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Abstract

Drug development studies and other applications in diagnostics/therapeutics require pH
measurement down to the micro or nanoscale to provide relevant subcellular information,
but the most widely used optical pH sensors (fluorescent dyes, dye-labeled quantum dots)
suffer from drawbacks of photobleaching, blinking, and limited tissue penetration. Autoflu-
orescence is also an issue during tissue imaging in the UV-VIS excitation range of these
fluorescers. The ability of upconversion nanoparticles (UCNPs) to overcome these chal-
lenges through their unique optical properties (NIR excitation, long lifetimes) motivated
this work to further the understanding of interactions between particle and pH dye before
applying this knowledge to the creation of a novel pH nanosensor for cellular imaging.

High-temperature coprecipitation was used to synthesize f3-phase UCNPs with shell
layers of different thicknesses (<1 nm and 3 nm) to decrease surface quenching. The
two types of particles were modified with different ligands, polyethylenimine (PEI) and
poly(isobutylene-alt-maleic anhydride) (PMA), respectively, to enable dispersion in aque-
ous solutions. The effect of two anthraquinone dyes, Calcium Red and Alizarin Red S, on
UCNPs was measured by spectroscopic techniques at various pHs. When the thick-shell
(3 nm), PMA-coated UCNPs and dyes were mixed directly, the green emission band of the
UCNPs was quenched by a pH-dependent inner filter effect while the red emission band
remained unchanged and acted as the reference signal for ratiometric pH measurements.
When the anthraquinones were attached onto the thin-shell (0.4 nm), PEI-coated UCNPs
through electrostatic attraction, inner filter effect remained the dominant quenching mecha-
nism compared to resonance energy transfer (RET).

Based on the above findings, UCNPs with an intermediate shell thickness of 1 nm were
synthesized to simultaneously enable RET and ensure particle brightness. The PEI-coated
UCNPs were attached to a dye called pHADb for pH sensing in live cells. RET was much
more significant for UCNP-pHAb compared to either of the UCNP-anthraquinone combina-
tions. Ratiometric sensing was performed with the sensitized pHAb emission and reference
UCNP red emission in buffer solutions, then the nanosensors were calibrated in SH-SY5Y
cells between pH 4 and 6. The UCNP-pHADb conjugates successfully measured the pH of

acidic compartments (lysosomes) after clathrin-mediated endocytosis.
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Chapter 1

Introduction

1.1 Motivation

Biological systems are known to be highly connected to pH across a wide range of spa-
tiotemporal scales. Due to the absorption of anthropogenic carbon dioxide from the at-
mosphere, oceans have become more acidic since preindustrial times,! with geochemical
models predicting a reduction of 0.8 pH units by 2300,? which would be disastrous for
coral reef ecosystems. On an organismic scale, earthworms are very sensitive to the pH of
their aqueous environments, so it is not surprising that some species are limited to certain
areas by the acidity of the soil.? Finally, on a cellular level, small changes in pH can impact
cellular functions, such as metabolism, muscle contraction, cell volume regulation, signal-
ing pathways, and cellular activation, growth, and proliferation. For example, fluctuations
in pH affect the charges of ionizable groups in proteins, which change the configuration of
proteins and affect their activity.*

While measurement of pH in the first two examples can be performed with a pH elec-
trode, the technology is not suitable in the last example where micro and nanoscale measure-
ment within cellular compartments is needed to give relevant information. A combination
pH electrode, which is by far the most widely used electrochemical method, has a reference
electrode (e.g. Ag/AgCl electrode) and glass membrane electrode (measuring electrode)
incorporated in the same body. The special glass material allows the protons from the sur-
rounding test solution to equilibrate with the membrane. A pH meter measures the potential
of the combination electrode, which results from the difference in proton concentration be-
tween the test solution and reference solution, and outputs the pH of the test solution based
on this information. While pH electrodes are reliable and easy to use, they are limited by
their size, and hence, spatial resolution. Even microelectrodes are only capable of measur-

ing down to microliter sample size. They are not suitable for measuring the small sample
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volumes required in cellular analysis, and electrode signal drift makes them unsatisfactory

for long-term measurements.>

Due to strong interest in single cell analysis, fiber-optic optodes have significantly minia-
turized since their introduction 60 years ago. In 1992, Tan et al. built a submicrometer pH
optical fiber sensor with millisecond response time.® Fiber optic tips can have nanometer
dimensions, but the sensors still physically perturb the cell by puncturing the cellular mem-
brane during insertion and disturbing the intracellular contents during further penetration.
The integrity of the collected data depends on sensors “silently observing” without interfer-

ing with the cell’s normal behavior, so the fiber-optic probes are not ideal in this sense.’

The development of sensors that can accurately, affordably, and selectively measure pH
down to the organelle level is important for understanding the pH distribution in cells, which
can improve our knowledge of the intricacies in cell biology. These sensors should also min-
imally interact with the cell so that normal cellular processes are observed. Optical sensors
are particularly well suited for measurement inside cells because they can be imaged down to
submicrometer dimensions in near real-time using fluorescence microscopy.® They are also
physically insignificant compared to the size of the cell volume, so physical perturbations
are minimized.” Those developed over the last few decades have progressively improved
on sensitivity, selectivity, and resolution, resulting in the generation of remarkable images
where pH is mapped across the cell® or followed temporally in endocytic vesicles. '° Track-
ing the pH of endosomal/lysosomal compartments in combination with degradation studies
of drugs can provide insight to critical design parameters. Such measurement is needed
to ensure that lysosomal degradation of the proposed drug is avoided before it reaches its
target. 11,12

This thesis begins by covering an overview of representative work on optical pH sensors
before diving into a discussion of the various challenges still faced by these techniques. It
then explores how upconversion materials can be used to overcome problems, such as photo-
bleaching, autofluorescence, and deep tissue penetration, that are commonly encountered in
cellular imaging applications. Finally, a critical review of the limitations of current upcon-
version pH sensing studies paves the way for the fundamental studies of synthesis strategies,
photophysics, and bio-interactions of upconversion nanoparticles (UCNPs) presented in this
thesis. Studies like this that go beyond calibration of pH in different environments are criti-
cal to the translation of new sensing materials from academic research tools into real-world

products used to track pH inside cells for drug development studies.
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1.2 Optical methods of pH measurement

1.2.1 Colorimetric dyes

The simplest optical pH sensors rely on colorimetric dyes, which are organic dye molecules
that change their absorption (color) properties depending on the pH of the surrounding en-
vironment. The protonated (acidic) and deprotonated (basic) forms of the molecule have
different electronic structures, giving rise to a measurable change in the way it interacts
with light.>13

Equilibrium exists between the acid and base forms of the dye when in solution, which

in its simplest form can be described by the equations:

Hdye"t!' & pyet 1 gt (1.1)
_ [Dyef[HT]

where z is the valence number of the dye molecule in its deprotonated form. The highest
sensitivity usually occurs when the pH is close to the pK, (-log[K,]) of the dye; in other
words, when the acidic and basic forms are approximately present in equal concentrations. !>
As a result of the relationship above, the response of optical pH sensors (which is related to
the concentration of either the protonated or deprotonated dye) is often sigmoidal, and their

sensitivity is usually limited to pK, & 1.5.°

The acid and base forms of colorimetric dyes can absorb light at different wavelengths.
For example, phenol red has an absorption maximum at 560 nm from pH 8 to 11, but it
exhibits a blue-shifted absorption maximum of 430 nm from pH 4 to 7.4 It is often added
in tissue culture media as a visual pH indicator to allow researchers to quickly check by eye
whether their culture stocks need to be replenished. Waste products from cells decrease the
pH of the solution, causing it to turn from red to yellow. Paper strips can be impregnated
with colorimetric dyes for quick, approximate measurements of pH (0.5 units) by com-
paring the color of the strip to a calibration chart. Shukla et al. immobilized anthocyanins
on filter paper to make a pH sensor for application in intelligent packaging, which could
provide a convenient and visual method for detecting food spoilage.'> The sensor changed

from green to red upon contact with ammonia, which is a byproduct of meat spoilage.

For quantitative determination of pH, a spectrometer measures absorption of light at the

wavelength of maximum absorption, Ay, for the acidic or basic form of the dye. The
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Figure 1.1: Chemical structure of parent anthraquinone dye. Created with ChemDraw based
on figure from Gordon. !’

Beer-Lambert law relates the absorbance, A, to the concentration of the dye, c:

A =¢€bc (1.3)

where ¢ is the extinction coefficient of the dye and b is the path length.!3 The ¢ value,
which typically ranges from 0 to 10° (units of 100 cm? mol!), indicates the probability of
a particular absorption/transition. The b value describes the length of the cell or cuvette
holding the solution. !¢

There are several ways of classifying these species that absorb visible light, includ-
ing Color Index and chemical structure. Anthraquinones are one class of dye by chemical
structure. They are recognized by the basic structure of two benzene rings connected by
two carbonyl groups.!® The parent anthraquinone (Figure 1.1) is nearly insensitive to pH
variations except in very acidic conditions (e.g. concentrated sulfuric acid). However, it
changes hues and other properties in accordance with pH when substituted with various
electron-donating and electron-accepting groups at different positions of the rings.!” An
electron-donating group increases € and A,,,, through resonance of the lone pair electrons
into the aromatic ring (similar effect as conjugation).'® Thus, the absorption spectra of an-
thraquinones can be quite diverse, ranging from blue and turquoise to red colors. Also,
dyes with a primary amino group at the 1-position have higher pK, than those with a pri-
mary amino group at the 2-position because the 1-position allows intramolecular hydrogen
bonding with the neighboring carbonyl group to stabilize the molecule. For the same rea-
son, 1-hydroxyanthraquinone has a higher pK, than 2-hydroxyanthraquinone; the hydroxy

group is more easily ionized when there is no intramolecular hydrogen bonding. !’
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Figure 1.2: Simplified Jablonski diagram displaying the different energy levels involved in
fluorescence. A molecule excited by UV light transitions from the ground state (E) to an
excited state (E3) (blue arrow). When the molecule loses vibrational energy (red arrow), it
then drops to a lower excited state (E1). Upon the molecule’s return to E, (green arrow), a
photon is emitted.

1.2.2 Fluorescent dyes

For applications requiring high-sensitivity detection, fluorescence is more advantageous
than absorption. This is because fluorescence is measured relative to a dark background,
while absorbance is compared to a bright reference beam.'® Fluorescent indicator dyes ab-
sorb light at a particular wavelength and re-emit a portion of that absorbed energy as light
at a different wavelength. According to the Planck-Einstein relation, a photon of light of a
certain wavelength, A, corresponds to a certain energy, E, as described by the equation:

ke
A

where £ is Planck’s constant and c is the speed of light. This energy promotes the

E (1.4)

molecule from the ground state, Eg, to an excited state, E, (Figure 1.2). Subsequent pro-
cesses, such as heat loss from molecular collisions, lower the energy of the excited state to
E;. The photon emitted has energy of E| — E,, which is why organic dyes emit light at a
longer wavelength than that at which they are excited (Stokes shift). '3

Organic dye molecules contain electrons of varying energy levels, depending on their
participation in ¢ bonds, 7 bonds, or as lone pairs.?? These electronic energy levels are
greater in difference than other types of energy levels, i.e. vibrational (infrared) or rota-
tional (microwave) (Figure 1.3). Absorption bands are broad because the excited electron
can go from the lowest vibrational state of the lower electronic energy level (at room tem-
perature) to any vibrational or rotational state of a higher electronic energy level.'® The

presence of a 7w bond in a double bond allows for delocalization to produce conjugated
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Figure 1.3: Schematic showing electronic transitions, vibrational energy levels, and rota-
tional energy levels for a generic organic molecule. Adapted from figure in Anderson et
al. 16

systems responsible for fluorescence.?’ Systems with a higher degree of conjugation have
stronger absorption bands (larger € values) and longer A,.'® The non-bonding electrons
of lone pairs can also delocalize depending on their proximity to such conjugated systems.
In addition to these bonding and nonbonding orbitals, there are also antibonding orbitals
that temporarily accept electrons when the molecule is excited. The incident photon energy
is equivalent to the difference in energy of the bonding/nonbonding orbital and antibonding
orbital. >’

There are now many commercially available pH-dependent fluorescent dyes, including
derivatives of fluorescein, cyanine, and rhodamine.?! Fluorescein itself leaks from cells,
so highly-charged derivatives, such as 2’,7’-bis(2-carboxy-ethyl)-5(6)-carboxyfluorescein
(BCECEF), are often used instead for intracellular pH measurements. Fluorescein has many
ionic forms across a wide range of pHs (Figure 1.4), but only the two anionic forms of flu-
orescein are fluorescent. !> While some anthraquinones are solely quenchers,? others emit
pH-dependent fluorescence.?? The range of pK, values covered by different anthraquinones
means that there is a family of dyes that can measure pH in various types of samples. The
appropriate selection of dye for a particular application depends on preferred excitation
wavelength, desired emission wavelength, photobleaching characteristics, leaching poten-

tial, etc.
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Figure 1.4: pH-dependent ionization of fluorescein in aqueous solutions. Chemical struc-
tures created with ChemDraw based on figure from Lakowicz. !

The majority of fluorescent dyes are single excitation/single emission, which simplifies
the equipment needed for spectroscopic measurements but makes it difficult to quantitatively
determine pH. Because the brightness depends not only on the proton concentration but also
on the amount of dye that is loaded, uneven sequestration of the dye in cells complicates
the measurement of an absolute value of pH. As a result, most free dye molecules can
only function as qualitative sensors.” Ratiometric dyes are more suitable for quantitative pH
analysis because using the ratio of two fluorescent peaks rather than the absolute intensity of
one peak normalizes experimental variations.* In this method, emission at one wavelength
is enhanced or diminished relative to that at another based on the pH of the surrounding

t.21

environment.“" By calibrating the ratio between these two signals, quantitative pH can be

determined because variants such as excitation source fluctuation and dye concentration are

taken into account. 2>

Firstly, there are dual excitation dyes that are sequentially illuminated by light at two dif-
ferent wavelengths, and the emission is detected at one wavelength.?® To illustrate, consider
pH measurements with BCECEF, which are made by calculating the ratio of emission inten-
sity at 535 nm when the dye is excited at 490 nm versus 440 nm.>”-?® However, because fluo-
rescence images are not acquired simultaneously, it is difficult to monitor intracellular pH of
cells with high temporal resolution.?® In addition, the required equipment and operation are
complex.? The second type, dual emission dyes, overcomes these problems through exci-
tation at one wavelength and emission detection at two independent wavelengths. The com-
pound 2-(4-pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl)methoxy)phenyl)oxazole
(PDMPO), commercially known as LysoSensor Yellow/Blue, is one example of this class of
dye, wherein the emission ratio at 450 nm and 510 nm is determined while the dye is excited
at 340 nm.>%30 Unfortunately, the selection of dual excitation and dual emission dyes is still

very limited.
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1.2.3 PEBBLE nanosensors

To overcome the fact that the majority of dyes are not ratiometric in and of themselves, Clark
et al. designed probes encapsulated by biologically localized embedding (PEBBLESs).3! A
pH-sensitive dye and an internal standard (sulforhodamine 101) was introduced into each
PEBBLE, and the calibration showed a linear range between pH 6 and 7.3% These nanosen-
sors combine multiple dyes in a protective polymer matrix to allow dual wavelength pH
measurements with single excitation/single emission dyes. The matrices, which can be
based on polyacrylamide, poly(decyl methacrylate), polyurethane, and sol-gel silica, are
porous to allow the analyte to diffuse through the material and interact with the indicator
dye, which changes fluorescence intensity based on the surrounding concentration of ana-
lyte.”33 The assemblage of dyes within a matrix provides the nanosensor with advantages
like higher local brightness, higher photostability, and protective shielding.3* The extra layer
of barrier helps to prevent nonspecific quenching from the solvent and has the added benefit
of protecting the cell from any dye toxicity.’

One polymer matrix of the polyurethane type commonly used for pH sensing is hydro-
gel D4. It is stable under a wide range of pHs and soluble in 90% ethanol but not in water.
Because hydrogel D4 contains hydrophilic and hydrophobic blocks, it can embed lipophilic
pH indicators without covalent coupling or significant leaching.3>-3% Peng et al. entrapped
two fluorophores in hydrogel D4 to give a dual (green and red) fluorescence signal for ratio-
metric analysis; a pH indicator was also loaded to impart the nanogel with pH sensitivity.3’

Sun et al. covalently linked a pH sensitive dye (fluoresceinamine derivative) and a pH-
insensitive dye (rhodamine B derivative) to a polyacrylamide matrix, producing a sensor
that reliably measured pH between 5.8 and 7.2 (pK, = 6.6).%* In the same year, Burns et
al. coated a reference-dye-rich core with a thin layer of sensor-dye-rich silica using the
same dye families. In their design, fluorescein’s (4., = 488 nm, A, = 520 nm) quantum
efficiency changed with pH while tetramethylrhodamine (., = 540 nm, A., = 575 nm)
acted as the internal standard. They were able to obtain ratiometric imaging of pH in various

intracellular compartments with high spatial resolution.®

1.2.4 Fluorescent nanomaterials for sensing

While PEBBLEs overcome multiple problems associated with free dyes, they still have sev-
eral drawbacks problematic to indicator dyes in general (e.g. photobleaching, brightness).
Fluorescent nanomaterials have emerged as a reliable support for pH sensing assays by pro-
viding superior optical properties, including higher fluorescence, better photostability, and

wide ranges of excitation/emission wavelengths. Multiple probes can even be attached to
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Figure 1.5: Fluorescent colors from quantum dots of different sizes. Larger dots produce
fluorescence at longer wavelengths and lower energy. Smaller dots produce fluorescence at
shorter wavelengths and higher energy. Adapted from figure in Elsersawi.>°

the nanostructure to increase the labeling ratio for improved sensitivity. 8

One of the most common nanoparticle types used in pH sensing is semiconductor quan-
tum dots (QDs), which are excited at wavelengths as short as 350 nm.%> One common type
comprises a core of CdS and a shell of ZnS, which passivates and stabilizes the core.'® Due
to quantum confinement, the emission wavelength of the QD can be tuned by controlling
its size (Figure 1.5). Increasing the size of the CdSe/ZnS particles by a few nanometers
changes the fluorescence from blue to red. The Stokes shifts of QDs are much larger than
organic fluorophores such that the absorbance bands are spectrally separated from the emis-
sion bands. 1

Carbon dots (CDs), mainly composed of graphene quantum dots (GQDs), carbon nan-
odots (CNDs), and polymer dots (PDs), have also received considerable attention for bio-
logical sensing applications. They are typically excited in the UV region (230-320 nm), and
their emission wavelength has the unique property of depending on excitation wavelength.
Compared to QDs, CDs experience higher emission bandwidth and less blinking.*°

GQDs consist of fewer than ten layers of graphene sheets, resulting in particles that
have lateral dimensions less than 100 nm. The size of the GQDs and functionalization with
different groups (e.g. —OH, C=0, COOH) can influence their fluorescence wavelength.*!
CNDs must be spherical, but they do not always have a crystal lattice.*? Similar to GQDs,

CND photoluminescence can be tuned by adjusting size and surface chemistry.*> PDs are
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made from an assembly of conjugated polymers,* and their fluorescence properties depend
mostly on the chemical structure of the conjugated polymer, although size of the overall PD
can also be a factor.** While non-conjugated polymers are known to have little fluorescence,
some show good emission when aggregated or cross-linked together due to the crosslink
enhanced emission effect, 4043

All of these fluorescent nanoparticles can interact with the indicator dyes through two
main mechanisms: inner filter effect (IFE) and fluorescence resonance energy transfer (FRET).
They will be described separately in detail below.

