));

Im2 = im2double(rgb2gray(Image?2));
%Preallocate a matrix for the lifetime map
LRIM = zeros(size(Im1));

%Preallocate two intermediary images
Im3 = zeros(size(Im1));

Im4 = zeros(size(Im1));

%Determine 10% of the maximum image pixel value in the
short delay image

m = max(max(Im1)/10);

for i=1:560 %For each pixel in the image
for j=1.748
if Im1(i,j)) <m %If the short delay image has a
value under 10% the maximum, floor that pixel to ze roin
both images.
Im3(i,j) = 0;
Im4(i,j) = O;
else

Im3(i,j) = Im1(i,j);
Im4(i,j) = Im2(i,j);
end
LRIM(i,j) = -t/log(Im4(i,j)/Im3(i,))); %Calculate
lifetime and assign it to each pixel
if LRIM(i,j) <O
LRIM(i,j)) = 0;
elseif  isnan(LRIM(i,j)) == %In case of divide by
zero, set pixel to 0
LRIM(i,j)) = 0;
end
end
end

imagesc(LRIM)
axis image
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APPENDIX E: MATLAB SCRIPT FOR RICHARDSON-LUCY DEC@QVOLUTION

clear all
clc
tic; % Start timer

% Set file path equal to fname

fname = 'C:\Documents and Settings\Christian\My
Documents\Labwork\Upconverting Nanoparticles\Pictur
images\03082012\anti-EGFR-UCNP-980-5-BGC.tif' :

% Get image information
info = imfinfo(fname);

% Assign image height, width, and the number of ima
variables

num_images = numel(info);

M = info(1).Width;

N = info(1).Height;

% Preallocate a matrix the size of the image stack
Image = zeros(M,N,num_images);

for k= 1:num_images % For each image in the stack
% Read that image into the matrix
Image(:,:,k) = imread(fname, kK, 'Info" , info);
end

% Enter rise and decay constants

taud = .358;
taur = .024;
dwell = .0046*1021/M:; % Pixel dwell time

% Generate array for time
t = O:dwell:((M-1)*dwell);
t=1,

% Preallocate a couple matrices for maths
Q = zeros(M,N);
R = zeros(M,N);

;% Assign weight factors for PSF

A
B

1
1

es\EGFR

ges to



% Calculate the PSF
PSF2 = (-A*exp(-(t)/taur) + B*exp(-(t)/taud));
[C D] = size(PSF2); % Get the size of the PSF

% Normalize it by integrated intensity
PSF1 = PSF2/(sum(PSF2));
PSF = imrotate(PSF1,180); % Flip it around
for k= 1:num_images % For each image
for i=1:M % For each line in the image
Q(:,i) = deconvlucy(Image(:,i,k),PSF,20);
Deconvolve with PSF
end

% Swap the top and bottom halves of the image
R(1:M/2,:) = Q((1+M/2):M,2);
R((1+M/2):M,)) = Q(1:M/2,:);

R = uintl6(R); % Convert to uint16
% Write the image
imwrite(R, ‘anti-EGFR-UCNP-980-5-
BGC_20it_test2.tif’ , 'WriteMode' |, 'append’ );
end

toc; % End timer

%
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APPENDIX F: CONSTANTS FOR RATE EQUATIONS

U

;1 Q Qr
P Yy
V Vs
PV RS XG,
o VoY V Virs
X FXWAX X X FXwF X yAX
V V
P ws U

X X FXwFYX XuFXy

P F P APy

Py, UF P APyl Py, APozU

9% VwE
X ooF X wF X

Pos

[X oP F—%%ﬂiA
Pyo U
/6% X o, F X WF X

[x(%P%F-i%@¢14
W
XooF YXyy

Pos

X o P

Pyz o
%2 X g F X

207



208

APPENDIX G: SETUP FOR TIME-GATED / LUMINESCENCE EETIME MICROSCOPE AND LUMINESCENCE
LIFETIME MEASUREMENTS

Figure G1. Schematic of time-gated / luminescéifiegme microscope and luminescence lifetime syste
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Component Supplier Part Number Quantity Function

OPO tuned NdYAG laser Ekspla NT 342/3/C 1 Excitation source

Kinematic mirror mount Standa 5MBM24 1 Mount for mirror M2

Kinematic mirror flip mount Standa 5F21-1 1 Mount for mirror M1

ﬁ;\{g:r“lg magnetic base post Thorlabs UPH4 5 Post holder for mirrors, GLP, and fiber adapter
0.5” x 3" optical post Thorlabs TR3 5 Optical posts for mounting optics

Sample holder - - 1 Holds sample

Glan-laser polarizer Thorlabs GL10-B (G1) 1 Attenuates laser excitation

Mount for polarizing prism Thorlabs SM1PM10 1 Mount for Glan-laser polarizer

Ii??esnrsn?uubnet, internally threaded f¢ Thorlabs LMR1 2 Mount for Glan-laser polarizer housing and fibeagig:r
1" protected silver mirror Thorlabs PF10-03-P01 2 Mirrors for laser routing

12 mm fiber bundle CeramOptec -(F2) 1 Transmits light into microscope

Fixed fiber collimator Thorlabs AD12F 2 Fiber adapters for 1” lens tube mounts
Fiber - -(F1) 1 Transmits light from sample holder to APD
2" to 1" lens tube adapter Thorlabs SM2A6 1 Adapts fiber collimator to 2” lens tube

2" lens tube Thorlabs SM2L10 1 2" lens tube, houses lens L1

iommm plano-convex lens, f = 50 Edmund 45-715 1 Collimates excitation light from fiber F2
Olympus microscope lamphouse Thorlabs SM2A13 1 Adapts 2" lens tube to Olympus microscope
port adapter

Scientific microscope Olympus MVX10 1 Microscope

Avalanche photodiode PerkinElmer SPCM-AQRH 1 Photon counting module

Multichannel scalar PicoQuant NanoHarp 250 1 Photon counting card

Pulse generator Quantum 9514 1 Pulse generator

Composers
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ImageX Nano camera and
controller

Photonic
Research
Systems

ImageX-nano

Time-gated imaging system, interline CCD cameraw
on chip integration

Table G1. List of parts for time-gated / luminesze lifetime microscope and lifetime measuremestesys

—
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Settings for Pulse Generator
Luminescence Lifetime Measurement:

Channel A: Enabled
Sync Source: To
Wid: 1 s

Dly: 0

Pol: Active high

Out: Adjustable
Ampl: 2.00

Mode: Normal

Gate: Disabled
Wait: 0 pulses

Channel B: Enabled
Sync Source: ChA
Wid: 10 ms

Dly:1 s

Pol: Active high

Out: TTL/CMOS
Mode: Normal

Gate: Disabled
Wait: 0 pulses

Channel C: Disabled
Channel D: Disabled
Mode: SingleShot

Rate:
To Period: 1 ms

Gate/Trig:

Extin: Triggered
Level: 0.20

Edge: Rising edge
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Settings for Pulse Generator Continued
Time-Gated / Luminescence Lifetime Imaging
Channel A: Disabled

Channel B: Disabled

Channel C: Enabled
Sync Source: To
Wid: 100 s

Dly: 49.8+ ms

Pol: Active high

Out: TTL/CMOS
Mode: Normal

Gate: Disabled
Wait: O pulses

Channel D: Disabled
Mode: SingleShot

Rate:
To Period: 2 ns

Gate/Trig:

Extin: Triggered
Level: 3.50

Edge: Rising edge
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APPENDIX H: FLOW CHARTS FOR LANTHANOID NANOPARTICE SYNTHESIS