1.2.4.1 Inner filter effect

When the absorption spectrum of an indicator dye (absorber) and the excitation and/or emis-
sion spectrum of the luminescent nanomaterial (fluorescer) overlap, a phenomenon called
IFE can occur in which the nanomaterial emission is reduced by the absorber. Primary
IFE occurs when the fluorescer’s excitation is diminished by the absorber, and secondary
IFE is when the fluorescer’s emission radiation is absorbed by the dye.*> Both are forms of
radiative energy transfer. IFE was frequently considered to be a source of error in spectroflu-

orometry, so multiple ways of correcting for the inner filter effect were developed, 648 of

which the correction for the typical square 1 cm path length cuvette is described here. 1949
The correct fluorescence intensity in this scenario can be approximated by:
Feorr = Fops10(0PetOPen)/2 (1.5)

where F¢,,, 1s the corrected maximum fluorescence intensity, F, is the measured maxi-
mum fluorescence intensity, OD,, is the absorbance (optical density) at the excitation wave-
length, and OD,,, is the absorbance (optical density) at the emission wavelength.

Yet, changes in fluorescence related to variations in analyte concentrations creates the
potential for an IFE-based sensing system. When the absorption of the quencher varies with
analyte concentration, the emission of the inert fluorescence compound subsequently also
correlates with the analyte concentration.”® Because measured changes in the fluorescence
of the nanomaterial are exponentially greater than the absorbance of the dye, the IFE an-
alytical method achieves greater sensitivity and lower limit of detection compared to the
capability of the absorber alone. Thus, the IFE sensing technique offers a simple, flexi-
ble strategy to convert a colorimetric assay into a fluorescence sensing approach without
requiring any covalent linkage between nanomaterial and dye.*>!

To study the pH-dependent IFE interaction between CNDs and fluorescein isothiocyanate
(FITC), Liu et al. mixed different amounts of the dye with a fixed concentration of CND
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solution at different pHs.>? To confirm that the fluorescence decrease of the CNDs by FITC
was due to IFE, they confirmed that the fluorescence intensities no longer changed with
increasing FITC concentration after correction with Equation 1.5. Using a double layer
of sol-gel silica, Hiruta et al. immobilized two types of QDs (A, = 400 nm, Ay, 1 = 525
nm, A2 = 650 nm) in the first layer and pH indicators (neutral red, methyl yellow) in
the second layer.>® In contrast to a single dye which has a narrow pH response range of
3-4 pH units, the combination of dyes extended the responsive range to 6 pH units (pH 4-
10). The ratiometric analysis relied on the pH-dependent emission peak at 525 nm and the
pH-independent reference at 650 nm. The sensor showed long-term stability even after six

months of storage.

1.2.4.2 Resonance energy transfer

FRET is a non-radiative phenomenon whereby a donor fluorophore donates energy to an
acceptor fluorophore via intermolecular dipole-dipole coupling.>* There are multiple pre-
requisites for FRET to occur. The first relates to proximity since the efficiency is inversely
proportional to the sixth power of the distance between donor and acceptor, r, as described

in the following equation:

6
Rg + 0

(1.6)

where Ry is the distance at which FRET efficiency is 50% (i.e. Forster radius). Ry can
be calculated by:

RO:§/9><ln10><K2><QD><J a7

12875 x Ny x n*

where k2 is the dipole orientation factor, Qp is the intrinsic quantum yield of the donor
alone, J is the overlap integral between the donor emission spectrum and the acceptor ab-

sorption spectrum, N, is Avogadro’s number, and 7 is the refractive index of the medium.>>

K2

is usually assumed to be 2/3 for simplicity, which is the case when the fluorophores
are spherical or tumbling through all possible orientations within the span of energy trans-
fer.5%-57 Common values of R( are between 2 and 7 nm, so FRET is essentially limited
to intermolecular distances of 10 nm.>® Secondly, there must be good spectral overlap be-
tween the emission spectrum of the donor and the absorption spectrum of the acceptor.>*>°
Thirdly, there must be favorable spatial orientation; the best case scenario occurs when the
acceptor excitation dipole and the donor emission dipole are aligned parallelly. In practice,

the dipoles are randomly oriented such that transfer efficiencies are less than ideal.>®
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As a result of FRET, there is a decrease in donor emission and a subsequent increase in
acceptor emission (i.e. sensitized emission). Special care must be taken to make sure that
the emission spectra of the FRET pairs do not overlap. Cross-talk dampens ratio changes
and results in poor sensitivity because an increase in sensitized emission is masked in part
by a reduction in donor emission mixed in the acceptor channel.%%-%2 In addition, the fluo-
rescence lifetime of the donor molecule is shortened because FRET provides an additional
pathway for it to lose energy in the excited state. The efficiency can also be described by:

E—1-'DA_ ™ (1.8)
Ip ™D

where Ips and Ip are the donor fluorescence intensity with and without the acceptor
present and Tp4 and Tp are the donor fluorescence lifetime with and without the acceptor
present.®3 Experimental calculation of E is preferably done with the ratio Tp, /7p instead
of Ipa/Ip because the former is not affected by inner-filter effects and does not require the
task of rigorously maintaining the same concentrations while comparing D alone to the DA
pair.%*

“Relative” FRET efficiency is given by:
I4

E.,=— 1.9
rel ID"’IA ( )

where I4 and Ip are the donor and acceptor fluorescence intensity after donor excitation.
E,.; is not equivalent to the actual FRET efficiency and should only be used for qualitative

purposes because it doesn’t take into account the quantum yields of the two fluorophores. %

Complementary to conventional steady-state fluorescence spectroscopy is time-resolved
fluorescence spectroscopy. Once a fluorophore has been excited with a pulse of laser light,

its fluorescence intensity at time ¢, I(¢), will decay according to the following equation:

1(t) = Ipe ™"/ (1.10)

where Iy is the initial emission intensity at + = 0 and 7y is the fluorescence lifetime,
which is the time required for the fluorescence intensity to decay to 1/e of Iy. If there is an
acceptor present that can acquire energy from the donor, there will be a short component of
the lifetime, 7| (attributed to the quenched donor molecules), and a long component of the
lifetime, 7, (attributed to the unquenched donor molecules). The fluorescence decay then

follows a bi-exponential function:

I(1) = Aye ™"/ 4 Ape™"/™ (1.11)
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where A; and A, are the corresponding amplitudes.%%-%7 The fraction of donor molecules
undergoing FRET is A1 /(A; +A;).% If the donor already shows bi-exponential behavior
and is paired with a mono-exponential acceptor, four exponential decay components have
to be considered.®® Two of these describe the different donor conformations alone, and the
other two describe the donor conformations undergoing FRET. Fitting time-resolved data to
these complex fluorescence decay profiles is not a trivial task.> Such calculations require
high photon counts and sophisticated data analysis.’® In practice, it is more common to
approximate complex fluorescence decay models with a mono-exponential or bi-exponential
function. These fits will not give information about the proportion of donors undergoing
FRET, but their average lifetimes indicate changes in the decay times, and in the case of
bi-exponential decay curves, their amplitudes show changes in the contributions of different
lifetime components after the acceptor is present.’!-72

There have been many recent reports on the use of fluorescent nanoparticles for FRET-
based ratiometric pH sensors. Ruedas-Rama and Hall attached pH-dependent anthraquinones
to semiconductor quantum dots (QDs) for their nanosensor using layer-by-layer modifica-
tion.?®> Two of the anthraquinone derivatives, alizarin red S (ARS) and calcium red (CaR),
were shown to emit light based on resonance energy transfer from the QDs based on a
decrease in the emission lifetime. In a more recent study, Sumusu et al. synthesized water-
soluble, blue-emitting QDs that were conjugated with FITC to construct a ratiometric pH
sensor that could be further coupled to membrane localization peptides to monitor the pH
of extracellular environments.’® Surface modification by ligand exchange was used to min-
imize the hydrodynamic size of the QD sensor. They then presumed that the QDs donated
energy to FITC through FRET due to the small distance between fluorescer and absorber
but did not confirm its presence through lifetime measurements.

Du et al. demonstrated a pH nanosensor with FITC covalently linked onto CNDs. 74 Tt
was the first CND-based FRET system to map an intracellular pH gradient. Chan et al. used
PDs that were much brighter than QDs to develop a ratiometric pH sensor. Fluorescein was
conjugated to pH-insensitive PDs then introduced into live HeLa cells to measure the pHs in
the various organelles involved with the endocytic pathway.>® Both studies supported their

FRET explanations with lifetime measurements.

1.2.5 Disadvantages of downconversion

The pH nanoprobes described above all suffer from shortwave excitation, which (i) gives
rise to autofluorescence in biological materials, resulting in poor signal-to-noise ratio and
detection sensitivity; (ii) inflicts photodamage to living organisms; and (iii) reduces pene-

tration depth in biological tissues due to their strong absorption at low wavelengths (UV-Vis
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light).3*7>-77 Unfortunately, the few pH probes absorbing in the optically transparent win-
dow in the far red or near-infrared spectral range have tendency to photobleach or involve
complicated, tedious synthesis procedures.3*787° Photobleaching is especially problematic
in sensors because, as an indicator, the dye may need to remain photostable under repeated
use for long periods of time. A fluorescent nanoparticle excited at long wavelengths that is
straightforward to produce and free of autofluorescence, photobleaching, and photodamage
is needed to produce a robust, reliable pH sensor that can be used in tissue.

This thesis proposes that UCNPs are ideal for biological pH sensing due to their NIR

80.81 and measurements

excitation spectral range. They have been used for cellular imaging
in complex samples, such as whole blood. 3?33 UCNPs have this property because of their
lanthanide ions, which have unique electronic transitions within the 4f electronic shells that
enable absorption of multiple low-energy photons and subsequent emission of a high-energy
photon. Lanthanide ion emitters have multiple emission peaks,3* which make them great
candidates for single excitation, multi-emission sensors. Erbium ion (Er’*) mainly emits
green and red fluorescence, while thulium ion (Tm>") emits blue fluorescence strongly
and red fluorescence weakly.3>3¢ In addition, UCNPs emit light continuously, unlike QDs,
which blink, making them very attractive for bioimaging applications.”® Lastly, the synthe-
sis of these UCNPs is quite versatile: the size can be tuned down to 5 nm®” and the surface

can be modified to target certain types of cells. 338

1.3 Upconversion nanoparticles

1.3.1 Composition and upconversion mechanisms

During conventional fluorescence, which occurs for organic dyes, one higher-energy pho-
ton is absorbed and one lower-energy photon is emitted (Figure 1.6).7> In other words, the
excitation wavelength is shorter than the emission wavelength. With upconversion, two
or more lower-energy photons are absorbed sequentially and one higher-energy photon is
emitted, resulting in the so-called anti-Stokes shift (see Figure 1.6).%° This is in contrast
to two-photon absorption processes that require nearly simultaneous absorption of two co-
herent photons, resulting in low efficiency.® Upconversion is much more efficient than
two-photon absorption because it takes advantage of the long lifetime of the excited energy
states, which allows for the aforementioned sequential absorption of photons.°!
Upconversion nanoparticles, which typically have a host matrix made of NaYF,4, NaLuFy,
or NaGdF,, have this ability because of doped lanthanide ions that can convert NIR light

into visible wavelengths. > Typical ions incorporated in the crystalline matrix include Yb>*,
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Figure 1.6: Simplified schematic comparing the excitation and emission of organic dyes,
quantum dots, and upconversion nanoparticles. The examples represented are fluorescein, *>
CdSe-ZnS QDs,?? and NaYF4: Yb?/Er®t, % respectively.

Ert, and Tm3T. YB3t is a sensitizer while Er’t and Tm3* are activators.?* There are two
crystal phases, cubic (o) and hexagonal (f3), of which the latter has higher upconversion
efficiency, likely due to lower phonon coupling. The non-harmonic phonon mode is greater
in the cubic phase due to the random substitution of Na™ and lanthanide cations in the cu-
bic phase compared to the hexagonal lattice, which has a more ordered distribution.? See
Appendix A for more details on crystallography. The emission colors and intensities of the
nanocrystals can be tuned by changing the sensitizer-activator combination (e.g. Yb>*/Er’ ™,
Yb3*/Tm>*) and dopant concentrations, respectively.®> Amongst the many sensitizer and
activator ions reported in the literature, 1% the Yb3*/Er** pair remains the classic com-
bination due to its high efficiency in producing upconversion luminescence in the green and
red color region,”® which is very applicable for biosensing applications. The mechanism

for this co-doped system will be described in more detail below.

The two main upconversion mechanisms are excited state absorption (ESA) and energy
transfer upconversion (ETU). In the case of ESA, only a single activator dopant (e.g. Er’*) is
needed. First, an incoming photon excites the ion from ground level G to excited metastable
level E1 in a process known as ground state absorption (GSA) (Figure 1.7). Then, a second
photon promotes the ion from E1 to E2; the transition from E2 back down to G results in
upconversion emission.”” A ladder-like energy structure with equally spaced energy levels
is suitable while using a monochromatic light source, since each absorption step requires
the same photon energy.’! However, this means that cross-relaxation can occur between
neighboring ions when doping levels are high, resulting in quenching of excitation energy.**
In this self-quenching process, an erbium ion in an upper excited state transfers its energy

to an erbium ion in a ground state, bringing both ions to intermediate excited states.”%
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Figure 1.7: Energy diagrams of a) excited state absorption and b) energy transfer upcon-
version. The dashed/dotted, dashed, and full arrows represent photon excitation, energy
transfer, and emission processes, respectively. Adapted from Wang and Liu with permis-
sion from The Royal Society of Chemistry. **

Although, in principle, increasing the concentration of the lanthanide dopant in the host
matrix should improve upconversion emission and increase emission intensity, this is not
the actual case.”! Many research groups have kept the concentration of activator ions low to
decrease interionic distance and reduce the probability of cross-relaxation.

Co-doping a sensitizer such as Yb>*, which has a large absorption cross-section, with
the activator can enhance upconversion efficiency.** In ETU, both the activator and sensi-
tizer ions are excited to E1 metastable energy states (Figure 1.7). An energy transfer pro-
cess from the sensitizer to the activator promotes the latter to E2 while the former returns
to G in the process. Again, upconversion emission occurs when the activator falls back
down to G.%° This energy transfer mechanism is shown in more detail in Figure 1.8. The
’F, /2—>2F5 /2 transition of Yb>T is resonant with many f-f transitions of activator ions like
Er’* and Tm>*, facilitating energy transfer. For Er’*, the green emissions are the result of
transitions from 2H /2 and 4S5 /210 ;5 /2, wWhile the red emission is attributed to the 4Fy /2
to *I;5 /2 transition. The ETU process is much more efficient than ESA. 9 Because Yb>T has
only one excited state, cross-relaxation between two Yb3+ does not result in a net loss of en-
ergy for upconversion, 1% but it facilitates energy migration through the sensitizer-sensitizer
network that eventually reaches the surface quenchers (e.g. ligands, solvents, impurities,
defects).?> 10! Er-Er energy transfer may occur but is less probable at the very low concen-
trations commonly used for synthesis because of the large distance between two individual

activators. !9 At high concentrations of Er’* doping, the common misconception is that
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cross-relaxation is the major quenching process, but it is in fact energy migration loss that
is mostly responsible for upconversion inefficiency. 103:104

Due to the high surface-to-volume ratio stemming from the nanometer dimension, many
lanthanide dopants are susceptible to surface-induced deactivation compared to their bulk
counterparts.3* Johnson et al. found that concentration quenching in nanocrystals is pre-
dominantly due to resonance energy transfer from dopant ion to surface, while interionic

103 For

cross-relaxation is the main reason for concentration quenching in bulk materials.
a long time, low doping concentration has been an obstacle to engineering small, bright
UCNPs as luminescent bioprobes. 3% The use of a core-shell structure can suppress these
surface-related quenching effects in nanocrystalline materials.'® The standard strategy is
to use a monolayer that matches the core nanoparticle lattice due to facile formation and
photochemical stability, for example, NaYF4: Yb, Er@NaYF,4:Yb, Er and NaYF,4:Yb,
Er@NaYF,. This removes the risk of nonradiative relaxations that prevail at nonepitax-
ial core-shell interfaces. Shell precursors can be injected into the solution of growing core
nanoparticles (hot-injection strategy), or the shell layer can be grown separately (heat-up
strategy). 100

Others including Zhao et al. and Gargas et al. showed that high excitation irradi-
ance (~10° W cm™) can help overcome concentration quenching at high dopant concen-
trations. 107198 While thulium is usually kept at less than 2 mol% at power densities below
100 W cm2, Zhao et al. were able to increase the concentration of the activator to 8 mol%
and achieve a 70-fold emission enhancement. Gargas et al. were the first to report ultra
bright sub-10-nm UCNPs that were highly doped with Er’T and excited at high power den-
sity. When there is high-energy incoming flux from the laser, nearly all the ions are excited
and very few are in the ground state. The large distance between ground state ions makes

cross-relaxation much less feasible. 1%

The downside of this strategy to bypass the con-
centration quenching effect is that condensed excitation power may not be compatible with

applications in living systems.

1.3.2 Synthesis methods

There are many chemical approaches for the synthesis of UCNPs, including coprecipitation,
thermal decomposition, hydrothermal/solvothermal, combustion, and sol-gel.'' Among
these, the three most widely adopted are the hydrothermal/solvothermal method, the thermal
decomposition method, and coprecipitation due to their reported effectiveness in fabricating
monodispersed, high-quality crystalline nanoparticles.!!! These three methods will be the
focus of discussion below.