Figure H1. Schematic for synthesis of DCNPs.
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Figure H2. Schematic for synthesis of UCNPs byrtta decomposition of oleate precursors.
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Figure H3. Schematic for synthesis of UCNPs byrttat decomposition of trifluoroacetate precurseed, steps are optional

and used to generate hexagonal phase nanopatrticles.
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APPENDIX I: PARTS LIST FOR SYNTHESIS SETUP
Component Supplier Part Number Quantity Function
%g)kml‘ three neck round bottom VWR 89056-806 1 Reaction vessel for nanoparticle synthesis
Reflux column VWR 80067-368 1 Condenses reaction vapors
100 mL round bottom flask VWR 22108-584 1 Reaction vessel for trifluoroacetate precursor lsysis
Heating mantle, 100 mL, 80W VWR 470202-744 1 Heats reaction vessel
Heating mantle controller VWR 470202-750 1 Controls mantle voltage, reaction temperature
Hotplate with magnetic stirring VWR 97042-714 1 Heats reaction for precursor synthesis, magnetiinst
Thermometer adapter for 24/40 | VWR 60000-150 1 Thermometer adapter for nanoparticle synthesis
Thermometer -2/400 °C VWR 61084-005 1 Measures reaction temperature
90° inner joint inlet for 24/40 VWR 80065-710 1 Connects tubing to reaction vessel
2.5 gallon bucket - - 1 Holds pump and water for reflux column
Tygon tubing R-3603, 1/4” x 3/8” | VWR 63009-015 1 Connects Ar gas and vacuum to reaction vessel
Clear vinyl tubing, 1/2” x 5/8” - - 1 Connects water pump to reflux column
Three way valve, 1/4” hose barb | - - 1 Connects Ar and vacuum lines to reaction vessel

Table I1. List of parts used in synthesis of UCNRd DCNPs.

synthesis were

Coprecipitation reactions and trithametate precursor
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Figure I1. Picture of experimental setup for UCHRthesis. When synthesizing
DCNPs or LnTFA precursors, the three neck flask rgataced with a 100 mL round

bottom flask and the electric mantle was replacid thie oil bath.
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APPENDIX J: SETUP INFORMATION FOR GRR MICROSCOPE

Figure J1. Schematics for GRR microscope optidsedectronics. Parts are shown in Table Al.
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Component Supplier Part Number | Quantity | Function

Laser

Mai Tai HP Spectra Physics Mai Tai HP 1 Excitatsmurce, output > 2.5 W

Laser Output Routing

Periscope P1 (M1 and M2) Bring Mai Tai output to ~3” height from table
45° mirror mount Newport UPA45D1 2 45° mount forrrars

Mirror mount w/ actuators Newport U100-A-LH-2K 2 Adtable mounts for 45° mirror mounts

1" x 4” graduated pedestal Newport PS-4 1 Pedéstahounting periscope

1" x 4” graduated post Newport PS-4E 1 Pedestarsibn for mounting periscope
1” broadband turning mirrors Newport 10Q20UF.35P 2 Reflects ultrashort laser

Clamping fork for 1” pedestals Newport PS-F 1 Sesuyperiscope to table

3 and 4" Routing Mirrors M3 and M4 Direct Mai Tai output down the optical table
1" x 2.5” smooth pedestal Newport 9955 1 PedestatHird routing mirror

1" x 1” post Newport PS-1E 2 Pedestal extensions

1" x 2" graduated pedestal Newport PS-2 1 Pedémstdburth routing mirror

Flip mount Newport PS-KF 1 Flip mount to switchweéen GRR and Inspire setups
Ic_)f)Sc"k(i)r;Jg:igsrecision mirror mount for Newport SNO050-F3 1 Holds third routing mirror
Ii?glgtri\gsprecision mirror mount for Newport SN100-F3H 1 Holds fourth routing mirror

0.5” broadband turning mirror Newport 10Q20UF.35P 1 Third routing mirror

1” broadband turning mirror Newport 10Q20UF.35P 1 outh routing mirror

Clamping fork for 1” pedestals Newport PS-F 2 Sesuputing mirrors to table

Beam Expander

L1 and L2

Collimate beam and expand to 6 mm
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No slip optical post holders, 2" Newport VPH-2 sPholders for beam expander lenses

0.5” x 2" optical post Thorlabs TR2 Posts for lmeaxpander lenses

Lens mounts for 1” optics Thorlabs LMR1 Lens misun

1" plano-concave lens f =-50 mm|  Thorlabs LC1715-B Expands laser beam

1" plano-convex lens f = 100 mm Borrowed Unknown Collimates laser beam

Stage with micron precision Borrowed Unknown Used for precise collimationasfer beam

actuator

Slotted base Newport B-05A Secures post holdeoptical table and precision stag

Beam Shaping

Flip Mirror M5 Bring laser output into beam shaping optics

Flip mount Thorlabs FM90 Mount to move mirroraind out of beam path

1" x 2" graduated pedestal Newport PS-2 Pedéstdlip mirror

]I:)rrei:’i,s(i)(;)rtlignematic mirror mount Thorlabs KS1 Mount for mirror

1" broadband dielectric mirror Thorlabs BB1-E03 irfdr

Clamping fork Thorlabs CF175 Secures flip mit@optical table

Beam Splitter BS1 ;:S)gt“r;[z the excitation beam into two perpendicular

1" x 3" graduated pedestal Newport PS-3 Pedéstdleam splitter

Clamping fork Thorlabs CF175 Secures beam sptitteptical table

2" platform mount Thorlabs KM100B Platform foraasplitter

Large adjustable clamping arm Thorlabs PM4 Arnsficuring beamsplitter to platform mount

30:50 quadband nonpolarizing Thorlabs BS017 Reflects 50% and passes 50% af éagitation
eam splitter cube, 20 mm

Excitation Power Control H1, H2, G1, G2 ';I!)%Vésez)égngee;rinsgiﬂt (SRIIITel G e (e

No slip optical post holders, 2" Newport VPH-2 sPholders for 0.5” posts
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0.5” x 3" stainless steel posts Thorlabs TR3 $ st mounting optics and beam dump
Slotted base Newport B-05A Secure post holdeoptizal table
Rotation mount for 1” optics Thorlabs RSP1 Rotating mounts for/2 waveplates
Zero order half-wave plate Thorlabs WPHO05M-980 talRas polarization of laser excitation
E?Sr—]ltaser polarizer, 10mm, in Thorlabs GL10-B Attenuates laser power using nation
Mount for polarizing prism Thorlabs SM1PM10 Motiot Glan-laser polarizer
II?Inesn??uubneL internally threaded fOrThorIabs LMR1 Mount for Glan-laser polarizer hiogs
1" x 0.5" pedestal Newport PS-0.5 Pedestal founting beam dump
Clamping fork Thorlabs CF175 Secures beam dursphomder to table
ﬁwivelin% magnetic base post Thorlabs UPH3 Post holder for beam dump
older, 3
Black hole beam dump Bluesky 510 (BD1&BD2 Beammg for light rejected by Glan-laser polarizer
Donut Beam Path PP1, M6 Creates donut beam profile
1” no slip post holder w/ base Newport VPH-1-P déxtal post holder for mounting phase plate
Clamping fork Thorlabs CF175 Secures pedestaiptical table
0.5” x 1" optical post Thorlabs TR1 Post for mting phase plate
Lens mount for 100 mm optics Thorlabs LMR100 Moian phase plate
Vortex phase plate RPC Photonicg VPP-1a Transmission function t ='econverts beam to donut
1" x 3" graduated pedestal Newport PS-3 Postrfioror M6
Kinematic mirror mount Standa 5MBM24 Mount forrror M6
1" broadband dielectric mirror Thorlabs BB1-E03 irfdr M6
Center Beam Path M7, C1 Modulates center beam path
1" x 3" graduated pedestal Newport PS-3 Postrfioror M7
Precision kinematic mirror mount Thorlaps KS1 Mount for mirror M7

for 1” optics




223

1" broadband dielectric mirror Thorlabs BB1-E03 irdr M7

Clamping fork Thorlabs CF175 Secures pedestaptizal table

Optical chopper Thorlabs MC2000 Reduces the atiait repetition rate to below 1 kHz
Beam Combiner BS2 Recombine the donut beam and the center beam
1" x 3" graduated pedestal Newport PS-3 Pedéstddeam splitter