The hydrothermal/solvothermal synthetic method features chemical reactions in aque-
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Figure 1.8: Energy transfer mechanisms for upconversion processes in Er’*, Tm3*, and
Yb3t doped crystals under 980 nm laser excitation. The dashed-dotted, dashed, dotted, and
full arrows represent photon excitation, energy transfer, phonon relaxation, and emission
processes, respectively. The colors of the full arrows show the colors of the corresponding
visible light emissions. Reproduced from Wang and Liu with permission from The Royal
Society of Chemistry. **
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ous or organic solvent above its critical point. ' Common solvents used in the synthesis
of NaYF; include ethylene glycol and ethanol.!'>"!1% An autoclave is used to achieve the
elevated pressure and temperature. ' ' The process can produce UCNPs with various sizes
and shapes (e.g. prisms, disks, and rods).'!> In addition, a variety of surfactants such as
polyethylenimine (PEI) and polyvinylpyrrolidone (PVP) can be anchored onto the surface
of the nanoparticles without the need for an additional modification step.!'?>~11% However,
the hydrothermal synthetic method still suffers from a couple drawbacks: long reaction
times are needed to produce uniform, monodispersed nanoparticles (e.g. 24 hours) and
the particles have a tendency to be on the larger side unless strict reaction conditions are
followed. % As a case in point, multiple studies reported in the literature using hydrother-
mal/solvothermal synthesis were unable to produce uniform, monodisperse, spherical UC-
NPs. 81:82.116

The thermal decomposition method requires much shorter reaction time while giving
well-shaped, small particles.'!> UCNPs produced via thermal decomposition can be as
small as 8 nm. "7 This makes the method suitable for producing UCNPs that are useful for
biosensing applications due to the benefit of better cell membrane permeability with smaller
size. In addition, it is desirable for intracellular sensors to be small in size so that they do
not interfere with the physiological processes of cells and their organelles.’* The thermal
decomposition method involves dissolving organic precursors (e.g. rare earth trifluoroac-
etates) in high-boiling-point solvents (e.g. oleic acid, oleylamine, and octadecene) at high
temperature under inert gas protection (see Figure 1.9).!15:118 These surfactants typically
have polar capping groups facing the nanocrystal and long hydrocarbon chains dangling in
solution. Disadvantages of the thermal decomposition method include production of toxic
species (fluorinated and oxy-fluorinated carbon species), rigorous synthesis requirements

(anhydrous and oxygen-free), and harsh reaction conditions (high temperature of up to 330
°(),97:117,119,120

Yietal. prepared NaYF4:Yb,Er nanoparticles in the presence of ethylenediamine tetraacetic
acid (EDTA) using a coprecipitation method. %> Fast injection of a rare earth-EDTA com-
plex into a NaF solution at room temperature with vigorous stirring results in the formation
of cubic UCNPs through a homogeneous nucleation process.®’ Annealing them at 400-600
°C transforms them into larger, hexagonal-phase particles with improved upconversion lu-
minescence.’! This is one of the simplest and most convenient methods for producing UC-
NPs due to the mild synthesis conditions, straightforward protocols, short reaction times,

and lack of need for costly specialist equipment.®’

High-temperature coprecipitation is considered to be the most reliable and user-friendly

method to produce highly uniform, hexagonal phase nanoparticles with controllable shapes
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Figure 1.9: General illustration of UCNP synthesis using oil-based methods. Reproduced
from Zhu et al. with permission from The Royal Society of Chemistry. 2!

and sizes. !?® Li and Zhang developed a protocol for nanocrystals with strong upconversion
fluorescence by forming small solid nuclei at room temperature before increasing the tem-
perature for crystal growth/ripening. This avoids the reaction of excess fluoride reactants at
high temperature, which can produce HF gas and other fluorinated species. The shape of the
NaYF4:Yb,Er nanocrystals (i.e. nanoplates, nanospheres, nanoellipses) can be controlled by
changing the ratio of OA/ODE. '?°

This protocol is a popular choice, but there remain a few disadvantages: it (i) requires
careful temperature control at 300 °C for one hour and (i1) is small scale, only producing
~100 mg of UCNPs per batch. This is not ideal for bioanalytical applications because there
are slight variations in size, shape, and elemental composition from batch to batch. To
address these issues, Wilhelm et al. developed a high-temperature coprecipitation method
that does not require stabilization at exactly 300 °C (heating the mixture to reflux instead at
~320 °C) and yields ~2 g of UCNPs in a single batch. After ~22 min of reaction at >300 °C,
the upconversion luminescence becomes visible when exciting the reaction vessel with a
980 nm cw diode laser (~10 W cm™2). At this stage, some of the UCNPs are larger B-phase
ones (~16 nm), while others are smaller &-phase ones (~5 nm). The mixture is cooled to
200 °C to prevent broader particle size distribution, then an additional heating step (>300
°C for ~5 min) is applied to dissolve the remaining @-UCNPs and grow the B-UCNPs. The
resulting OA-coated UCNPs are purely hexagonal phase and 22.74-0.7 nm in average core
diameter. Possibly due to the fewer number of surface defects, the UCNPs produced from
this method achieve a quantum yield (QY) of ~0.35% compared to those synthesized by
Boyer et al., which have a QY of ~0.1%.7°

As described above, the growth of NaREF,; nanocrystals in OA/ODE solvent is com-

monly used to obtain monodisperse 3-phase particles. It has been shown that this process
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Figure 1.10: Schematic of the growth stages of a-NaYF4:Yb,Er nanocrystals. Reprinted
and modified with permission from Mai et al. 1?6 Copyright 2007 American Chemical Soci-
ety.

occurs in two steps. The first product that forms is the metastable a-phase nanocrystals that
are then subsequently converted to thermodynamically stable B-phase nanocrystals. 124123
The o-phase particles form by nuclei formation, particle growth, dissolution, then aggre-
gation (Figure 1.10).!1>-126 When the reaction mixture is heated for sufficiently long time,
small B-phase seeds nucleate in solution. !?’ They then grow via the Ostwald ripening pro-
cess, in which the monomers from the disintegration of &-NaREF, nanocrystals diffuse

onto the surface of the B-UCNPs. 1?8

1.3.3 Photoluminescence properties

As briefly alluded to beforehand, the unique optical properties of lanthanide ions come
from their electronic [Xe]4 fN configurations (NV: =0-14).12° Firstly, the filled 552 and 5 p6
subshells shield the 4 f electrons, resulting in sharp and narrow f-f transition bands due to
weak interaction with the local environment (i.e. weak electron-phonon coupling). 30131
There are a couple selection rules that govern the transitions between electronic energy
levels that these Ln>* ions have to follow. An especially critical one that explains the optical
phenomena of upconversion nanoparticles is the Laporte rule, which specifies that the s, p,
d, and f orbitals in the same subshell cannot mix for ions in a centro-symmetric environment
(Al = 0).132 In other words, redistributing electrons within a subshell is forbidden so, for
example, 4 f—4 f transitions are forbidden.'33 This rule is relaxed when there is vibronic
coupling, resulting in asymmetry on the timescale of the electronic transition such that weak
absorptions can occur, accounting for UCNPs’ inefficient absorption of the exciting laser
light.”-134 This relaxation of the Laporte rule also explains the long luminescence lifetime
of UCNPs. 3> Tetrahedral molecules, which do not have a center of symmetry, are freely

allowed to mix orbitals within the same subshell so their 4 f—4f transitions may appear
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stronger. 132

In some cases, the absorption of water at 980 nm is a significant cause of concern be-
cause of overheating. This drawback, which decreases the power of the excitation light, lim-
its real-world biomedical applications, including photodynamic therapy (PDT) and imaging,
of conventional UCNPs that use Yb>* as the light-harvesting lanthanide ion. 3%137 A few
strategies have been established to shift the excitation wavelength from 980 nm to ~800
nm, where there is significantly less absorption of light by water. 33 Recent progress in the
development of dye-sensitized UCNPs overcomes the narrow absorption of lanthanide ions
by anchoring organic dyes with broad and intense absorption to the surface of UCNPs. The
dyes harvest the excitation light and transfer the energy via FRET and/or Dexter electron
transfer to the lanthanides. 13° For example, IR-806 absorbs NIR light at a maximum of ~800
nm and subsequently transfers the energy to Yb>T ions. The downside is that NIR organic
dyes have limited photostability. Because of advances in synthesizing multishell UCNP
nanosystems, another strategy of including Nd3* ions in the matrix as cosensitizers was
made possible. They absorb the excitation light and then transfer that energy to Yb3*. 133
The core-shell architectures are essential to prevent back-transfer from the activator to the

sensitizer and to ensure Nd** —Yb3* —activator energy transfer in that order. 40141

1.3.4 Surface modification

After synthesis by the strategies mentioned in Section 1.3.2 that produce high-quality, 3-
phase UCNPs, the particles are hydrophobic, coated with organic ligands, and thus not
soluble in water.!!! Especially for bioanalytical applications, surface modification of the
as-prepared UCNPs is necessary to convert them into hydrophilic ones that have good dis-
persibility in aqueous solutions, high colloidal stability, and functional groups that allow
for further conjugation with other molecules (e.g. antibodies, oligonucleotides) to bind to
target structures or analytes.’®142143 Functional groups such as hydroxyl groups, amines,
and carboxylic acids improve the dispersibility of the UCNPs in water. Surface ligands with
highly charged groups can especially prevent aggregation by exploiting electrostatic repul-
sion, which helps with their long-term stability.!*> Several approaches exist for surface
modification, including ligand exchange, ligand oxidation, ligand attraction, layer-by-layer
(LbL) assembly, and silica coating. 11142143 These five surface modification methods are
summarized in Table 1.1.

In the ligand exchange method, the organic molecules on the surface of the UCNPs
are exchanged for hydrophilic ligands, such as polyacrylic acid (PAA), polyethylene glycol
(PEG) and PEL '#* High temperature, an excess of the hydrophilic ligand, and an appropriate
solvent can improve the extent of the ligand exchange. '3 A solvent like DMF or DMSO that
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dissolves both polar and nonpolar compounds is suitable.®! The extent of ligand exchange
is also influenced by the number and type of coordination sites in the hydrophobic and new
surface ligand. Multidentate ligands with carboxylate groups are more efficient at ligand
exchange compared to monodentate ligands with amine groups. 43

PAA is a commonly used polymer for ligand exchange on UCNPs. 33 Some carboxylic
acid groups attach to the UCNP surface, and the remaining uncoordinated ones enable bio-
conjugation. The stability depends on the buffer type, from 24 h in PBS (pH = 7.4) to
several weeks in Tris-HCL buffer (pH = 7.4), because salts interfere with the electrostatic
repulsion of the negatively charged polymer.'*? PEI is also applicable for ligand exchange
reactions. In fact, Jin et al. found that the cationic UCNP-PEI greatly enhanced cellular
uptake when compared to UCNPs covered by neutral (e.g. PVP) or negatively charged (e.g.
PAA) polymers.3! Polyamidoamine (PAMAM) is another ligand with amine functionality.
The terminal amines coordinate to the surface of the UCNPs, and the other amines provide
multiple binding sites to allow for high loading capacity of probe molecules, which is highly
important when the interaction between probe and analyte is weak. Additional benefits of
PAMAM include its high hydrophilicity and biocompatibility. 143

One extremely useful method of ligand exchange relies on nitrosonium tetrafluorobo-
rate (NOBFy) to remove the oleate. The BF, attaches to the positively charged surface
to create nanoparticles that are not dispersible in water but in polar aprotic solvents such
as N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). After obtaining BF,
stabilization, the UCNPs can be stored for several months in DMF without signs of aggre-
gation. '® Furthermore, the BF, ligands can be exchanged for polymers like PAA or small
molecules like citrate.’® The BF, -stabilized UCNPs can also be subsequently coated with
organic dyes like rose bengal (containing carboxyl group) and sulforhodamine B (contain-
ing sulfonyl group) by replacing the BF, anions. Direct attachment minimizes the distance
between the UCNP and dye and is expected to enhance FRET. Maximum FRET efficiency

was found to occur when the diameter of the UCNPs was 21 nm. 1%

Alternatively, ligand-free UCNPs can be produced by removing the oleate ligands with
acids such as HCl. Oleates are protonated at low pH and thus dissociate from the UCNP
surface. '3 During this time, the surface of the ligand-free UCNP is also protonated to give
[LnOHzr ]---CI™. This positive charge gradually decreases as the pH changes towards the
isoelectric point (pH = 5.8) to give LnOH, and at pH > 7 the surface is negatively charged
because of further deprotonation to [LnO~]---H307.14¢ Thus, naked UCNPs display good
dispersion stability (i.e. absence of agglomeration) at pH < 4 and > 7.14 Afterwards, the
UCNPs can remain as is or be attached with new ligands in a separate step. !4’

Ligand oxidation reaction can be performed when the organic ligands have unsatu-



24 Introduction

rated carbon-carbon bonds. The Lemieux-von Rudloff reagent, comprising permanganate
(MnO; ) and periodate (IO, ), is used to simultaneously cleave the double bond between
Co and Cjq of oleic acid (OA) and form carboxyl groups. The procedure essentially coats
UCNPs with azelaic acid.**148

Ligand attraction between the hydrophobic surface ligands on the UCNPs and am-
phiphilic molecules improves dispersibility in aqueous dispersants without removing the
existing coating. Amphiphilic polymers have hydrophobic units like alkyl chains that can
interact with the oleate ligands and hydrophilic ends for water dispersibility.'*3 Budijono
et al. used Flash NanoPrecipitation to encapsulate hydrophobic UCNPs with block copoly-

mers such as polyethylene glycol-block-polycaprolactone (PEG-b-PCL). 149

Instead of using block copolymers to add on a hydrophilic layer to the UCNPs, one
can also use the LbL method to achieve the same outcome.?* Fabrication of multilayers is
achieved by adsorption of alternating layers of polyanions and polycations onto the nanopar-
ticles. Y For example, Wang et al. added a layer of positively charged polyallylamine hy-
drochloride (PAH) then a layer of negatively charged polystyrene sulfonate (PSS) onto their
UCNPs. 5! The LbL method is suitable for applications that require fine tuning of coating

thickness. **

Silica coating is another popular choice because the material is stable, easily function-
alized, and nontoxic.?? In the context of PDT, which is an emerging treatment modality
for diseases such as cancer, porous silica is especially favored.® The porous matrix traps
photosensitizers, yet is permeable enough to allow reactive oxygen species to diffuse out
and kill nearby cancer cells.”>!!! In addition, the encapsulation of photosensitizers pro-
tects them from degradation by the outside environment and prevents them from coming
into direct contact with the body.®® The well-known Stober process can be used to coat
hydrophilic UCNPs with a silica shell in the presence of tetraethyl orthosilicate (TEOS),
alcohol, ammonia, and water. !> Hydrophobic UCNPs are capped with silica using a mi-
croemulsion technique. A detergent allows the formation of reverse micelles that act as
nanoreactors, small aqueous compartments, where the silica shell is grown during the hy-
drolysis of TEOS.!'*? The addition of ammonia catalyzes the polymerization. !5 After the
growth of the silica shell, silanization with 3-aminopropyltriethoxysilane (APTES) in the

presence of alcohol yields amine-functionalized, silica-coated UCNPs. 152

Besides the high-energy vibrational modes of hydroxyl groups (3200-3600 cm~!) in
aqueous media, the C-H and O-H vibrational modes of stabilizing ligands can also con-
tribute to quenching.’%192 Arppe et al. found that up to 99.9% of UCNP quenching in water
could be explained by surface deactivation.'%? The surface dopant ions in incomplete coor-

dination environments are exposed to these quenchers, and the excitation energy of interior



1.3 Upconversion nanoparticles

25

Table 1.1: Summary of surface modification methods. Adapted from Wang and Liu with
permission from The Royal Society of Chemistry **

Schematic

Description

Ligand
———— e —
Exchange

Ligand exchange replaces the
original organic ligands with
other polymeric molecules
instead, allowing aqueous
dispersion and
bioconjugation.

Ligand
—>
Oxidation

*,

Ligand oxidation converts
the carbon-carbon double
bond of the original organic
ligands to a carboxylic
functional group.

*

Ligand
—_
Attraction

Ligand attraction relies on
adsorption of amphiphilic
molecules on the
nanoparticle surface. The
hydrophobic portion of the
copolymer is attracted to the
original ligand, and the
hydrophilic part faces
outward to enable aqueous
dispersion.

@

Layer by Layer
—_—
Assembly

Layer-by-layer assembly
describes the adsorption of
alternately charged polyions
on the nanoparticle surface
via electrostatic interactions.

Surface
—>
Silanization

Surface silanization is the
addition of organic functional
groups onto the nanoparticle

surface through hydrolysis
and condensation of silanes.
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ions can even be transmitted to the surface with the help of adjacent dopant ions for non-
radiative dissipation.”* As discussed above, smaller nanoparticles have a higher surface-to-
volume ratio, and consequently are more susceptible to surface quenching compared to bulk
materials. 1%

Thus, selecting the appropriate type of surface modification for the desired application
is important because ligands affect the upconversion efficiency / luminescence quenching
of UCNPs. To illustrate, particles obtained from ligand exchange are capped by a ligand
monolayer and thus have the potential for minimal distance between probe and UCNP, en-
abling more efficient FRET than those modified by deposition of an amphiphilic or silica
coating. Encapsulation strategies like ligand attraction, layer-by-layer assembly, and silica

coating add an additional shell on top of the original hydrophobic layer. ¢

1.3.5 UC-IFE sensors

Several UCNP-based sensors have been developed based on the inner filter effect. The first
optical pH sensing system based on upconversion luminescence was developed by Sun et
al. in 2009. %% They incorporated upconversion nanorods (NaYF4:Yb,Er) and bromothymol
blue (BTB) in a sensor film made of biocompatible polyurethane hydrogel. The film was
responsive from pH 6 to 10, so it could have potentially been used to sense blood pH, which
ranges from pH 6.8 to 8.0.!5 In a similar study, Wang et al. mixed NaGdF,; nanotubes
with BTB in buffer solutions to obtain a linear response from pH 6 to 8.!¢ The basic form
of BTB exerted a much stronger IFE on the red emission of the nanotubes compared to the
acidic form, but ratiometric calculations were unable to be performed on the single emission
band.

In 2012, Xie et al. successfully measured the pH of buffer solutions and whole blood us-
ing thin films embedded with upconversion nanorods and ETH 5418, a chromoionophore. 33
The responsive range was pH 6 to 11 for buffer solutions and pH 6 to 9 for blood. The ab-
sorption spectra of protonated and deprotonated ETH 5418 overlapped with the UCNP’s red
and green emission band, respectively. The response curve was derived from the ratio of the
red peak (656 nm) to the green peak (542 nm). Addition of ionophores allowed the sensor

to measure the concentration of metal ions (Na*, Ca?*) in solution.

1.3.6 UC-RET sensors

To generate ratiometric pH response curves, UC-RET systems require the close presence
of a pH indicator to the UCNP through electrostatic attraction, conjugation, or some other

means of immobilization. If the dye is a quencher, the sensing system can rely on the pH-
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dependent ratio of the green peak of the UCNP to the red peak of the UCNP (one or both of
which are attenuated by the pH indicator). If the dye also fluoresces, the ratiometric analysis
can be performed with the sensitized UC-RET emission and one of the UCNP peaks. Time-
resolved detection strategies are helpful to confirm the presence of RET in UCNP systems,
since the donor luminescence lifetime decreases when the acceptor is present. These types
of measurements are particularly appealing because the lifetime is relatively unaffected by
experimental parameters (e.g. excitation power density, luminophore concentration). !> For
example, the intensity of UCNPs is nonlinearly dependent on excitation power density as

described in the following equation:

[ P" (1.12)

where [/ is the intensity of the photoluminescence, P is the power density of the laser,
and n is the number of photons needed to produce upconversion. >’ On the other hand,
the dependence of luminescence lifetime on excitation power density is much more subtle:
when the UCNPs are 30 nm in diameter, the lifetime only increases three-fold when the
excitation power density is halved. '8

While there have been many studies on FRET in pH sensing systems where QDs are the
donor, UCNP-based FRET systems are still relatively unexplored. Their behavior can differ
from other nanoparticle-dye pairs because each UCNP contains many individual Er’* emit-
ters of varying distances from the acceptor,”® which is a very different scenario from the
1:1 stoichiometry found in most sensing systems based on QDs, CDs, etc. It is worth noting
that particles >15 nm in diameter have a significant fraction of their emitters beyond the
allowable distance for efficient FRET.!*> Although only the surface-near lanthanide emit-
ters transfer energy nonradiatively (FRET), these center-near emitters can transfer energy
radiatively (photon reabsorption).’>!%?

Li et al. decorated core-multishell UCNPs with hemicyanine dyes for a RET-based
ratiometric pH fluctuation-nanosensor. It linearly senses pH in the 6.0-9.0 range, but it has
difficulty entering living cells in acidic conditions, which limits biomedical applications
involving cancer and other diseases.'®® Ma et al. developed a probe comprising UCNPs
functionalized with xylenol orange that is capable of detecting pH in solution and living cells
and shows sensitivity to pH intracellularly from 5 to 8 with image channel ratio ranging from
~1 to ~5.78 Both publications assume RET is responsible for the sensing effect based on the
overlap between the absorption spectrum of the pH indicator and the emission spectrum
of the UCNP, but this is merely a sufficient condition (not a necessary condition) for the
non-radiative phenomenon to occur. There is still a shortage of studies on the pairing of

UCNPs and organic dyes for upconverting pH nanosensors that go beyond proof of concept
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and explore the fundamentals of energy transfer between the two moieties.

The Schiferling group has made progress in characterizing the interaction between
UCNP and a rhodamine derivative called pHrodo Red. Arppe et al. designed a pH-sensitive
upconverting nanoprobe that linked pHrodo Red to aminosilane-coated UCNPs to quali-
tatively evaluate pH in HeLa cells, determining whether certain microenvironments expe-
rienced lower pHs than others.>* The sensitized red emission of the pHrodo Red was too
weak for quantitative analysis, but in a subsequent paper from the same group, Nireoja et al.
achieved higher loading by using the abundance of amino groups in polyethylenimine (PEI)
to couple the dye. They assigned an upconversion resonance energy transfer (UC-RET)
mechanism to the system after observing a decrease in lifetime, although they were not able
to exclude photon reabsorption. They were then able to study membrane trafficking and its
associated pH changes through confocal microscopy. ’?