Clamping fork Thorlabs CF175 Secures beam sptitteptical table

2" platform mount Thorlabs KM100B Platform fordasplitter

Large adjustable clamping arm Thorlabs PM4 Arnsficuring beamsplitter to platform mount
El:ggt'jtz)gnrirgolanzmg beam SplltterThorIabs PBS202 Recombines the two excitatiohspat

Periscope P2 (M8 and M9) Directs laser into scanning microscope

1" x 12" optical post Thorlabs RS12 Support feripcope

Periscope Thorlabs RS99 Periscope

1” broadband dielectric mirror Thorlabs BB1-E03 irfdrs M8 and M9

Scanning Microscope

Laser Scanner Controls position of laser excitation in FOV

Laser scanhead Till Photonics Yanus IV Scans laser beam laterally, directs beam into micpe
Scanner SPU Till Photonics Yanus IV :ggrrl]r(l)eursré(;vaeSréupply unit, provides power to scann
Scanner DSC Till Photonics vanus IV tI?:g;g:;ignal controller, scanhead input and otitpu
Scanner SCU Till Photonics Yanus IV Scanner control unit, controls laser scanhead
Microscope

Inverted microscope Olympus IX71 Microscopy

Objective lens Olympus UPlanoSApo 100X objective lens / 1.4 NA / FN26.5

Detection

Adapter for IX71 laser port Custom N/A Adapts IX71 laser port to 1" lens tube
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1" lens tube spacer Thorlabs SM1S10 1 Connects microscope to filter cube
30 mm cage compatible filter cub¢ Thorlabs DFM 1 Mount for detection optics and PMTs
Plano-convex lens, f = 50 mm Thorlabs LA1131-A 1 Focuses emission light onto detectors
25 mm x 36 mm dichroic, 595 nm| Thorlabs MD588 1 Transmits red light and reflects green light
17 535/50 filter Chroma HQ535/50 1 Green emission filter
1” 650/50 filter Chroma HQ650/50 1 Red emission filter
32 mm 580/200 Chroma D580/200 1 Laser blocking filter
25 mm x 36 mm dichroic, 700 nm| Chroma TC700dcsoxru-3p| 1 Reflects laser light towards microscope stage
Filter cube adapter plate Custom N/A 2 Adapts filter cube to PMT mount
PMT mount Custom N/A 2 Holds PMTs and connects them to filter cube
Head-on PMTs Hamamatsu H10721-20 2 Detectors
PMT amplifiers, DC to 10 MHz Hamamatsu C9999 2 Converts PMT current to voltage at 50 m¥/
BNC adapter board Il\rlgf[ir(l);;rz;lIents BNC-2110 1 \I?;;:ae;\éess amplifier signal and outputs PMT gain
Data acquisition board National PCI-6110 1 12-bit, 5MS/s/ch DAQ

Instruments
Power supply Agilent E3630A 1 35 W triple output power supply for PMT and amglifi

power

Table J1. Parts list for GRR microscope
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Figure J2. Picture of laser routing optics for GRRroscope.



226

Figure J3. Picture of beam shaping optics for GR&oscope.
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Figure J4. Picture of laser scanhead and finaspape of the GRR microscope.
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Figure J5. Picture of computer, chopper contrpded Yanus IV SPU used in the GRR microscope.
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Figure J6. Picture of GRR microscope electronias detection.
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Figure J7. Drawing of adapter for IX71 laser podnverts laser port to female 1” lens tube thread.
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Figure J8. Drawing of adapter for filter cube; ¢eris female 1” lens tube thread to PMT mount.
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Figure J9. Drawing of custom PMT holder.



233

APPENDIX K: CONFIGURATION VARIABLES FOR COLIBRI SBTWARE FOR
GRR MICROSCOPE

[mic]

scan="0,0,10,0.00119;0,0,3,-0.00064,0,0,4,-
0.0002;0,0,11,0;0,0,12,0;0,0,7,7;0,4,9,95;0,2,808(0,2,4,0;0,3,3,0;0,3,4,0;0,2,11,100;
0.95,2,11,0;0.96,1,11,-95;0.96,1,12,1;0.96,0,79%,;3,3,-19.4;0.96,3,4,-
0.2;0.965,3,3,19.4;0.965,3,4,0.2;0.97,0,7,7;0.970592.15,2,3,0.0005;92.15,2,4,0;92.15,
3,3,0;92.15,3,4,0;92.15,2,11,100;93.1,2,11,0;93,310;93.11,2,4,0;93.11,0,7,0;"
scan.number="1"

scan.number.set="1"

scan.imagq.list="1210,1211"

scan.adch.list="Dev1/ai0,Dev1/ail"

scan.adch.range="-5,5"

scan.names.list="665nm,545nm"

scan.active.list="1,1"

experiment="experiment472"

imag.creating.tags="scan.imagq.list,pco.imaq"

imag.marked="0"

pmt.1.ch="Devl/ao0"

pmt.1.calibration="0,0Vv;1250,1.1V"

pmt.1.hv="0"

pmt.1.hv.set="0"

pmt.2.ch="Devl/aol"

pmt.2.calibration="0,0V;1250,1.1V"

pmt.2.hv="0"

pmt.2.hv.set="0"

galvo.type="digital"

galvo.cycle="1.0E-5"

galvo.delay="1.19E-3 only used with digital Contrahalog-out use adclock.startdelay"
galvo.blanking="on"

galvo.blankingposx="0.006 im Zwischenbild"

galvo.blankingposy="0.006 im Zwischenbild"

galvo.center.x="0.0002 im Zwischenbild"

galvo.center.y="-0.0008 im Zwischenbild"

galvo.fieldofview="0.006 radius intermediate image"

galvo.bitsize="9.57E-7 for my f=50"

galvo.rotation="0 grad"

galvo.triggerin="false"



galvo.calibration="500,400,0,0,9.5E-7??"
adclock="4000000"

adclock.source="external"
adclock.startdelay="5E-6"

obj.mag="100."

objective.magnification="100."
objective="1.000000E+0"
objective.set="1.000000E+0"
objective.label="4x/0.1,0;60x/1.2W,1;60x0.9W_LD,2x41.3,3"
objective.offsetxyz="0.000050,0.000050,-0.0006(0®;
0.000015,0.000001,0.000000;3E-5,-4E-5,0"
filter.tags="filter.f1 filter.f2"
filter.f1="0.000000E+Q"

filter.f1.set="0"
filter.f1.label="DAPI-2P,0;GFP-2P,1;GFP-Poly,2"
filter.f1.speed="0.5"

filter.f2="0.000000E+Q"
filter.f2.set="0.000000E+0Q"
filter.f2.label="Cy3-2P,0;Ip680,1;50:50 CCD,2"
filter.f2.speed="0.5"

stage.x="58.500000E-3"
stage.x.set="0.059750"
stage.x.speed="0.001"
stage.y="37.000000E-3"
stage.y.set="0.032000"
stage.y.speed="3.376963E-3"
stage.z="18.200514E-3"
stage.z.set="18.200514E-3"
stage.z.limits="0,6.35E-3"
stage.piezo="1.922607E-6"
stage.piezo.set="1.928021E-6"
laser.shutter="0"

laser.shutter.set="0"
laser.wavelength="750.000000"
laser.wavelength.set="750"
laser.eom="0.000118"
laser.eom.set="0.010897"
laser.irpower="0.000230"
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polytrop.set="Galvo3,5.579592E8"