Two recent studies reported UCNP-fluorescein conjugates as pH probes, but each had
their limitations. In the earlier publication, Li et al. were able to obtain a change in ratio
of 3.63 unit per unit of pH between pH 3.0-7.0 in buffers but failed to show quantitative
pH weighted images, only images of how the nanosensors colocalized with a lysosome dye
in QBC939 cells.'®! In the later report by Du et al., the live cell quantitative imaging was
only achievable down to pH 5.0, which is above the pH attained by late endosomes and

lysosomes for degrading internalized material. 162-164

Moreover, they did not calculate and
discuss the sensitivity of their nanosensor.
While one study by Jin et al. reported that PEI-coated UCNPs enter mammalian cells

through clathrin-mediated endocytosis, !

no similar study was performed for the UCNPs
modified with pH dyes in the above publications. It is possible that modifying the surface
of the UCNP with a dye could change the uptake process. The mechanism by which the
nanosensor is taken up by the cells is important because it limits the type of drug that can be
tracked in drug delivery studies. For example, nanosensors that enter through the clathrin-
mediated endocytosis pathway would be unable to sense pH in the endosomes/lysosomes

that contain drugs entering through the caveolae-mediated endocytosis pathway.

1.3.7 Toxicity studies

Because nanoparticles used in fluorescence imaging come in contact with cells, toxicity
studies are important for understanding their interactions with biological systems. Rare
earth elements are known to have lower toxicity than the semiconductor elements used in
QDs (LDs is more than one thousand times that of QDs).3" Nevertheless, the physical and
chemical properties of entire nanoparticles may cause adverse effects in biological systems.

The behavior of UCNPs in biological environments is difficult to predict, depending on
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NaYF, nanoparticles Quantum dots
Control 500 pM 500 pM

Figure 1.11: Heart function of zebrafish after treatment with upconversion nanoparticles
versus quantum dots to visualize toxicity differences. The zebrafish are modified to express
GFP in the heart. The hearts of the control and zebrafish treated with NaYF, nanoparticles
show little difference. The heart of the zebrafish treated with QDs is noticeably smaller and
abnormally shaped. Reproduced from Sun et al. with permission from The Royal Society
of Chemistry.'®® Original figure from Jang et al., Copyright 2014, with permission from
Elsevier. 1%

their chemical composition, surface characteristics (e.g. charge, functionality), physical
parameters (e.g. size, shape), etc. %3

Even the form which the surface coating is in affects its interaction with organisms.
Freestanding PEI is toxic to cells, but it exhibits low toxicity in particulate form.'® Jin
et al. measured the viability of HeLa cells after treating with NaYF4:Yb/Er-PEI, and at a
concentration of 0.25 mg/mL, which is five-fold that used in live-cell imaging, there was no
evidence of cytotoxicity.®! Another MTT assay in HeLa cells but with BaGdF5:Yb,Er-PEI
demonstrated that cell viability remains greater than 95% at a concentration of 1 mg/mL. %’

Jang et al. carried out toxicity assessments of hydrophilic UCNPs in zebrafish (Figure
1.11). When zebrafish were treated with 500 pM of B-NaYF4:Ce,Tb nanoparticles, the
morphology of their hearts were similar to that of the zebrafish in the control group. In
comparison, zebrafish that were treated with the same concentration of QDs had hearts that
were smaller and without loops. This indicated that QDs delayed development of the heart
in embryos. 168:169

The results from toxicity studies in murine models vary slightly. One study concluded
that silica-coated UCNPs are mostly cleared by seven days after injection in rats.!’® Another
study showed that PAA-UCNPs took up to 115 days to be excreted from mice. Within that
time frame, UCNPs were imaged in the liver and spleen. The different retention times be-
tween the two studies are likely caused by the differences in dosage, size, aggregation, sur-

face coating, and animal type. Nonetheless, even in the second study with longer retention
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time, the mice did not experience any adverse effects to their health, and the authors con-
cluded that the upconversion nanophosphors could be used for long-term targeted imaging
and therapy studies in vivo.!”! Recently, Yu et al. studied the biodistribution, excretion, and
toxicity of PEI-modified UCNPs in mice using different administration routes (intravenous,
intraperitoneal, and intragastric). They found that this surface modification is quite promis-
ing for bioprobes due to the particles’ low toxicity, minimal accumulation in the liver and
spleen, and obvious excretion from the body through feces after intravenous injection. !72
Most other studies in addition to the ones described above indicate that the UCNPs have
little to no toxicity.!’3 However, there is still no guarantee that UCNPs are without health
risks when used for biomedical applications. There are currently no reports on long-term
toxicity (i.e. several animal generations) nor studies done to observe secondary toxicity ef-
fects from UCNP decomposition products. !9 Further studies are necessary to gain a com-
plete picture of the nanotoxicology of UCNPs. Until this is established, the commercial
applications of UCNPs may be limited in spite of their advantages compared to traditional

approaches.

1.4 Aims and objectives

This thesis aimed to develop and characterize UCNP-based ratiometric probes for sens-
ing and imaging of pH in buffer solutions and cells. So far, studies on UCNPs and pH-
sensitive dye combinations focused on their potential use in these media, but the interaction
between UCNPs and different pH indicator dyes still requires further review. Here, the pH-
dependent effect of CaR and ARS on UCNPs was investigated. Anthraquinones are quite
established and well-characterized in the literature, including a prior study in the Cambridge
Analytical Biotechnology group that coupled them with QDs,?? so they were chosen here as
model UCNP coupling partners. CaR and ARS are interesting since they are anthraquinones
with absorption bands that have strong overlap with the green emission of NaYF4:Yb, Er
particles. After thorough understanding of the sensing mechanisms that govern UCNP-
dye combinations, UCNPs were conjugated to a recently commercialized pH sensor dye
called pHAD that has strong fluorescence and high enough signal-to-background ratio to be
used for confocal microscopy and live cell imaging.'”* The performance of UCNP-pHAb
nanoprobe in measuring pH inside SH-SY5Y cells was compared to previously reported ra-
tiometric intracellular pH imaging probes. Colocalization analysis and endocytosis pathway
studies were then performed to determine the subcellular location of UCNP-pHADb and de-
duce the mechanism by which the nanosensor is taken up by the cells. Finally, cytotoxicity

studies were conducted to confirm the biocompatibility of the nanosensors.



1.4 Aims and objectives 31

The following goals were defined to achieve the project:

1.

Fabricate and characterize UCNPs using different synthesis methods to identify the
one that produces the highest quality UCNPs for biosensing applications (-phase,

monodisperse, uniform shape, <100 nm) while remaining highly reproducible

Select shell addition and surface modification strategies that match the pH sensitive

dyes and sensing mechanism (inner filter effect, resonance energy transfer)

. Investigate the interaction mechanism (inner filter effect, resonance energy transfer)

between UCNPs and different anthraquinone indicators (CaR, ARS)

. Measure the pH-dependent effect of the anthraquinones on the UCNPs

Evaluate the in vitro performance of UCNP-pHADb for intracellular pH measurements

Determine the subcellular localization and endocytosis pathway of UCNP-pHAD in
SH-SYS5Y cells

. Assess the cytotoxicity of UCNP-pHAD in SH-SYSY cells






Chapter 2

Rational design of upconversion
nanoparticles for sensing

2.1 Introduction

For bioanalytical applications, UCNPs have to fulfill several conditions that can be accom-
plished through different synthetic strategies and post-synthetic treatments. One require-
ment is water dispersibility, so if the chosen synthetic strategy yields hydrophobic UC-
NPs, hydrophilic ligands have to be introduced. Another requirement is colloidal stability,
so it is essential to synthesize nanoparticles that are monodisperse and non-agglomerated.
To achieve high signal-to-noise ratio, the UCNPs have to be highly luminescent, which
demands pure, hexagonal phase crystals.”® The shape and surface chemistry of nanopar-
ticles also affect their interaction with cellular membranes and the resulting uptake effi-
ciency.!7>176 Depending on whether the sensing scheme relies on inner filter effects or
FRET, surface modifications that use a ligand exchange method, add an amphiphilic layer,
or coat a layer of silica may be better suited for one application over another.’% In particular,
shell sizes play a role in FRET efficiency by increasing or decreasing the distance between

the lanthanide ion and nearby acceptor molecules. !4

There are various nanochemistry approaches to synthesize lanthanide-doped lumines-
cence nanoparticles that each have their own challenges. The phase and size of UCNPs
are difficult to adjust by the solvothermal/hydrothermal route because the PTFE reaction
vessels make it impossible to observe the nanocrystal growth during the course of the syn-
thesis. 7178 The reaction times can take up to several days, so optimizing the reaction pa-
rameters is incredibly time-consuming.!’® Some research groups reported success in syn-

112 179

thesizing hexagonal UCNPs, "'~ while others were only able to synthesize cubic ones.
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For thermal decomposition, there are a large number of variables that control UCNP mor-
phology, phase, and size and thus make reproducible syntheses exceptionally challenging.
These parameters include temperature, reaction time, lanthanide precursor composition, lig-
and selection, heating rate, cooling rate, and solvent volume ratios. 818! In another study,
Yan et al. reported that at the elevated temperatures required for thermal decomposition, the
ligand-metal association weakens and can result in polydisperse particles that are irregularly

shaped. 182

These examples highlight a major hurdle that UCNPs face in their road to commercial-
ization. In a recent perspective, Wilhelm emphasized that the next decade of research on this
nanomaterial has to evolve from the academic setting into real world applications for it to
reach its full translational potential. 138 A key part of reaching this goal is standardizing pro-
tocols and instruments to enable direct comparison of results from different research groups.
In order for UCNPs to be used commercially for diagnostics, for instance, every batch of
UCNPs made from large scale manufacturing would have to be consistent in size, phase,
shape, and coating coverage. It would be impractical to require clinicians to recalibrate
an upconverting nanosensor every time it was used in a healthcare setting. A comparative
study on UCNPs synthesized from different methods was performed to identify the best one
in terms of reproducibility and characteristics for bioanalytical sensing. Surface modifica-
tion was also performed when the synthesis method yielded hydrophobic materials to enable

water dispersibility, which is needed in bioimaging and bioassays. '8

The coatings discussed in this chapter were selected for the applications described in
Chapters 3 and 4. In Chapter 3, where UCNPs are mixed with anthraquinone dyes as pH
sensors in buffer solutions, the formation of an additional layer on the surface of the UCNP
using amphiphilic reagents was selected because this method results in particles that are
highly stable in aqueous solutions. The fact that the thickness of the outer layer increases
from ligand addition was not an issue for this application. '8 The anthraquinone dyes were
also attached to the UCNPs through electrostatic attraction. For this type of sensing strategy
that may rely on resonance energy transfer, the thickness of the coating must be minimized.
In this case, two-step methods relying on complete ligand exchange were ideal because
this process attaches new ligands without drastically enlarging the size of the particle. 83
Chapter 4 relies on a pH-sensitive dye called pHAb that increases in fluorescence as the
surrounding environment becomes more acidic. The pHADb has to be conjugated to the
UCNP to enable quantitative sensing in cells by way of multiphoton confocal microscopy.
pHAD is an amine reactive dye so PEI was an ideal choice for the hydrophilic surface coating
of the UCNP due to the presence of primary amines for reaction with the succinimidyl ester

group of the dye. 8% PEI also performs well as a coating in cellular imaging applications
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because its positive charge enables the particle to traverse the cell membrane without the

addition of other molecules to stimulate endocytosis. 8!

2.2 Materials and methods

2.2.1 Materials

Sodium chloride (99+%) was obtained from Acros. Ytterbium (III) nitrate pentahydrate

(99.9%) was from Aldrich. Yttrium (III) nitrate hexahydrate (99.9%), erbium (III) nitrate

pentahydrate (99.9%), ytterbium (III) oxide (99.9%), erbium (III) oxide (99.99%), gadolin-

ium (IIT) oxide (99.99%), lutetium (I11) oxide (99.99%), yttrium (III) oxide (99.99%), sodium
fluoride (99.99%), sodium trifluoroacetate (98%), ethylene glycol (99%), and trifluoroacetic

acid (99%) were from Alfa. Ethylenediaminetetracetic acid disodium salt dihydrate (ACS

reagent, 99.0-101.0%) and ammonium fluoride (ACS reagent, >98.0%) were purchased

from Sigma.

Yttrium chloride hexahydrate and ytterbium chloride hexahydrate (both >99.9%) were
purchased from Treibacher Industrie AG. Oleic acid and 1-octadecene (both 90%) were
obtained from Alfa Aesar. Ammonium fluoride, erbium chloride hexahydrate (99.99%),
sodium hydroxide, poly(isobutylene-al/t-maleic anhydride) (PMA) (average M,, ~6 kDa),
dodecylamine (98%), polyethylenimine (PEI) (average M,, ~25 kDa), 4-amino-1,3-dihydroxy-
anthraquinone-2-sulfonic acid (calcium red) (CaR), nitrosyl tetrafluoroborate NOBF4 (95%),
citric acid monohydrate, disodium phosphate heptahydrate, and 3,4-dihydroxy-anthraquinone-
2-sulfonic acid (alizarin red S) (ARS) were purchased from Sigma-Aldrich. All other chem-

icals were purchased from Sigma-Aldrich, Merck, or Acros.

2.2.2 Solvothermal synthesis

The synthesis of PEI-modified NaYF,: 20% Yb*, 2% Er** particles was developed via a
modified literature procedure. 113,185 2 5 mmol NaCl, 0.4 g PEIL, 0.78 mmol Y(NO3)3-6H,0,
0.2 mmol Yb(NO3)3-5H;0, and 0.02 mmol Er(NO3)3-5H,0 were dissolved in ethylene
glycol (15 mL) under vigorous stirring with a magnetic stir bar. After the solution became
transparent, NH4F (4 mmol) in ethylene glycol (10 mL) was dropwise added to the solution
under vigorous stirring with a magnetic stir bar. After stirring for another 10 min, the whole
mixture was transferred into a 45 mL Teflon-lined stainless steel autoclave. The autoclave
was sealed and heated under 200 °C for 24 h. After the autoclave cooled down to room
temperature naturally, the NaYF4: Yb, Er UCNPs were collected by centrifugation and

washed with deionized water and ethanol three times.
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2.2.3 Thermal decomposition

The synthesis of lanthanide trifluoroacetates was modified from previously reported pro-
tocols. 19186 71,6 mg of Lu,O3 (0.18 mmol), 98.5 mg of Yb,O3 (0.25 mmol), 3.83 mg
of Er,0O3 (0.01 mmol), and 21.7 mg of Gd;0O3 (0.06 mmol) were added to 10 mL of 50%
aqueous trifluoroacetic acid in a round-bottom flask, and the mixture was refluxed at 80 °C
until it became clear. The solution was then removed from reflux, and the residual water
and acid were slowly evaporated at 60 °C until completely dry. The setup was then cooled
to room temperature.

The thermal decomposition method was adapted from previously described procedures. '17-187
To the reaction flask of Lu(CF;C0O0)3, Yb(CF3COO)3, Er(CF;C0O0)3, and Gd(CF;C0OO0)3
at room temperature were added given amounts of NaCF3COO (2.0 mmol, 0.2720 g), 8.47
g oleic acid (90%, 30 mmol), and 8.42 g 1-octadecene (90%, 30 mmol). The mixture was
heated to 140 °C under vacuum and maintained for several hours under vigorous stirring
to completely remove water and oxygen from the flask. The pellucid solution was heated
to 320 °C or 340 °C under nitrogen protection and maintained at this temperature for 1.5
h. After cooling to room temperature, the produced nanoparticles were washed with 50
mL ethanol and cyclohexane (1:1 v/v) three times, collected by centrifugation, and then
dispersed in chloroform.

2.2.4 Low-temperature coprecipitation

The low-temperature coprecipitation method was modified from one described by Yi et
al.'?? Rare earth nitrate stock solutions of 0.2 M were prepared by mixing 0.766 g of
Y(NO3)3-6H;0 in 10 mL deionized water, 0.180 g of Yb(NO3)3-5H,0 in 2 mL deionized
water, and 0.044 g Er(NO3)3-5H,0 in 0.5 mL deionized water. The final solutions were ad-
justed to pH 2 with hydrochloric acid to avoid hydrolysis. A stock solution of 0.2 M EDTA
was prepared by dissolving 0.744 ¢ EDTA in 10 mL deionized water.

0.21 g of NaF was dissolved in 6 mL of deionized water. Another solution was prepared
by mixing together 1.6 mL of 0.2 M Y(NO3)3, 0.34 mL of 0.2 M Yb(NO3)3, 0.06 mL of 0.2
M Er(NO3)3, and 2 mL of 0.2 M EDTA stock solutions to form the metal-EDTA complex.
The complex solution was injected into the NaF solution quickly using a needle and syringe,
and the mixture was stirred for 1 h at room temperature. Precipitates from the reaction were
centrifuged, washed three times using deionized water, and washed once with ethanol. The
precipitates were then dried under vacuum, and a white powder was obtained.

The nanoparticles were then annealed under a nitrogen atmosphere by heating them to

400 °C at arate of 7 °C per min, and this temperature was maintained for 30 min or 5 h. The
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particles were then naturally cooled down to room temperature under the same atmospheric

environment.

2.2.5 High-temperature coprecipitation

This high-temperature coprecipitation method was based on a procedure by Li and Zhang
and optimized by Wilhelm et al.”®!20 QOleate-capped NaYF4: 20% Yb, 2% Er@NaYF,
nanocrystals were synthesized. The molar doping ratio of 20% Yb and 2% Er was selected
due to its well-established usage in literature. %188 To synthesize core-shell UCNPs, the
core material (3-NaYFy: Yb, Er particles) and shell precursor (o-NaYF,) were synthesized
separately. An additional reaction step added the shell precursor to the core material to
produce core-shell particles.

The following describes the synthesis of 1 mmol of B-NaYF4: 20% Yb, 2% Er particles,
but the protocol can be scaled up to 20 mmol batches. The corresponding molar ratios of
the lanthanide chloride hexahydrates were dissolved in 5 mL of methanol and transferred
into a three-neck round bottom flask. Oleic acid (8 mL) and 1-octadecene (15 mL) were
added under nitrogen flow. The mixture was heated to 160 °C then a vacuum was applied
for 30 min, after which a clear solution formed. After the solution was cooled to room
temperature, ammonium fluoride (4.0 mmol) and sodium hydroxide (2.5 mmol) were dis-
solved in methanol and added to the flask. The solution was maintained at 120 °C for 30
min then heated to 325 °C. A 980 nm cw laser module (200 mW, 130 W cm'z) was used
to monitor the reaction progress. The reaction was maintained for an additional 8 minutes
after upconversion luminescence could be observed by the naked eye. The reaction mixture
was cooled to room temperature using a heating gun. The particles were precipitated by
adding ethanol and collecting by centrifugation at 1,000 g for 5 min. The precipitate was
washed twice with chloroform/ethanol (1:10 v/v) and three times with cyclohexane/ethanol
(1:10 v/v) by repeated redispersion-precipitation-centrifugation cycles. The particles were
dispersed in cyclohexane (10 mL), centrifuged at 1,000 g for 3 min to remove remaining
aggregates, and the clear supernatant was collected.

The synthesis procedure for @-NaYF, was identical to that for B-NaYF4: Yb, Er (de-
scribed above), except for the last heating step. Here, the mixture was heated to 240 °C for
30 min. The core material (3-NaYF4: Yb, Er particles) and shell precursor (-NaYF parti-
cles) dispersed in cyclohexane were transferred into separate three-neck round bottom flasks
under nitrogen flow. Oleic acid (5 mL) and 1-octadecene (5 mL) were added. Both flasks
were heated to 100 °C, and a vacuum was applied for 30 min to remove the cyclohexane.
Next, the hexagonal particles were heated to 325 °C and the cubic particles were kept at 100

°C under nitrogen flow. Small volumes (<3 mL) of the shell precursor were injected into the
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other flask every 10 min, making sure to prevent the temperature dropping below 300 °C.
The suspension was cooled to room temperature using a heating gun 10 min after the last
injection. The same redispersion-precipitation-centrifugation steps as described above were
performed to precipitate and purify the core-shell nanoparticles.

2.2.6 Surface modification for uncapped UCNPs

Hydrophobic, oleate-coated upconversion nanoparticles were rendered water dispersible by
a two-step ligand exchange. In the first step, the oleic acid was removed via NOBF4. There-
after, the nanoparticles were dispersed in a two-phase system (equivalent volumes of cyclo-
hexane and DMF), NOBF; (1 mg per 1 mg UCNPs) was added, and the mixture was stirred
vigorously for 20 min at 30 °C.

Afterwards, the nanoparticles were transferred from the cyclohexane phase to the DMF
phase, whereas the free oleic acid stayed in the cyclohexane phase. The cyclohexane phase
was rejected, and the BF4~ stabilized particles were precipitated with an excess of chlo-
roform and separated by centrifugation (1000 g, 5 min). The resulting gel-like pellet was
redispersed in DMF and washed one time with chloroform/DMF. Finally, the pellet was dis-
persed in the desired volume of DMF and centrifuged (1000 g, 3 min) to remove aggregates.

The supernatant was collected and stored in the dark at 4 °C.

2.2.7 Surface modification with PEI

100 mg PEI (high molecular weight) was dissolved in 8 mL double distilled water and
heated up to 50 °C under magnetic stirring. 40 mg of the uncapped UCNPs dispersed in 2
mL DMF were added dropwise. The dispersion was heated to 80 °C and stirred for 90 min
under reflux. The particles were centrifuged at 21,000 g, washed with double distilled water,
and redispersed by sonication. The washing step was repeated three times. The particles
were filtered with a 220 nm PES filter. The concentration of the particles was determined
by ICP-OES.

2.2.8 Surface modification with PMA

Poly(isobutylene-alt-maleic anhydride) (M,, 6000) was modified with dodecylamine side
chains as reported in the literature. '3 75 mg of the oleate-capped, core-shell nanoparticles
were dispersed in 2 mL chloroform and 560 uL of the polymer solution (¢cM = 0.5 M)
was added. The dispersion was stirred for 30 min for room temperature. Chloroform was

removed with a rotary evaporator. The particles were dispersed in 15 mL NaOH solution
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(0.2 M), assisted by sonication. Afterwards, they were centrifuged at 21,000 g, washed with
double distilled water, and redispersed by sonication again. This washing step was repeated
three times. The particles were filtered with a 220 nm PES filter. The concentration of the
particles was determined by ICP-OES.

2.2.9 Photoluminescence spectroscopy

The UCNPs were excited at 980 nm with a Spectra-Physics Mai Tai Ti:Sapphire NIR/IR
laser (Newport). The laser power was set to 500 mW. The emission spectra were measured
with a USB spectrometer (Ocean Optics). A 750 nm shortpass filter (Thorlabs) was used to
protect the spectrometer from being flooded with light from the laser. The UCNP samples
were diluted to a concentration of 1 wt% in cyclohexane in a UV fused quartz cuvette
(Thorlabs). Analyses of the spectra were performed with PlotDigitizer (SourceForge). The
UCNPs were also excited with the tunable setting of the laser from 900-1020 nm using a
step size of 1 nm. The heat map showing emission intensity as a function of excitation was
created with Igor Pro software (WaveMetrics).

Luminescence spectra were also obtained with an AMINCO-Bowman Series 2 lumines-
cence spectrometer (formerly from Thermo Fisher) in which an external cw 980 nm laser
module (focusable, power ranging from 200 mW) (Picotronic) was installed. All spectra

were recorded at room temperature.

2.2.10 X-ray diffraction

Powder XRD patterns were collected on a Bruker D8 diffractometer at a scanning rate of
1.5%min in the 20 range from 10 to 80° (Cu Ko radiation, A = 1.5406 A) or a STADI P
diffractometer (STOE) equipped with a Mythen 1K detector (Dectris) with a resolution of
0.005° (26) and a monochromatized Cu Ko 1 radiation (A = 1.54056 A).

2.2.11 Transmission electron microscopy

Images of the UCNPs were taken with a Tecnai G2 80-200 kV TEM (FEI) set at 200 kV
or 120 kV Philips CM 12 transmission electron microscope (FEI). The sizes were calculated
from TEM images by measuring and averaging the diameters of particles with ImageJ soft-
ware (National Institutes of Health). The exception was the hexagonal NaLLuF, particles,
whose images were taken with a Tecnai 20 TEM (FEI). The microscope was also set at 200
kV. The size of these particles was calculated from TEM images by measuring and averag-

ing the diameters of 50 particles with ImagelJ software, version 1.501 (National Institutes of
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Health). In all cases, samples were prepared by placing a drop of cyclohexane solution with
UCNPs on the surface of a copper grid. Energy-dispersive X-ray (EDX) analysis and EDX
elemental map of the hexagonal NalLuF, particles were also performed during the TEM
measurements with the Tecnai 20.

2.2.12 Scanning electron microscopy

Images of the hexagonal NaLuF, particles were taken with a Verios 460L (FEI). The sample
was prepared by placing a drop of cyclohexane solution with UCNPs on the surface of 400
mesh holey carbon support films (EM Resolutions). The thickness of these particles was
calculated from SEM images by measuring and averaging the thicknesses of 20 particles

with ImageJ software (National Institutes of Health).

2.2.13 Zeta, DLS, and ICP measurements

Dynamic light scattering and §-potential measurements were performed with a Zetasizer
Nano ZS (Malvern) at a constant temperature of 20 °C. Samples and standards (Y3, Ert,
Yb**) of known volume were analyzed with an inductively coupled plasma optical emission
spectrometer (ICP-OES) (Spectro) to determine the rare-earth ion content of the UCNPs and
concentration of the UCNPs in solution. Electrons take up high energy from the plasma,
and light is emitted when the electrons drop back down to ground level. Each element
has a distinct emission spectrum. The intensity can be measured and, with the calibration,
used to calculate the composition (%) then concentration (mmol/L) of ions in solution. The
concentration of UCNPs in solution can then be calculated from the concentration of ions
and molar mass of the UCNPs.

2.3 Results and discussion

2.3.1 UCNPs from solvothermal synthesis

Water-soluble, PEI-coated UCNPs were first synthesized using the solvothermal method
due to its one-pot technique that requires only one preparatory step. In other words, this
synthesis method is simpler compared to the others because a separate surface modification
step is not needed. The solvothermal technique requires lower temperatures than other
synthetic methods like thermal decomposition because it depends on a sealed autoclave
that prompts crystallization by bringing the solvent to temperatures and pressures above the

critical point. 12180
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The luminescence spectrum of the UCNPs produced with this method is shown in Figure
2.1a. The emission bands were not sharp, and on top of this, the emission was not visible
to the naked eye, unlike those of UCNPs reported in the literature. !!7:142.188.190.191 Eyrther
investigation by XRD (Figure 2.1b) revealed that the particles were purely in the cubic
phase, which has significantly lower upconversion efficiency than B-UCNPs. See Appendix
A for additional information on XRD. In fact, it has been found that the green emission of
B-NaYFy: Yb, Er is 10 times stronger than that of its c-phase counterpart.”” Moreover, the
bimodal size distribution from the DLS measurement revealed the presence of aggregates
(Figure 2.1c). Aggregates of nanoparticles show up as a second peak because they are
several times the size of the individual particles.!°> The first peak indicates one group of
particles that avoided agglomeration, but the second peak suggests a second group that
formed clusters several hundred nanometers in size. Chen et al. also reported water-soluble
UCNPs with broad size distribution and poor shape from one-pot synthesis. '

The mixture was reacted for 24 h at 200 °C, yet the phase of the resulting UCNPs was
still the same as that of the UCNPs produced from autoclaving for 2 h by Cong et al.!”®
Shang et al. reported that the phase transformation process (o — ) occurs gradually when
reaction time goes from 3 h (mixture of cubic and hexagonal phase) to 24 h (pure hexagonal
phase), 193 but that was not observed here. Furthermore, the ratio of F/Ln3*, which has been
shown to be an important factor in obtaining uniform nanocrystals, ' was kept the same
as that used in solvothermal procedures that had produced monodisperse particles, 3133
but polydisperse UCNPs were still produced here. Even if hexagonal particles had been
produced, they likely would have been bigger size microcrystals. !> From these results, it
appears that UCNPs synthesized under a solvothermal condition may have issues of repro-
ducibility that are important to consider for adoption outside the research environment. It is
concluded that another synthesis method is preferable to produce UCNPs that meet the size

and phase criteria for applications in pH sensing.

2.3.2 UCNPs from thermal decomposition

UCNPs were next synthesized using thermal decomposition, which produces hydrophobic
particles capped with OA. With this method, Liu et al. fabricated sub-10 nm -NaLuF4
nanocrystals with Gd>* doping for inducing phase transition and reducing average crystallite
size. They found that their nanocrystals outperformed B-NaYF, nanocrystals on emission
intensity at the same concentration in cyclohexane.'!” Thus, NaLuF, was chosen as the host
material here due to its superior upconversion efficiency.

The upconversion luminescence spectrum of the synthesized NaLuF4: 12% Gd, 50%

Yb, 2% Er nanocrystals is shown in Figure 2.2a. They displayed the characteristic green
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Figure 2.1: (a) Luminescence spectrum of PEI-coated UCNPs synthesized via solvothermal
synthesis. The 1 wt% colloidal solution in water was excited by a 980 nm laser. (b) Ex-
perimental powder XRD data from solvothermal synthesis (upper part) and standard XRD
pattern (lower part) for -NaYF,. The calculated line pattern for the &-NaYF, structure
was taken from Heer et al.!® (c) Intensity-weighted histogram of particle diameters ob-
tained from DLS.
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Figure 2.2: (a) shows the luminescence spectrum of OA-coated UCNPs synthesized via
thermal decomposition. The 1 wt% colloidal solution in cyclohexane was excited by a 980
nm laser. (b) shows that the luminescence intensity of the nanoparticles is strong enough
to be seen by the naked eye. (c) shows a heat map of o-NaLLuF4 nanoparticles synthesized
via thermal decomposition at 320 °C. The purple to yellow gradient represents low to high
emission intensity.
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and red emission bands corresponding to the transitions from the emitting energy levels
of the Er’* ions.!8” Unlike the particles described in Section 2.3.1, the particles here had
sharply defined luminescence emission bands. The green emissions at 514-534 and 534-560
nm result from the *H /2 and 4S, /210 5 /2 transitions, respectively, and the red emission
at 635-680 nm originates from the *F, )2 to 5 /2 transition (Figure 1.8). The luminescence
appears yellow in color to the naked eye due to the combination of green and red emissions
(Figure 2.2b). The A4, of the green peak was 540 nm, while the A, of the red peak
was 650 nm. The Gd** ions do not participate in the energy transfer mechanisms but were

introduced to help reduce the average crystallite size.'!”

A heat map was also produced to verify that 980 nm is the optimal excitation wave-
length for UCNPs. In order to determine the excitation wavelength that results in the best
upconversion efficiency, the laser was scanned in the 900-1020 nm NIR range while the
upconversion emission was simultaneously captured. Figure 2.2¢ confirms that the most in-
tense green and red emissions result when the UCNPs are excited at wavelengths near 980
nm, which supports the excitation wavelength used in the vast majority of previous publica-
tions on UCNPs. ?L:115:118.135 The upconversion efficiency dropped off significantly below
972 nm or above 983 nm, indicating that excitation wavelength should be kept within this
narrow range. The heat map also suggests that exciting UCNPs at lower wavelength (e.g.
920 nm) results in blueshift. The emission in the bottom right corner of Figure 2.2c resulted

from laser leakage through the shortpass filter.

Figure 2.3 shows a TEM image of the UCNPs. The particles showed some polydisper-
sity in shape and size, which can be explained by imperfect crystal growth during synthesis.
They exhibited approximately spherical morphology with an average diameter of 30 nm
(calculated from TEM images). The diameter distribution ranged from 15 to 45 nm. At
37+6 nm, the effective diameter measured using DLS was slightly larger than the average
diameter calculated from TEM. This was expected because DLS calculations account for
the coating material (i.e. OA) and solvent layer, while TEM measurements capture only the

inorganic core. '

The sharp diffraction peaks of the experimental XRD pattern (Figure 2.4a) demonstrate
the nanoparticles’ crystallinity. However, the Gd>* doping did not appear to induce phase
transition as intended. The XRD pattern indicates that thermal decomposition at 320 °C
resulted in cubic-phase nanocrystals since their peak positions and intensities correlate
very well with the ones calculated for the cubic NaLuF, phase in the literature (JCPDS
no. 27-0725).'%8 The o-NaLuF, particles formed because as physical dimensions reduce,
the resulting higher surface tension favors isotropic particles (i.e. 0D structures, spherical

nanoparticles, nanopolyhedra). 1%
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Figure 2.3: TEM image of UCNPs synthesized via thermal decomposition at 320 °C.

Drastic conditions such as high reaction temperature (>330 °C) can encourage the pure
hexagonal form of NaLuFy to materialize.??® Thus, when the temperature of the reaction
was increased to 340 °C, there was a transition to hexagonal-phase nanocrystals (Figure
2.4b); the peak positions and intensities from the experimental XRD pattern agree well
with the standard spectrum for hexagonal NaLuF4 (JCPDS no. 27-0726). 37 No diffraction
peaks corresponding to a-phase compounds or other impurities were observed, indicating
the success in the synthesis of pure hexagonal-phase NaLLuF4 nanocrystals.

These nanocrystals were much larger in size than the UCNPs synthesized at 20 °C
lower temperature. Figure 2.5 presents a representative TEM image and SEM image of
the as-prepared B-NaLuF, particles. They were hexagonal prisms with a mean diameter of
6901160 nm (calculated from TEM images) and mean height of 120410 nm (calculated
from SEM images). The size of these B-phase particles was not measured using DLS be-
cause the characterization of plate-shaped nanoparticles with this method is difficult due to
high spatial asymmetry.2°! The hydrodynamic size calculated with DLS is the diameter of a
hypothetical hard sphere that diffuses comparably to the particle of interest, so the number
would not be representative of the B-NaLuF, particles here.

The four axes of the hexagonal structure consist of three assistant axes crossing each
other at 60° angles (all three parallel to both hexagonal faces) and a principle one that is
perpendicular to the hexagonal faces. The morphology of the final crystal depends on the
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Figure 2.4: (a) shows the experimental powder XRD data from thermal decomposition at
320 °C (upper part) and standard XRD pattern (lower part) for a-NaLuF,4. The calculated
line pattern for the @-NalLuF, structure was taken from Zhu et al. 197 (b) shows the experi-
mental powder XRD data from thermal decomposition at 340 °C (upper part) and standard
XRD pattern (lower part) for f-NaLuF4. The calculated line pattern for the B-NaLuF,4
structure was taken from Zhu et al. !’

‘A
(a)

Figure 2.5: (a) shows a TEM image and (b) shows an SEM image of UCNPs synthesized
via thermal decomposition at 340 °C.

1
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Figure 2.6: Comparison of luminescence spectra of UCNPs synthesized via thermal de-
composition at 320 °C (black) and 340 °C (red). Both spectra came from 1 wt% colloidal
solutions in cyclohexane that were excited by a 980 nm laser at 500 mW.

growth rates along the different axes.?0?

The top and bottom hexagonal faces are (001)
planes. The six rectangular side planes, which have (100) orientation, are equivalent in
energy. When OA chelates more strongly with (001) facets, hexagonal nanoplates take
shape due to predominant growth in the [100] direction.?’3 Appendix A covers additional
information on XRD and crystallography.

These hexagonal-phase nanoplatelets had significantly greater emission than their cubic
counterparts due to the difference in phase (Figure 2.6). The difference was almost 10-fold.
While a previous study found that gadolinium helps to reduce average crystallite size,'!”
this does not always appear to be the case. The results from EDXA and elemental mapping
(Figures 2.7 and 2.8) show that the NaLLuF4-based nanocrystals were evenly doped with
Gd>*, but their dimensions remained characteristic of those of large hexagonal phase par-
ticles. EDXA of the 3-NalLuF, nanocrystals was performed during SEM measurements to
confirm the presence and composition of Na, Lu, Yb, Gd, F and C in the sample (Figure 2.7
and Table 2.1). This indicates that Yb and Gd were successfully doped into the host matrix.
The amount of Er was below the limit of detection, which was consistent with previous
EDXA results.'!” The additional Cu peak can be explained by the presence of the copper
grid. The atomic composition ratios did not correspond exactly to the theoretical ratios, but
they follow the same decreasing trend in which F has the largest atomic percentage and Gd
has the least (Table 2.1). Figure 2.8 combines SEM with X-ray chemical imaging, verifying
that the elements were homogeneously spread out in each nanoplate. Carbon was present
because of the OA molecules on the surface of the UCNPs.
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Figure 2.7: EDXA spectrum of $-NaLuF, nanoplates synthesized via thermal decomposi-
tion at 340 °C.

The enlarged crystal size and platelike nanocrystals were not atypical; similar hexagonal-
phase UCNPs produced from co-thermolysis of NaCF;COO and RE(CF3COQ); precursors
without Gd** doping in OA and ODE had been seen in prior studies. !%>?%° These dispar-
ities show that there is still difficulty in controlling the size and shape of the UCNPs pro-
duced from thermal decomposition. Moreover, the micrometer dimensions of the f-NalLuF,
nanocrystals make them ill-suited for cellular applications that rely on uptake.?%+-2%6 Thus,

the coprecipitation method was the next synthesis method of interest.

Table 2.1: Compositional analysis by EDXA of 3-NaLuF, nanoplates synthesized via ther-
mal decomposition at 340 °C. The Er atomic composition was left out of these calculations

| | At% (theoretical) | At% (actual) |

F 66.9 62.5
Na 16.7 12.7
Yb 8.4 12.2
Lu 6.0 7.8
Gd 2.0 4.7
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Figure 2.8: SEM image of 3-NaLuF,4 nanoplates synthesized via thermal decomposition at
340 °C overlaid with chemical mapping from EDXA to show the distribution of the different
elements. Scale bar is 500 nm.
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Figure 2.9: (a) presents the luminescence spectrum of UCNPs synthesized via low-
temperature coprecipitation method. The 1 wt% colloidal solution in water was excited
by a 980 nm laser. (b) presents the experimental powder XRD data of UCNPs synthesized
from the low-temperature coprecipitation method. The peaks marked with an asterisk refer
to cubic-phase NaYF,.