polytrop="5.579592E+8"

polychrome.set="650"

polychrome="650"

polychrome.port="0"

led="0"

led.set="0"

led.intensity="0"

led.intensity.set="0"

save.tags="experiment,stage.x,stage.y,stage.zsieg® laser.wavelength,laser.eom,sca
n,obj.mag,galvo.bitsize,job.name,pmt.1.hv,job.@daan.number"”

save.offset="0 optional offset to avoid negativeniers"
save.altfilename="c:\temp\bio-
goo_[experiment]_z[job.6.data;%02d]_t[scan.numbeley [name].tif"
imag.memory="300E6"

job.filename="Job.ini"

job.name="standard image"

job.position="cancel"

job.1.command="newexperiment"

job.1l.data=""

job.1.name="150x150pum mit 256x256Pixel in 0.66s"
job.2.command="changescan"
job.2.data="0,0,10,0.00119;0,0,3,-7.226666666 7 EB40-8.8133333333E-
5;0,0,11,0;0,0,12,0;0,0,7,3;0,4,9,127;0,2,3,0.0582%4,0;0,2,11,100000;0.00255,2,11,0
;0.00256,1,12,1;0.00256,0,7,1;0.00256,2,3,-1.492695E-
16;0.00256,2,4,0.0073046875;0.00264,0,7,3;0.00284,2
0.05875;0.00264,2,4,0;0.00264,2,11,-
100000;0.00519,2,11,0;0.0052,1,12,1,;0.0052,0,00%52,2,3,1.4928955695E-
16;0.0052,2,4,0.0073046875;0.00528,0,7,3;0.00528,9.67056,2,3,0.05875;0.67056,2
,4,0;0.67056,2,11,100000;0.67311,2,11,0;0.67312,1;,0.67312,0,7,1;0.67312,2,3,-
1.4928955695E-16;0.67312,2,4,0.0073046875;0.6783,0,6732,2,3,-
0.05875;0.6732,2,4,0;0.6732,2,11,-
100000;0.67575,2,11,0;0.67576,2,3,0;0.67576,2,40576,0,7,0;"
job.2.name="200x200um mit 400x400Pixel in 1.6s"

job.3.command="scan"

job.3.data="1"

job.3.name="Bild aufnehmen"

job.4.command="end"
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job.4.data=""

job.4.name="move +500nm"

job.5.command="loopstart"

job.5.data="0"

job.6.command="scan"

job.6.data="1"

job.7.command="waitfornotifier"

job.7.data="40,false"

job.8.command="piezorel"

job.8.data="5.000000E-7"

job.9.command="waitrel"

job.9.data="0.25 s"

job.10.command="looprepeat"

job.10.data="5"

job.11.command="newexperiment"

job.11.data=""
galvo.porttags="galvo.port,galvo.baud,galvo.bitk/gaparity,galvo.stop,galvo.flow"
galvo.port="com2"

galvo.baud="57600"

galvo.bits="8"

galvo.parity="0"

galvo.stop="10 (1 bit)"

galvo.flow="0 (none)"
laser.porttags="laser.port,laser.baud,laser.ls&s;|parity,laser.stop,laser.flow"
laser.port="0"

laser.baud="9600"

laser.bits="8"

laser.parity="0"

laser.stop="10 (1 bit)"

laser.flow="1 (Xonxoff)"
pollux.porttags="pollux.port,pollux.baud,pollux.gjpollux.parity,pollux.stop"
pollux.port="0"

pollux.baud="19200"

pollux.bits="8"

pollux.parity="0"

pollux.stop="10 (1 bit)"
pollux.config="stage.x.set,1,1000,0;stage.y.sed@}10;filter.2photon.set,4,40,-
1.5;filter.ccd.set,5,27,0"
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technosoft.port="0"