2.3.3 UCNPs from low-temperature coprecipitation

Coprecipitation of UCNPs can take place at low temperature or high temperature, resulting
in UCNPs of differing size, quality, and shape depending on which reaction temperature
is chosen. Typically for low-temperature coprecipitation, solutions of lanthanide nitrates
or chlorides are quickly injected into a solution of sodium fluoride to spontaneously form
precipitation in the presence of a chelating agent like EDTA. Annealing/calcination is per-
formed afterwards to obtain UCNPs with higher upconversion efficiency.?’’ Publications
exploring the low-temperature synthesis route reported drawbacks of broad size distribu-
tion, irregular shapes, and low upconversion efficiency.'?? This is confirmed by Figures 2.9
and 2.10. The spectrum of the UCNPs without annealing was practically nonexistent. An-
nealing for 30 min or 5 h increased the intensity of the UCNP luminescence as shown in
Figure 2.9a, but the emission bands were still broad and indistinct. In addition, the lumi-
nescence was not visible to the naked eye. From Figure 2.9b, it is clear that the UCNPs
were purely cubic; annealing did not seem to change the phase of the UCNPs from cubic to

hexagonal, although another study reported being able to do so. 12>

The TEM images indicate the physical effects of the annealing: the thin EDTA layer
was burned off at the high temperature and the UCNPs appeared to be more porous after
the treatment (compare Figure 2.10a to 2.10b and Figure 2.10a to 2.10c). The images also
show that the UCNPs varied widely in shape and size. The high resolution of the TEM im-

ages enabled analysis of the crystal structure of a@-NaYF,4, which is discussed in Appendix
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(a) (b) (©)

Figure 2.10: TEM images of UCNPs synthesized via low-temperature coprecipitation with
three different durations of annealing: (a) none, (b) 30 min, and (c) 5 h.

A. High-quality products (pure -phase, well-shaped, monodisperse) are important for the
sensitivity, route of internalization, and intracellular fate of biosensors. 200-208.209 Bacayge
the low-temperature coprecipitation method attempted here did not achieve UCNPs with

those three qualities, the high-temperature coprecipitation procedure was carried out next.

2.3.4 UCNPs from high-temperature coprecipitation

Coprecipitation at high temperature requires different reagents and synthesis setup from
its low-temperature counterpart. The method can be thought of as thermal decomposition
that has been modified to have milder/safer reaction conditions and simpler protocols, 1>
but it derives its coprecipitation name from the fact that the reactive fluoride reactants are
consumed at room temperature to form NaYF, nuclei before increasing the temperature to
improve the quality of the nanocrystals. 12

Core-only B-NaYF4: Yb, Er UCNPs have very low QY (<1%), so an inactive shell
layer of undoped NaYFy is typically added to increase the QY by reducing surface quench-
ing. 145,210 When the core and shell have the same host material, the interface between the
core and shell is more homogeneous to effectively suppress deactivation at the surface of
the core nanoparticle.?!! The shell formation was undertaken here because it has been well-
documented for high-temperature coprecipitation. 43212213 Successful deposition of the
shell layer can be deduced from observing an increase of particle size and enhancement
of the luminescence efficiency rather than visually comparing before and after TEM images
because the core and shell have identical contrast,®!-?!!

Two shell thicknesses were grown: ‘thin’ (<1 nm) and ‘thick’ (3 nm). It is clear from
the TEM images (Figure 2.11) that a largely monodisperse population was produced in each
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Figure 2.11: TEM images of (a) core NaYF4: Yb, Er particles, (b) core particles with a ‘thin’
shell of NaYF,, and (c) core particles with a ‘thick’ shell of NaYF, from high-temperature
coprecipitation. The scale bars are 60 nm.



2.3 Results and discussion 53

case, with mean diameter increasing from 23.8 nm for the core to 24.6 nm for the ‘thin’ shell
product and 29.7 nm for the ‘thick’ shell product, with a standard deviation of 1.2 nm, 0.9
nm, and 1.2 nm, respectively (Figure 2.12). The core-only UCNPs were also characterized
by XRD (Figure 2.13a) and can be indexed to -NaYF4 (ICDD PDF #16-0334), confirming
that the synthesis yielded a high purity hexagonal phase product.

The emission spectra for these UCNPs, excited at 980 nm, showed sets of emission
peaks with maxima at 540 nm and 650 nm (Figure 2.13b). Both types of core-shell UC-
NPs displayed greater luminescence than the core-only UCNPs because the shells reduce
nonradiative vibrational deactivation processes. The thick-shell UCNPs were even brighter
than the thin-shell UCNPs because the thicker shell further lengthens the distance between
the luminescent centers and surface-related vibrational modes.2!* The emission lines were
sharp; a Lorentzian fit was used to obtain the full width at half maximum (FWHM) of ~10
nm (core), ~11 nm (thin shell), and ~13 nm (thick shell) at 540 nm.2!3216 These values
were similar to those reported in previous publications.3%-173

Thus, in this work, the thin-shell UCNPs were used when the pH-sensitive dyes were
electrostatically or covalently attached and the thick-shell UCNPs were selected for the
sensing studies that directly mixed UCNPs and indicators. The upconversion photolumi-
nescence of UCNPs is almost independent of pH,* but inclusion of pH-sensitive probes
enables one to explore the feasibility of developing a pH sensor based on UCNPs.

UCNPs synthesized from high-temperature coprecipitation meet the requirements (monodis-
perse, hexagonal phase, highly crystalline, strong luminescence) outlined above for biosens-
ing. In addition, this method can be monitored with the naked eye, is relatively simple to
control, does not require stabilization at an exact temperature, and is highly reproducible.”6
Therefore, this synthesis method was used to fabricate the UCNPs used in Chapters 3 and
4.

2.3.5 Surface modification for biological applications

Chapter 3 studies the interaction between UCNPs and anthraquinone dyes by adding differ-
ent amounts of CaR and ARS into a fixed concentration of UCNP in solution. The thick-
shell UCNPs were modified with the amphiphilic polymer PMA to avoid direct electrostatic
attraction between particle and dye. The {-potential measurement of -33 mV indicated the
success of the surface modification with the polymer (Figure 2.14a). The colloidal stability,
including the absence of particle aggregation, was confirmed by unimodal size distribution
from DLS (Figure 2.14b). The two polymer-coated UCNPs were measured in different sol-
vents (cyclohexane and water), so a direct comparison to deduce PMA coating thickness

was not considered here.



54 Rational design of upconversion nanoparticles for sensing

Core and Core-Shell Particles (Thin)

1000 E

E Nparticles = 1713 gpanicles ;41 272 =1000 g‘
o diean = 23.8 Nm mean = 24.6 nm o
= d og=12nmm 04 =0.9nm =
5 S,
Py ()
S 500 3
o 7500 ¢
N 2
k- 5
g :
Z il L, 2
20 22 24 26 28 30 ®

Diameter (nm)
Core and Core-Shell Particles (Thick)

Z

1000 c

é gpariiclef ;31;1 3 gpaniclei ;92390 i 1200 g.
— mean = 9.0 M mean - nm \ ®
t d og=12mm 04=12nm § ;
. \ S
o \ 800 o
o} \ =
500+ 1N 3

2 \ &
: \ &
N \ . o
) \ 400 =
= l N\ o
\ N

£ \ 3
S \ =
Z s NNNSS 1) ¢
[12]

20 22 24 26 28 30 32 34 »

Diameter (nm)

Figure 2.12: Size distribution of hexagonal-phase, oleate-capped NaYF4: 20% Yb, 2% Er
UCNPs calculated from the transmission electron micrographs in Figure 2.11.
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Figure 2.14: (a) Zeta potential measurement of UCNP coated with PMA after a two-step
ligand exchange process and (b) intensity-weighted DLS measurements in backscatter mode
of UCNPs coated with OA in cyclohexane and PMA in water.
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Table 2.2: Average hydrodynamic diameters of thin-shell UCNPs coated with high molecu-
lar weight PEI and their respective Pdls from pH 5.0-7.0

| [pHS5.0 [ pH5.5 | pH6.0 | pH6.5 | pH 7.0

Average hydrodynamic diameter (nm) | 81.04 | 88.35 | 90.07 | 89.80 | 88.52
PdI 0.172 | 0.185 | 0.179 | 0.181 | 0.181

Chapter 3 also looks at integrating UCNPs and anthraquinones together for a versatile
assay that can potentially be employed in cellular samples. Since the CaR and ARS dyes
used in this work are anthraquinone derivatives with a negatively charged sulfonate group,
they can be expected to form UCNP-CaR and UCNP-ARS conjugates through electrostatic
interaction with a positively charged UCNP. A two-step ligand-exchange protocol was used
to modify the surface of the thin-shell nanoparticles with PEI, a polymer which is abundant
in amino groups. ' First, the UCNPs were stabilized with BF4~ to prevent particle aggre-
gation and improve stability during the exchange process.'®3 Next, the PEI was added to

replace BF4 ™.

TEM images of the PEI-coated particles are shown in Figure 2.15. The thickness of
the coating, which was calculated by measuring the edges with a different contrast in Figure
2.15b, was 2.1+0.3 nm. The ligand exchange process did not affect the shape of the UCNPs
and many of the particles were visibly separated, which suggests that there was not much

aggregation in solution. 12

However, some of the UCNPs were clustered in Figure 2.15a.
Higher magnification of the cluster shows that the UCNPs were loosely next to each other
rather than forming an entire solid mass that would be indicative of aggregation (Figure
2.15b). 192217 1t is likelier to be an artefact of the drying process when the solvent evaporates

off the copper grid and forces the UCNPs to cluster. 1

To confirm that the UCNPs were successfully coated with PEI, zeta potential measure-
ments were carried out. Figure 2.16a shows that the UCNPs were positively charged (+36
mV), consistent with PEI surface modification. Figure 2.16b confirms that stable colloids
without apparent aggregation resulted from the surface modification even at different pHs.
Across two units of pH, the hydrodynamic diameter did not vary by more than 10 nm and
every measured Pdl was less than 0.190, which indicates highly uniform particles. The
hydrodynamic diameter values in Table 2.2 were >80 nm, but they include the surround-
ing hydration layers. The hydrodynamic diameter is the size of a hypothetical sphere that
diffuses in the same fashion as that of the measured particle. This sphere would account
for the hydration layers that travel with the charged particles in the solution. The high sur-
face charge of the UCNP-PEI allows the particles to overcome aggregation in solution by

inducing a large layer of water molecules to surround the particle, causing the bigger size
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(a) (b)

Figure 2.15: (a) TEM images of NaYF4:YDb, Er nanoparticles with high molecular weight
PEI (scale bar = 500 nm) and (b) the same particles at higher magnification (scale bar = 60
nm).

measured by DLS compared to TEM. 192

Chapter 4, which explores the use of upconverting pH nanoprobes to measure pH intra-
cellularly, also uses thin-shell UCNP-PEI to conjugate to pHAb amine reactive dye. The
positive charge and narrow size distribution (<30 nm from TEM) help to encourage cellu-
lar uptake.?'® While the UCNP-PEI surface could theoretically be covered with additional
polymer coatings to reduce cytotoxicity, there exists a trade-off in the brightness of the
particles.?!® Extra external polymer coatings were not added in this thesis to maximize
the brightness of the photoluminescence signal for sensing, and the cytotoxicity studies in
Chapter 4 show that PEI did not display extremely toxic behavior for the duration of the
experiments when it was immobilized on particles.

2.4 Conclusions

This chapter explored various synthetic strategies (solvothermal, thermal decomposition,
low-temperature coprecipitation, high-temperature coprecipitation) to identify the method
that has ideal qualities (reproducible, yielding high-quality particles) for biosensing appli-
cations. The UCNPs were characterized using methods such as XRD for phase analysis,
TEM for size distribution, DLS for aggregation, and photoluminescence spectroscopy for
upconversion efficiency. High-temperature coprecipitation was successfully identified as
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Figure 2.16: (a) Zeta potential measurement of UCNP coated with PEI after a two-step
ligand exchange process and (b) DLS measurements of UCNPs coated with PEI at different
pHs.

the best synthesis route because it produced UCNPs that were f3-phase, uniform (core-only
particles had diameter of 23.8+1.2 nm), monodisperse (DLS measurements showed PdI =
0.170 in cyclohexane), and bright (fluorescence can be observed with the naked eye). The
other three synthetic techniques encountered various problems. The solvothermal method
produced o-phase particles that were partly aggregated. Thermal decomposition yielded
a-phase UCNPs when the mixture was heated to 320 °C and micrometer-sized, B-UCNPs
when the solution was reacted at 340 °C. Finally, low-temperature coprecipitation yielded
a-NaYF, with nonuniform shape and size even after annealing.

After core UCNPs were produced from high-temperature coprecipitation, ‘thin’ (<1 nm)
and ‘thick’ (3 nm) shells made of inactive NaYF4 were grown to increase the QY by min-
imizing surface deactivation. The thin-shell UCNPs are highly useful for sensing applica-
tions that rely on distance-dependent interactions like FRET. These UCNPs were coated
with PEI to (i) electrostatically attract the anthraquinone dyes used in Chapter 3 for pH
sensing in buffers or (ii) conjugate with the pHADb dye used in Chapter 4 for ratiometric
intracellular imaging. The thick-shell UCNPs are suitable for sensing applications that rely
on IFE. These UCNPs were coated with PMA, which leads to colloidally stable particles in
water, before being mixed with anthraquinones to enable pH responses in buffer solutions
in Chapter 3.

These results also highlight that the high-temperature coprecipitation method is a strong
contender for the large-scale syntheses that will be required when UCNPs are eventually

used commercially for diagnostics and sensing research. So far, the procedure has been
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h.76

scaled to yield up to 2 g in a single batc The synthetic technique has also showed re-

liability in terms of producing high-quality UCNPs consistently here and in previous stud-
ies, 76,120,220






Chapter 3

Energy transfer mechanisms from
UCNPs to pH dyes

3.1 Introduction

UCNPs have been widely used for various biosensing applications in recent years. However,
the effect of pH dyes on UCNPs has not been well studied. The work so far on UCNPs
and pH-sensitive dye combinations have focused on their potential use in buffer solution
and for intracellular measurement, but the interaction between UCNPs and different pH
indicator dyes still requires further characterization. Many studies claim UC-RET to be the
main or sole process of energy transfer but do not investigate lifetimes or determine FRET
parameters. ’3160 Photon reabsorption (IFE) could potentially be a contributor to the energy
transfer, as was the case in a 2011 study that examined the nature of the energy transfer
mechanism between UCNP and three acceptors (B-phycoerythrin, ATTO565, DY556).%2!
The authors found a significant decrease in one lifetime component (64-72% reduction),
supporting their hypothesis that RET was the primary mechanism while photon reabsorption
was secondary, but pH effects were not discussed.

A class of dyes that is known to retain its high pH sensitivity when coupled with nanopar-
ticles is anthraquinones.?® The effect of two anthraquinone dyes, Calcium Red and Alizarin
Red S, was measured by spectroscopic techniques at various pHs. The pH-dependent effect
of CaR and ARS on UCNPs was investigated next. CaR and ARS are interesting since they
are anthraquinones with absorption bands that have strong overlap with the green emission
of NaYF,4: Yb, Er particles. When the UCNPs and dyes were mixed directly, the green
emission band of the UCNPs was quenched by a pH-dependent inner filter effect while the

red emission band remained unchanged and acted as the reference signal for ratiometric pH
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measurements. When the anthraquinones were attached onto the UCNPs through electro-
static attraction, inner filter effect remained the dominant quenching mechanism compared
to resonance energy transfer. This work offers a new opportunity to improve pH mea-
surement through UCNP coupling partners and investigate the presence of IFE and RET
mechanisms.

3.2 Materials and methods

3.2.1 Materials

4-amino-1,3-dihydroxy-anthraquinone-2-sulfonic acid (calcium red) (CaR), 3,4-dihydroxy-
anthraquinone-2-sulfonic acid (alizarin red S) (ARS), citric acid monohydrate, and dis-
odium phosphate heptahydrate were purchased from Sigma-Aldrich. UCNPs were syn-

thesized and modified using the protocols described in Section 2.2.

3.2.2 Anthraquinone attachment

A dispersion of PEI-modified UCNPs was added to a solution containing excess dye (0.05
mg per mg UCNP) and stirred for 15 min at room temperature. The particles were separated
from the rest of the solution by centrifugation (21,000 g, 3 min) and washed with double

distilled water until the supernatant was colorless.

3.2.3 Characterization methods

An inductively coupled plasma optical emission spectrometer (ICP-OES) (Spectro) was
used for the concentration determination of the nanoparticles. Absorption measurements
were performed at room temperature with a Lambda 14P UV/VIS spectrometer (PerkinElmer)
or Synergy HT (BioTek). Luminescence spectra for the quenching experiments were ob-
tained with an AMINCO-Bowman Series 2 luminescence spectrometer (formerly from Thermo
Fisher) in which an external cw 980 nm laser module (focusable, power ranging from 200
mW) (Picotronic) was installed. Luminescence spectra for the pH titration experiments
were obtained with a USB4000-FL spectrometer (Ocean Optics) excited at 980 nm with a
Spectra-Physics Mai Tai Ti:Sapphire NIR/IR laser (Newport) and protected with a 750 nm
shortpass filter (Thorlabs). All spectra were recorded at room temperature.

For lifetime measurements, a setup consisting of a 980 nm cw laser module (200 mW)
(Picotronic) and an optical chopper (MC2000 with two slot chopper blade MC1F2) (Thor-

labs) was used. The signal was amplified by a photomultiplier tube (PreSens) and analyzed
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with a digital storage oscilloscope (DSO 8204) (Voltcraft). Optical bandpass filters (FFO1-
535/150-25 and FFO1-665/150-25) (Semrock) were used for measuring luminescence de-
cays of the green and red upconversion emission bands. For the UCNP-only measurements,
the concentration of particles in water was 1 mg/mL. For the UCNP-dye mixture measure-
ments, the concentration of particles in solution was maintained at 1 mg/mL, while the
concentration of CaR was 0.03 mM and the concentration of ARS was 0.07 mM. For the
UCNP-dye conjugates, the above anthraquinone attachment procedure was followed be-
fore measuring the lifetime of the solution with UCNP concentration of 1 mg/mL. The
average lifetime values (7) were calculated by averaging the lifetimes obtained from three
monoexponential fits of the solution of interest. The Curve Fitting Toolbox in MATLAB

(MathWorks) was used to calculate the monoexponential fits from the decay data.

3.2.4 Spectroscopic measurements of CaR solutions

Solutions of CaR buffered with 0.2 M phosphate/citrate buffers at different pHs were scanned
between 300 and 600 nm using a BioTek Synergy HT to measure absorption. Samples were
prepared by adding 70 ul of phosphate/citrate buffer at different pHs into 70 ul of a 0.02
wt% CaR solution. The pH response curve was obtained by fitting the data to a sigmoidal
equation using Igor Pro software (Wavemetrics). The pK, was calculated by finding the
inflection point of the pH response curve with Mathematica (Wolfram Research).
Fluorescence emission spectra were measured with a Cary-Eclipse Fluorescence Spec-
trophotometer (Varian). Instrument excitation and emission slits were both set at 10 nm, and
the scan rate was 30 nm/min. All samples were excited at 533 nm, and the emission was
scanned from 550 to 650 nm. The photomultiplier tube detector voltage was set at 800 V.
Samples were prepared by adding 70 ul of 0.2 M phosphate/citrate buffer at different pHs
into 70 ul of a 0.1 wt% CaR solution. Again, the pH response curve was obtained by fitting
the data to a sigmoidal equation using Igor Pro software (Wavemetrics), and the pK, was

calculated by using Mathematica to find the inflection point (Wolfram Research).

3.2.5 Spectroscopic measurements of ARS solutions

Solutions of ARS buffered with 0.2 M phosphate/citrate buffers at different pHs were scanned
between 300 and 700 nm using a BioTek Synergy HT to measure absorption. Samples were
prepared by adding 70 ul of phosphate/citrate buffer at different pHs into 70 ul of a 0.04
wt% ARS solution. The pH response curve was obtained by fitting the data to a sigmoidal
equation using Igor Pro software (Wavemetrics). The pK, was calculated by finding the

inflection point of the pH response curve with Mathematica (Wolfram Research).
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Fluorescence emission spectra were measured with a Cary-Eclipse Fluorescence Spec-
trophotometer (Varian). Instrument excitation and emission slits were both set at 10 nm, and
the scan rate was 600 nm/min. All samples were excited at 520 nm and the emission was
scanned from 540 to 700 nm. The photomultiplier tube detector voltage was set at 800 V.
Samples were prepared by adding 70 ul of 0.2 M phosphate/citrate buffer at different pHs
into 70 ul of a 0.2 wt% ARS solution. Again, the pH response curve was obtained by fitting
the data to a sigmoidal equation using Igor Pro software (Wavemetrics), and the pK, was
calculated by using Mathematica to find the inflection point (Wolfram Research).

3.2.6 Spectroscopic measurements of UCNP-anthraquinone mixtures

Different concentrations of CaR or ARS in 0.2 M phosphate/citrate buffers of different pHs
were added to PMA-modified UCNP (3 nm shell) solutions in water. The final concentration
of UCNPs was 1 mg/mL. The pH response curve from the ratiometric measurements was
obtained by fitting the data to a sigmoidal equation using Prism 8 software (GraphPad). The
ratio of UCNP to dye was kept at 2.5:1 (on a mass basis) for these pH titration experiments.
The concentration of CaR was 0.4 mM, and the concentration of ARS was 2 mM. UCNP-
ARS mixture required a higher dye concentration to produce a measurable pH response due
to the lower quenching efficiency of ARS.

3.2.7 Spectroscopic measurements of UCNP-anthraquinone nanocon-
jugates

Phosphate/citrate buffers of different pHs (0.2 M) were added to UCNP-CaR or UCNP-

ARS (PEI-modified, <1 nm shell) solutions in water. The pH response curve from the

ratiometric measurements was obtained by fitting the data to a sigmoidal equation using

Prism 8 software (GraphPad). The spectral overlap integrals of the UC-RET pairs were
calculated with ale software (FluorTools).

3.2.8 Dye loading calculations

The following equations were used to estimate the UCNP/dye ratio.

Ndye = Cdye Vsample

where n = number of moles, ¢ = concentration, and V = volume. Cy,, was obtained from
absorbance spectroscopy. A calibration curve was first obtained from dilutions of a standard

with known concentration to determine the linear range of the dye for the instrument. Given
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this relationship, the concentration of dye in a sample could then be calculated from the

absorbance measurement.

Ndye = ndyeNA

where N = number of molecules and N4 = Avogadro’s number.

4
3
Vuene = gmUCNP

where r = radius (obtained from TEM images).

mycne = VucnpPucnp

where m = the mass of one particle and p = density.

Mycnp = VsampieCUCNP

where M = total mass in the sample. Cycyp was obtained from ICP measurements.

Nycne = Mycnp/mycnp

The number of dye molecules on each UCNP particle was calculated from Ny, /Nucnp-

3.3 Results and discussions

3.3.1 Shell thickness selection

An important requirement of UC-RET is a close-enough distance between the donor (Er’**)
and acceptor (dye). Theoretical calculations of RET efficiency can provide information
about the feasibility of the process given a system of interest (Figure 3.1). Using Equations
1.6 and 1.7, the Forster distance values for the UCNP/CaR and UCNP/ARS UC-RET pair
combinations were estimated to be 1.78 nm and 1.52 nm, respectively, assuming a Qp of
0.01, k2 of 2/3 (due to the long lifetime of UCNPs),???> and n of 1.48 (for NaYF;).?*
Calculations yielded a J of 2.6 x 104 nm* M-! cm! for the UCNP/CaR pair and 1.0 x 104
nm* M! cm™! for the UCNP/ARS pair. The estimated value for Qp was based on the
estimation range provided by Muhr et al.!* due to the same choice of synthesis strategy
used to produce the UCNPs in this thesis. QOp is different from the overall quantum yield
of the UCNP, which is much lower due to multiple possible transitions between the various

lanthanide energy levels and surface quenching. 2>
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Figure 3.1: Theoretical calculations of Forster distances between donor (Er**) and acceptor
(dye) for (a) CaR and (b) ARS at pH 8. Typical Forster distances (E = 50%) for these four
Op values are 1.8-3.4 nm for CaR and 1.5-2.9 nm for ARS. A higher Qp results in a longer
Rp.

For UCNP/CaR, the efficiency goes from 99+% to 4% when distance between UCNP
and dye is 0.4 nm and 3 nm, respectively. Similarly for UCNP/ARS, the efficiency decreases
from 99+% to 2% when distance is 0.4 nm versus 3 nm, respectively. Thus, potential RET
mechanisms, as previously reported, 7>!4> would only be expected to be suitable for the less
bright thin-shell UCNPs in Figure 2.11b because distance between the donor (lanthanide
ions) and acceptors (analyte-responsive dyes) is minimized. In contrast, the UCNPs in
Figure 2.11c would be better matched to sensing schemes that rely on IFE due to lower
anticipated energy deactivation provided by a thicker shell. >24-226

The upconversion photoluminescence of UCNPs alone is almost independent of pH,
which can be seen in Figure 3.2 where the ratio of the green peak at 540 nm to the red peak
at 650 nm (/) is 2.740.2 across the 6 different pHs. However, by inclusion of pH-sensitive
probes the feasibility of developing a pH sensor based on UCNPs can be explored.

3.3.2 UCNP mixed with CaR and ARS in solution

CaR and ARS are anthraquinone dyes with similar absorbance maxima in the visible light
region at pH 7 (A4 = 535 nm and 520 nm, respectively, Figure 3.3) overlapping with the
emission wavelength for the UCNPs, but different response at low pH where the ARS devel-
ops a new non-overlapping absorption maximum at 420 nm. Furthermore, the fluorescence
of CaR and ARS are pH dependent. The fluorescence of CaR (A, = 535 nm, A, = 585
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Figure 3.2: Effect of different amounts of CaR on the luminescence spectra of UCNPs in
phosphate/citrate buffer of different pH values: (a) 4.2, (b) 5.0, and (c) 5.8. The concen-
tration of UCNPs was fixed at 1 mg/mL, and the concentrations of CaR were 0, 0.03, 0.06,
0.11, and 0.22 mM separately. Effect of different amounts of ARS on the luminescence
spectra of UCNPs in phosphate/citrate buffer of different pH values: (d) 4.0, (e) 5.5, and
(f) 7.0. The concentration of UCNPs was fixed at 1 mg/mL, and the concentrations of ARS
were 0, 0.07, 0.15, 0.29, and 0.44 mM separately. Excitation was at 980 nm with a 200 mW
cw laser.
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Figure 3.3: Absorption spectra of (a) CaR and (b) ARS in solution buffered with 0.2 M
phosphate/citrate at different pHs.

nm) increases when pH is changed from 4-6 (Figure 3.4a). The fluorescence of ARS is also
pH dependent, but due to the absorbance wavelength shift from 420 nm (low pH) to 520
nm (high pH), the dye is almost not fluorescent at acidic pH and the intensity only increases
dramatically when pH > 7 (A, = 520 nm, A,,, = 555 nm, Figure 3.4b).

To study the interaction between UCNPs and these anthraquinone dyes, different amounts
of CaR and ARS were added into a fixed concentration of UCNP in solution. The UCNPs
were modified with the amphiphilic polymer PMA to avoid direct electrostatic attraction
between particle and dye. UCNPs that are functionalized with an amphiphilic coating on
top of the original oleate capping are known to exhibit higher /,/, compared to those that are
surface modified through ligand exchange. This is highly beneficial for sensing applications
that use the green luminescence as the analyte-dependent signal.’® Figure 3.2a-c displays
the normalized emission spectra of the UCNP-CaR mixtures, and a pK, of ~5.0 is estimated
from the change in absorbance at 533 nm (Figure 3.5a). Without taking into account any
shift in the apparent pK, due to interactions with the PMA on the UCNP, the dye is predom-
inantly in its protonated form at pH 4.2 and mostly unprotonated at pH 5.8.2?7 In this pH
range, it is clear that CaR plays a role in quenching the green emission of the UCNP, with

intensity decreasing relative to the red intensity as the concentration of dye increases.

In contrast, Figure 3.2d-f shows the normalized emission spectra of the UCNP-ARS
mixtures. Figure 3.5b suggests a pK, of ~5.5 for ARS in solution at 520 nm, so the dye
is mostly protonated at pH 4.0 and primarily unprotonated at pH 7.0. Like CaR, higher
concentration of ARS increases quenching of the green peak of the UCNP relative to the

red peak, but this is less pronounced at pH 4.0. In this case, there is a clearer pH response
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Figure 3.4: Fluorescence emission spectra of (a) CaR and (b) ARS in solution buffered with
0.2 M phosphate/citrate at different pHs. At acidic pHs, the change in fluorescence of ARS
could not be detected by the spectrofluorimeter.
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Figure 3.5: pH response curve in 0.2 M phosphate/citrate buffer of (a) CaR solution at an
absorbance of 533 nm and (b) ARS solution at an absorbance of 518 nm.
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Figure 3.6: Plots showing (a) Stern-Volmer quenching for UCNP-CaR, (b) Perrin model
sphere of action quenching for UCNP-CaR, (c) Stern-Volmer quenching for UCNP-ARS,
and (d) Perrin model sphere of action quenching for UCNP-ARS. The open circles show the
quenching data, and the lines show the Perrin model fits.

for a given dye concentration.

The Stern-Volmer equation is frequently used to describe fluorescence quenching:

F
= =1+Ks[0] (3.1)

where, in this setting, Fp and F' are the fluorescence intensities of UCNPs in the absence
and presence of anthraquinone dye, Kgy is the Stern-Volmer quenching constant, and [Q] is

the concentration of CaR or ARS.!%-2%8

The linear Stern-Volmer plots expected from Equation 3.1 are not obtained here (Fig-
ure 3.6a,c); instead, positive deviations are observed. Upward-curving Stern-Volmer plots
can result from: static and dynamic quenching occurring simultaneously and/or "static-
like" quenching due to the fluorophore’s adjacency to the quencher at high concentra-

tions. 19,228,229

The most definitive method of distinguishing between the two mechanisms is to carry out
fluorescence lifetime measurements.23? Fluorescence lifetimes were measured for UCNPs
at 540 nm in the absence and presence of CaR (Table 3.1) and ARS (Table 3.2). The average
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Table 3.1: Fluorescence lifetimes at 540 nm of thick-shell UCNPs, UCNP-CaR mixtures,
thin-shell UCNPs, and UCNP-CaR conjugates in phosphate/citrate buffer solution of differ-
ent pH values

’ pH \ T (thick UCNPs, us) \ T (mixtures, Us) \ T (thin UCNPs, us) \ T (conjugates, Us) ‘

4.2 270+ 15 272+1 243 +2 228+9
5.0 274+£3 275+8 247+£2 229+£10
5.8 274+5 2797 247 +1 224 £3

Table 3.2: Fluorescence lifetimes at 540 nm of thick-shell UCNPs, UCNP-ARS mixtures,
thin-shell UCNPs, and UCNP-ARS conjugates in phosphate/citrate buffer solution of dif-
ferent pH values. Different batches of UCNPs were used for the lifetime studies with the
dyes in Tables 3.1 and 3.2, resulting in different lifetimes due to batch-to-batch variation

| pH | T (thick UCNPs, us) | T (mixtures, fis) | 7 (thin UCNPs, us) | T (conjugates, fis) |

4.0 161 +£3 160+ 6 129 £2 120+4
5.5 157£2 156 +17 127+3 118+1
7.0 162+3 158 +8 128+ 6 116 +1

fluorescence lifetime at this wavelength is almost unchanged after addition of CaR or ARS
in solution. For example, the lifetime of UCNP-CaR mixture is 272 s compared to 270 us
for thick-shell UCNPs in pH 4.2 buffer solution. The overlap of the decay curves (Figure
3.7a-c) also confirms this. As validation, the lifetime at 650 nm was also measured and
found to be independent of the presence or absence of dye (Table 3.3). Additionally, there is
no significant lifetime variation of the UCNP green emission across different pHs, indicating
that the UCNPs are relatively stable towards pH change in this range.

These data could point to a static quenching mechanism, with a non-fluorescent ground-
state complex forming between the fluorophore and quencher. Examination of the ab-
sorption spectra can determine whether such a complex exists between the UCNP and

anthraquinone dye after mixing. Dynamic quenching only affects the excited state of the

Table 3.3: Fluorescence lifetimes at 650 nm of thick-shell UCNPs, UCNP-CaR mixtures,
thin-shell UCNPs, and UCNP-CaR conjugates in phosphate/citrate buffer solution of differ-
ent pH values. UCNP-ARS mixture and UCNP-ARS conjugate had similar trends in their
lifetime data.

| pH | 7 (thick UCNPs, us) | T (mixtures, fis) | 7 (thin UCNPs, us) | T (conjugates, fis) |

4.0 561£2 561+£3 523+£1 52245
5.5 562£7 561+£5 525+6 528+ 14
7.0 567+4 565+6 519+£3 523£9
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Figure 3.7: Cut and normalized decay data of the 540 nm emission of UCNP-CaR mixture
(A-C) and UCNP-CaR conjugate (D-F) in phosphate/citrate buffer solution of different pH
values. Each average lifetime was calculated from monoexponential fits of three decay
curves. UCNP-ARS mixture and UCNP-ARS conjugate had similar trends in their decay
data.
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of the absorbance of UCNP and CaR. (b) Absorption spectra of ARS, UCNP, UCNP-ARS
mixture, and the sum value of the absorbance of UCNP and ARS.

UCNP so its absorption spectrum is not expected to change, while ground-state complex
formation results in a new, unique absorption spectrum.!” Because there is no significant
difference (e.g. emergence of a new peak or shoulder) between the absorption spectrum of
UCNP-CaR mixture and that of the sum value of UCNP and CaR individually (Figure 3.8a),

we can infer that no ground-state complex formed.>>23!

The same principle applies for UCNP-ARS mixtures (Figure 3.8b). However, although
the formation of a ground-state complex is ruled out, Figure 3.2 indicates that some sort of
non-diffusional quenching is responsible for the decrease in the green luminescence inten-
sity of the UCNP when anthraquinone dye is present. Perrin’s model of static quenching
does not assume complex formation; rather, there is apparent static quenching because of
the proximity between the fluorophore and quencher during excitation, which results in im-
mediate quenching that makes the pair act like a dark complex. 1%232 At high concentrations,
any quencher molecule found within a sphere-of-action is deactivated instantaneously with
probability of unity, and those outside the volume do not participate in quenching.?3%233
Because of this, T = 0 inside V and T = 1; outside V, which is consistent with the lack of
change in lifetime for non-diffusional quenching.?3* There have been multiple reports of
using the Perrin model to fit the upward curvature in Stern-Volmer plots, including systems

involving small molecules as the quencher. 231:234235

The Perrin model without diffusional contribution has the following relationship:

K
% _ explalo) (2
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Table 3.4: Radii of the quenching spheres for UCNP-CaR mixtures and UCNP-ARS mix-
tures

| pH | r (UCNP-CaR, nm) | pH | r (UCNP-ARS, nm) |

4.2 1.74 4.0 0.80
5.0 1.99 5.5 1.35
5.8 2.02 7.0 1.37

where a=N4V. N4 is Avogadro’s number and V is the volume of the sphere of ac-

tion. 23,231,232

Figure 3.6b,d shows the fitting of the quenching data. Based on the Perrin analysis,
the sphere of action, obtained from the slope of the lines, shows an increase with pH (Table
3.4). Larger sphere volumes represent higher efficiency of quenching.?3 This trend matches
what we find in Figure 3.2, where quenching is greatest and the sphere of action is largest
at the highest pH (for a given concentration of CaR or ARS). From this analysis, we can
also see that CaR, which has larger sphere volumes, is a more efficient quencher than ARS.
This is also confirmed by a higher concentration of ARS being required to obtain the same

quenching effect as CaR (Figure 3.2).

The spectral overlap between the green band of the luminescence spectrum of UCNP
and absorption spectra of CaR at different pH values explain these different pH-dependent
effects (Figure 3.9a). The pH-independent red emission band (650 nm) of the UCNP can
act as a reference signal for quantitative ratiometric measurement of pH, linked with the
CaR/CaRH"-dependent green luminescence of the UCNP (Figure 3.9b).

For ARS, the red emission band can also be used as the reference signal for quantitative
measurements of pH, but only the absorption spectra of the deprotonated ARS overlaps
with the green emission band of the UCNP (Figure 3.10a). The spectral overlap of ARS
with UCNP increases with pH, causing the UCNP intensity at 540 nm to decrease relative
to the intensity at 650 nm (Figure 3.10b).

Thus, depending on whether the anthraquinones are in their acidic form or basic form,
the dyes exert an inner filter effect on the green emission of the UCNP. The absorption
coefficient for the dye at the wavelength of spectral overlap increases with pH for both CaR
and ARS so the IFE efficiency is higher at higher pH, resulting in a sigmoidal response
curve of the relative quenching for both CaR and ARS (Figure 3.11a,c). The experimental
pK, calculated from the sigmoidal fit is 5.0+0.2 for the UCNP-CaR mixture, which is the
same as that of the dye alone. The experimental pK, of the UCNP-ARS mixture calculated
from the sigmoidal fit is 5.4+0.1, which is a little lower than that of the dye alone.

For real-life applications of pH measurement, the concentration of UCNP to dye should
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Figure 3.9: (a) Absorption spectra (dashed lines in color, right y-axis) of CaR in aqueous
solutions of different pHs overlaid with the emission spectrum of the UCNP in water upon
980 nm excitation (solid black line, left y-axis). (b) Normalized emission spectra of UCNP-
CaR mixtures at pH 4.2, 5.0, and 5.8 upon 980 nm excitation.
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Figure 3.10: (a) Absorption spectra (dashed lines in color, right y-axis) of ARS in aqueous
solutions of different pHs overlaid with the emission spectrum of the UCNP in water upon
980 nm excitation (solid black line, left y-axis). (b) Normalized emission spectra of UCNP-
ARS mixtures at pH 4.0, 5.2, and 6.4 upon 980 nm excitation.
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Figure 3.11: Ratiometric pH-titration data measured at 540 nm and 650 nm of (a) UCNP-
CaR mixture, (b) UCNP-CaR conjugate, (c) UCNP-ARS mixture, and (d) UCNP-ARS con-
jugate. The red lines represent the sigmoidal interpolation curves.
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Figure 3.12: Structures of the (a) CaR and (b) ARS anthraquinone derivatives used in this
work. Drawings were created with ChemDoodle.

remain as constant as possible given that the green/red photoluminescence ratio of the pH
sensor experiences both a concentration-induced and pH-induced response (Figure 3.2).
This can be accomplished with incorporation of both UCNP and dye in a support material

to prevent leakage that would affect the ratio between the two components. 134

3.3.3 UCNP-CaR and UCNP-ARS nanoconjugates

Although these data support an IFE rather than the RET mechanism proposed previously for
UCNP-dye combinations, the shell thickness of 3 nm would be expected to limit RET. In
contrast, the 0.4 nm shell UCNPs are less efficient emitters, but their UCNP to dye distance
could potentially support RET. The CaR and ARS dyes used in this study are anthraquinone
derivatives with a negatively charged sulfonate group (Figure 3.12), so they can be expected
to form UCNP-CaR and UCNP-ARS conjugates through electrostatic interaction with a
positively charged UCNP (Figure 3.13).

CaR attachment onto PEI-modified UCNP was easily confirmed by the pink color on
the surface of the particles, after purification by redispersion-precipitation-centrifugation
cycles to remove excess, non-attached dye. In the case of ARS, the color observed was
purple. Although the dyes are attached to the UCNP through electrostatic attraction, which
is a weaker interaction than covalent bonding, the conjugates are still quite stable and do not
exhibit major leakage of the dye. Tables 3.5 and 3.6 show that the fraction of CaR and ARS
remaining on the UCNP remains ~90% after each wash step.