technosoft.hostaxis="1"
technosoft.config="stage.x.set,1,102400000,0;syaggt,2,102400000,0;filter.2photon.se
t,4,450000,0"
smartmove.porttags="smartmove.port,smartmove.bmadtmove.bits,smartmove.parity,
smartmove.stop"

smartmove.port="0"

smartmove.baud="115200"

smartmove.bits="8"

smartmove.parity="0"

smartmove.stop="10 (1 bit)"

smartmove.bitsize="2E-9 meter"

imicsdk.port="0"

imicsdk.handle="107172584"

imicsdk.protocol="0,2,1.0;0,0,0.0"

basepath="C:\ColibriR91\colibriR91"

startup.tags=""

end.tags=""

cancel.tags="cancel.scan,cancel.pco,cancel.sloabeel.job"
cancel.scan="scan.number.set"

cancel.scan.data="0"

cancel.pco="pco.number.set"

cancel.pco.data="0"

cancel.shutter="laser.shutter.set"

cancel.shutter.data="0"

cancel.job="job.position"

cancel.job.data="cancel"

pco.number="43"

pco.number.set="0"

pco.ccd="0"

pco.exposure="0.092552"

pco.saveall="FALSE"
pco.save.tags="experiment,stage.x,stage.y,staigge,giezo,0bj.mag,job.name,pco.expo
sure,pco.calibration”

pco.imaqg="17"
pco.calibration.basis="0,-0.0041925,0,0.003225;139247859,0,0.003225;0,-
0.0041925,1040,-0.003483"
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pco.calibration="0,-0.0041925,0,0.003225;1392,078%9,0,0.003225;0,-
0.0041925,1040,-0.003483"

pco.binning="1x1"

pike.imag="0"

pike.number="176"

pike.number.set="0"

pike.exposure="0.103946"

pike.binning="1"

pike.saveall="FALSE"
pike.calibration.basis="0,-0.0041925,0,0.0032252189047859,0,0.003225;,0,-
0.0041925,1040,-0.003483"
pike.calibration="0,-0.0041925,0,0.003225;1392,81%59,0,0.003225;0,-
0.0041925,1040,-0.003483"
pike.save.tags="experiment,stage.x,stage.y,stapgrnag,job.name"
andor.number="0"

andor.number.set="1"

andor.emgain="200"

andor.emgain.set="200"

andor.temperature="0"

andor.temperature.set="-20"

andor.exposure="500E-6"

andor.transform="500,400,0,0,6.45E-6"

roper.number="0"

roper.number.set="1"

roper.emgain="200"

roper.emgain.set="200"

roper.imag="0"

roper.exposure="0.1"
roper.save.tags="experiment,stage.x,stage.y,statgge.piezo,obj.mag,job.name,roper.e
Xposure,roper.calibration”
roper.calibration="0,-0.0041925,0,0.003225;128,804859,0,0.003225;0,-
0.0041925,128,-0.003483"

roper.saveall="FALSE"
driver.list="driver.scan,driver.preview,driver.pmt"
driver.scan="DScanContinous.vi"
driver.scan.variables.list="scan.number.set"
driver.preview="DFloatingPreview.vi"
driver.preview.variables.list="scan.imagq.list"



driver.imic="Timicsdk.vi"
driver.imic.variables.list="stage.x.set,stage.ystage.z.set,piezo.z.set"
driver.laser="TMaitai.vi"
driver.laser.variables.list="laser.shutter.setjlasavelength.set"
driver.lasereom="Deom.vi"
driver.lasereom.variables.list="laser.eom.set"
driver.job="TJob.vi"

driver.job.variables.list="job.position"
driver.pmt="THighVoltage.vi"
driver.pmt.variables.list="pmt.1.hv.set,pmt.2.h¥:se
driver.pco="DPCODot1400.vi"
driver.pco.variables.list="pco.number.set"
driver.camera="DuEye.vi"
driver.camera.variables.list="pike.number.set"
colibri.message="shutdown"

user.name=""
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