The dye loading of CaR and ARS can be calculated from a combination of ICP and
absorbance spectroscopy (see Section 3.2 for more details). For the same excess dye con-
centration (0.05 mg per mg UCNP) the UCNP-CaR conjugates have approximately 120 dye
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Figure 3.13: Schematic of the UCNP-anthraquinone conjugate sensor. The CaR or ARS
dye is attached to the UCNP through electrostatic attraction between the positively charged
amino groups of the PEI and the negatively charged sulfonate group of the CaR. The sen-
sitized emission is the 540 nm emission, whose intensity changes depending on pH. The
pH-independent 650 nm emission acts as the reference signal.

Table 3.5: Fraction of excess starting CaR dye on UCNPs after wash steps. S=supernatant
and cy=concentration of supernatant.

CaR on UCNPs (mg) | Fraction on UCNPs
ODsyq | ¢s (mM) Start 0.357
S1 | 0.183 | 0.028 | Wash 1 0.328 0.92
S2 | 0.079 | 0.0073 | Wash 2 0.320 0.90
S3 | 0.064 | 0.0044 | Wash 3 0.315 0.88

Table 3.6: Fraction of excess starting ARS dye on UCNPs after wash steps. S=supernatant
and cy=concentration of supernatant.

ARS on UCNPs (mg) | Fraction on UCNPs
ODyyp | ¢ (mM) | Start 0.342
S1 | 0.063 0.019 | Wash 1 0.322 0.94
S2 | 0.047 0.008 | Wash 2 0.314 0.92
S3 | 0.048 0.008 | Wash 3 0.305 0.89
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Table 3.7: Forster distances and donor quantum yields for different Er** (donor) and an-
thraquinone (acceptor) distances, given a UC-RET efficiency of 0.09 calculated from the
lifetime data. 4.8 nm is the distance at which Qp would be 100% for UCNP-CaR. 5.7 nm is
the distance at which Qp would be 100% for UCNP-ARS

| r (nm) | Ry (nm) | Op (UCNP-CaR) | Op (UCNP-ARS) |

0.4 0.27 1.3x 1077 3.3x 1077
1 0.68 3.1x107° 8.0x 107
2 14 0.0020 0.0051
4 2.7 0.13 0.33

4.8 3.3 1.0

5.7 3.8 1.0

molecules per UCNP particle and the UCNP-ARS conjugates have around 1600 molecules
per particle. It is anticipated that the protonated amino group of the CaR will reduce electro-
static binding to the protonated amino groups of the PEI covering the surface of the UCNPs,

so the attachment is not as strong compared to that of ARS.

T(UCNP — dye)
t(UCNP)

E=1- (3.3)

Lifetime experiments were performed before and after dye attachment to determine
whether the anthraquinones are close enough to the UCNP in this conjugate design for
UC-RET to take place between the donor (UCNP) and acceptor (CaR or ARS). There is a
decrease of 10-30 us in the lifetime of the green emission band at 540 nm after CaR at-
tachment (Table 3.1, Figure 3.7d-f). There is an even more modest decrease in lifetime of
the green upconversion band after ARS attachment, from 127-129 us to 116-120 us (Ta-
ble 3.2). Equation 3.3 relates UC-RET efficiency to lifetime of the UCNP in the presence
and absence of dye. From the lifetime data, UC-RET efficiencies of 4-9% for UCNP-CaR
and 7-9% for UCNP-ARS are obtained. Thus, the quenching mechanism in this conjugate
system can be attributed to a combination of UC-RET and emission-reabsorption, with the

latter being the primary pH responsive process.

These UC-RET efficiencies allow the estimation of distances between donor and accep-
tor using Equations 1.6 and 1.7 (Table 3.7), the reverse of the theoretical calculations of RET
efficiencies performed at the start of this section. Since Qp cannot be greater than 100%,
the maximum distance between UCNP and anthraquinone is 5.7 nm for the UCNP-CaR
combination and 4.8 nm for the UCNP-ARS combination, given a UC-RET efficiency of
0.09. Based on acceptable boundary values for Qp (on the order of 0.1% to 5%),?*>%37 the

distance between UCNP and anthraquinone molecule cannot be less than 1 nm. Thus, the
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Near-surface Er3* ion

Inner Er®* ion

Figure 3.14: Schematic of UCNP crystal structure to illustrate the distribution of Er** ions
in the host lattice. An Er’* ion near the surface of the particle is closer to electrostatically
attached dyes, enabling UC-RET. The majority of the emitting ions are too far away from the
dyes for UC-RET but can still participate in radiative energy transfer (photon reabsorption).
Adapted from Wang et al. with permission from The Royal Society of Chemistry. 13>

actual UCNP-anthraquinone distances were estimated to be 1-3 nm, with the same UC-RET
efficiency. Because the polymer does not form a densely packed layer due to charge repul-

sion from the positive amino groups on PEI, 238240

the dyes may be able to penetrate the
PEI layer and become attached by electrostatic forces within the polymer layer and not just
at the surface. This porosity would also infer that protons diffusing into a dye-PEI matrix
are in equilibrium with a PEI buffered environment. Yet, only a small fraction of the dye is
within the Forster distance while the majority is too far away to accept energy through non-
radiative energy transfer (Figure 3.14). UC-RET occurs mostly between the Er** ions near
the surface of the UCNPs and the closest attached dyes, while the inner Er’* ions contribute

to radiative energy transfer to the dyes through reabsorption.>*!

Figure 3.15a shows the normalized emission spectra of UCNP-CaR conjugates at dif-
ferent pHs after excitation with a 980 nm laser. In this instance, the green UCNP emission
coincides well with the excitation wavelength for CaR (A,,4x = 535 nm); there is a small
decrease in the emission intensity at 540 nm but no clear evidence of UC-RET acceptor
emission at 585 nm. The small change in UC-RET efficiency (4-9%) while varying pH
from 4.2 to 5.8 suggests that IFE plays a more significant role in the decrease in green
emission of the UCNP.

Figure 3.15b shows the normalized emission spectra of UCNP-ARS conjugates at vari-
ous pHs with the same laser. In this case, the green peak of the UCNP shows a more signif-
icant decrease relative to the red peak as pH increases, likely due to the higher dye loading

compared to the CaR system. However, varying pH from 4.0 to 7.0 does not significantly
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Figure 3.15: (a) Normalized emission spectra of UCNP-CaR conjugates in phosphate/citrate
buffer solutions of pH 4.2, 5.0, and 5.8 and (b) normalized emission spectra of UCNP-
ARS conjugates in phosphate/citrate buffer solutions of pH 4.0, 5.2, and 6.4 upon 980 nm
excitation.
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impact the UC-RET efficiency (7-9%), so again, reabsorption appears to be the primary
reason for the pH-dependent quenching of the UCNP. The fact that the UCNP-ARS conju-
gate has more dye molecules per particle than the UCNP-CaR conjugate may explain why
the former experiences greater quenching and hence sharper decrease in green:red emission
compared to the latter.

The UCNP-CaR nanosensor exhibits dynamic range between pH ~4.6 and ~5.2. From
the sigmoidal fit (Figure 3.11b), the experimental pK, is 4.9+0.1, which is equivalent to
the UCNP-CaR mixture and prior studies involving the dye.?>?*? The pH range is ideal for
tracking pH in endosomes and lysosomes.?!>*> The UCNP-ARS nanoconjugate shows a
wider range of pH responsiveness (Figure 3.11d), between pH ~4.4 and ~6.4, with pK, of
5.440.4 and a similar pH sensitivity of ~0.1 ratio difference per pH unit.

3.4 Conclusions

In this work, the effect of two anthraquinone dyes, CaR and ARS, on UCNPs was studied
in two different types of systems: mixture and conjugate. When thick-shell UCNPs and
anthraquinones were mixed directly, the decrease in the green intensity of the UCNPs was
due to IFE. However, when thin-shell UCNPs and anthraquinones were conjugated through
electrostatic attraction with PEI coated on the particle, UC-RET could occur between the
UCNPs and dye, but the main quenching mechanism was still emission-reabsorption.

The potential of UCNP-anthraquinone coupling was demonstrated for pH measurement.
The UCNP-ARS nanosensor displayed a broader range of pH response compared to the
UCNP-CaR nanosensor. The range studied has potential application for intracellular pH
determination. ARS is better suited for neutral pH, while the lower CaR pKj, is better tuned
to measurement of pH in endosomes and lysosomes. However, CaR loading on the PEI
coating of the UCNP is low, probably due to the amine group of the dye. This suggests
that other anthraquinones with appropriate spectral overlap could be selected to increase
sensitivity and extend the measurable pH range.

The integration between the UCNP and dye through electrostatic binding has the po-
tential for continuous sensing of pH in cells. It is worth noting here that these quantitative
titration measurements were performed using a simple spectrometer without a photomulti-
plier tube. A plate reader with a more sensitive detector can capture >100,000 counts for
the UCNP signals at a hundredth of the concentration,>* which would add significantly to
the sensitivity of pH that is reported here.

This study provides the framework for creating pH sensing systems using UCNPs and

charged dyes based on their spectral overlap. It is critical to examine the interplay between
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static and dynamic energy transfer when optimizing pH sensing nanoplatforms.?** This
work shows that energy transfer mechanisms other than UC-RET may dominate even when
the distance between UCNP and pH dye is close.?* As strategies to enhance the brightness
of UCNPs improve, their use as probes in biosensing and other applications will increase. 24
With the adaptability of the surface chemistry of UCNPs, 143 the method introduced here can

be extended to a wide range of pH-sensitive molecules.






Chapter 4

Ratiometric sensing of pH in live cells

4.1 Introduction

Intracellular sensing of pH is of interest due to the impact of pH on cellular function and
health, but it is particularly important in studies of endocytosis when outside material is
moved into and around the cell. The endocytic pathway relies on vacuolar compartments
that can degrade inside contents upon increasing acidification. Endocytic pathways can also
be used for delivery of drugs and gene therapies as long as the cargo escapes into the cytosol
before it is degraded.”>?4’ Observing the pH of these compartments is therefore critical for
drug development studies.

Different ratiometric pH nanosensors using QDs,?373248 CDs,7424% and PDs>%-230:231
have been developed and tested, but these studies utilize short wavelength excitation, which
encounters problems of autofluorescence, photodamage, and limited penetration depth. The
NIR window is optically transparent for biological tissue, so it is a much better option as
the wavelength range for excitation. Recently, upconversion-based nanoprobes that measure
intracellular pH have been described in the literature,3#7%161:162 byt they fall short on map-
ping pH quantitatively at the subcellular level or their range does not cover the lower end of
pH found in lysosomes. In addition, UC-based pH sensing studies so far have not quantified
colocalization with endosomes/lysosomes nor studied the endocytic method of uptake.

One of the issues is that some of the current equipment that is required for these studies
is not set up for NIR excitation so, in this chapter, a new ratiometric imaging probe that is
capable of sensing pH at the subcellular level was designed and developed. It can be excited
directly or via the UCNP, which provides an intermediate proof of principle to stimulate
future equipment development. The probe uses UCNPs conjugated to pHAb, a pH-sensitive
dye that increases in fluorescence as the environment becomes more acidic (Figure 4.1). The
absorption of pHAD coincides well with the green emission band of the UCNP, and the dye’s
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Figure 4.1: Molecular structure of pHAb amine reactive dye. The succinimidyl ester group
here can react with primary amines to form an amide bond. Structure created with Chem-
Draw.

emission varies from pH 4.0 to 6.0. This makes it ideal for sensing in acidic compartments
like endosomes and lysosomes that are involved in endocytosis. After an evaluation of
the pH response of the probes in buffer solution, the focus turned to their capability for
ratiometric imaging. Colocalization studies were conducted to determine the subcellular
location of the UCNP-pHAD nanoconjugates and pharmacological inhibitor studies helped
determine the mechanism by which the nanosensors are taken up by the cells. Finally,
cytotoxicity experiments were completed to ensure cell viability during the duration of the
experiments.

4.2 Materials and methods

4.2.1 Materials

The pHAb amine reactive dye was purchased from Promega. DMSO (99+%) was from Alfa
Aesar. Potassium chloride (99+%) and sodium bicarbonate (99+%) were from Acros Organ-
ics. Amine conjugation buffer was made by dissolving 0.084 g sodium bicarbonate in water,
adjusting the pH to 8.5 using HCI/NaOH (100 mM), then adjusting the final volume to 100
mL with water. Citric acid monohydrate, disodium phosphate heptahydrate, and chlorpro-
mazine hydrochloride (> 98%) were purchased from Sigma-Aldrich. All cell culture media

were purchased from Thermo Fisher Scientific. Nigericin sodium salt was from Cayman
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Figure 4.2: Succinimidyl ester and primary amine crosslinker chemistry. Diagram created
with ChemDraw.

Chemical. Cell Navigator green fluorescence with 405 nm excitation lysosome staining kit
was purchased from AAT Bioquest. Nystatin was obtained from BioVision. The resazurin-
based alamarBlue cell viability reagent and Trypan blue solution (0.4%) were purchased
from Thermo Fisher Scientific. SH-SYSY cells were obtained from the MRC Stem Cell
Institute (University of Cambridge).

4.2.2 Synthesis of UCNP-PEI-pHAb conjugate

The oleate-capped UCNPs were synthesized according to the high-temperature coprecipita-
tion method and modified with PEI as described in Section 2.2. The pHAb amine reactive
dye was quickly centrifuged (i.e., 14000x g using a tabletop centrifuge for 5-10 seconds)
and dissolved at 10 mg/mL by adding 25 uL of 1:1 DMSO-water mix. It was mixed by vor-
texing until the dye was dissolved completely (1-3 minutes). 5 mg of the PEI-coated UCNPs
in amine conjugation buffer was mixed with the pHAb amine reactive dye in DMSO-water.
The mixture underwent stirring for 60 min while protected from light. During this time,
the succinimidyl ester on the pHAD dye reacts with the primary amine groups of the PEI to
form a stable amide bond (Figure 4.2), and the basic environment minimizes any hydrolysis
side reaction of the succinimidyl ester. The UCNP-PEI-pHAD conjugate was washed three

times with water. Finally, it was suspended in water and stored at 4 °C.

4.2.3 Characterization of the pH nanoprobe

TEM images of the oleate-capped UCNPs were obtained with a 120 kV Philips CM12
transmission electron microscope (FEI). The images of the UCNPs were analyzed with
ImagelJ software (NIH) to obtain size distribution. Phosphate/citrate buffers of different pHs
(0.2 M) were added to UCNP-pHAD solution (~1 mg/mL) in a 1:1 volume ratio. A Cary-
Eclipse Fluorescence Spectrophotometer (Varian) was used to collect the emission spectra
of UCNP-pHAb when the dye was directly excited. Instrument excitation and emission slits
were both set at 5 nm, and the scan rate was 120 nm/min. All samples were excited at 532

nm, and the emission was scanned from 540 to 650 nm. The photomultiplier tube detector
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voltage was set at 800 V. A QE65000 spectrometer (Ocean Optics) was used to obtain
the luminescence spectra for the pH titration experiment wherein the UCNP was directly
excited at 980 nm with a Spectra-Physics Mai Tai Ti:Sapphire NIR/IR laser (Newport). A
750 nm shortpass filter (Thorlabs) protected the detector from the laser. All spectra were
recorded at room temperature. Binomial filtering with Igor Pro software (Wavemetrics) was
used to smooth the spectra because it reduces noise while maintaining peak position. >
The hydrodynamic diameter and zeta potential of the UCNP-pHAb were measured with a
ZetaPALS (Brookhaven Instruments) at room temperature.

The lifetime measurements used the same setup as described in Section 3.2. A standard
UV/VIS lamp (Type NU-4; 254 nm and 366 nm, 2 x 4 W) (Konrad Benda Laborgerite) was
used to illuminate the samples for 300 min for the photobleaching experiments. The samples
for the original and photobleaching experiments were prepared by adding the UCNP-pHAb
solution to phosphate/citrate buffer (1:1 volume ratio). The samples for the dilution experi-
ments were diluted by one, five, and ten times. The decay fits were obtained with Prism 8
(GraphPad).

4.2.4 Multiphoton imaging of the pH nanoprobe

200 uL of agarose gel in phosphate-buffered saline (PBS) (2.5%) was mixed with 100 uL.
of UCNP-pHAb in water (1 mg/mL) at 90 °C. 100 yL of the resulting mixture was pipetted
into an 8-well ibiTreat u-Slide (Ibidi), placed in a refrigerator until solidified, then imaged
with a TCS SP5 Confocal (Leica) equipped with a pulsed Chameleon Ultra IT IR laser
(Coherent). Three color channels were captured using HyD hybrid detectors (Leica): 500-
550 nm (UCNP green emission), 565-630 nm (pHAb yellow emission), and 640-680 nm
(UCNP red emission).

4.2.5 Multiphoton imaging of cells

SH-SYSY cells were cultured at 37 °C in 5% CO; in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
in a 4-well ibiTreat Ph+ p-Slide (Ibidi). 50k cells were plated in each well (700 uL) ~36
h before imaging then UCNP-PEI-pHAb conjugates in clear DMEM/F-12 (0.01 mg/mL)
were added ~12 h before imaging. For in situ pH calibration, the intracellular pH was
adjusted to that of the extracellular environment according to previously described proto-
cols.”2233.254 Briefly, the cells were treated with citric acid/phosphate buffer of certain pH
supplemented with 140 mM KCI and 10 uM nigericin then returned to incubation for 10
min. Multiphoton imaging was performed on a TCS SP5 Confocal (Leica) equipped with a
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pulsed Chameleon Ultra II IR laser (Coherent). A CO, and temperature control incubator
was placed on the microscope stage for live cell imaging. Three color channels were cap-
tured using HyD hybrid detectors (Leica): 500-550 nm (UCNP green emission), 565-630
nm (pHAb yellow emission), and 640-680 nm (UCNP red emission). Cell outlines were
visualized with transmission detection. Control cells were imaged after ~12 h of incubation
with UCNP-PEI-pHAb conjugates but were not exposed to pH buffer supplemented with
KClI and nigericin.

MATLAB (Mathworks) was used for image processing and analysis, which were based
on previously reported methods.?>3-23¢ After median filtering, a mask was created using a
threshold obtained from Otsu’s method. Using this mask, the pHAb (yellow channel) to
UCNP (red channel) intensity ratio was calculated at each pixel. The average ratios were
plotted as a function of pH to obtain a calibration curve. The ratiometric images were
generated after the described masking had been applied. The intensity value of each pixel
in the pHAD channel (yellow) was divided by that of the corresponding pixel in the UCNP
channel (red). The image pseudocolors were rescaled according to the calibration curve,
and a colorbar was applied to the image.

4.2.6 Confocal laser scanning imaging of cells

SH-SYSY cells were cultured at 37 °C in 5% CO; in Dulbecco’s Modified Eagle Medium
(DMEM) (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin in a 4-well glass bottom u-Slide (Ibidi) coated with poly-D-
lysine. 50k cells were plated in each well (700 uL) ~60 h before imaging then UCNP-PEI-
pHADb conjugates in clear DMEM/F-12 (0.01 mg/mL) were added ~12 h before imaging.
The lysosomal-staining solution was prepared by diluting the LysoBrite dye in the live cell
staining buffer provided in the Cell Navigator kit (20 uL:10 mL). 350 uL of medium was
taken out and replaced by 350 uL of dye working solution then placed in the incubator for
30 min. Confocal laser scanning microscopy was performed on a TCS SP8 (Leica) equipped
with a white light laser source and 405 nm diode laser. The LysoBrite dye was excited at
405 nm, and the pHAb dye was excited at 532 nm. Photomultiplier tubes (Leica) collected
emission from 480-520 nm (cyan channel) and 565-630 nm (yellow channel). The imaging
system was enclosed to maintain temperature at 37 °C and CO, at 5% for live cell imaging.

Fiji, an open-source image processing package, and Coloc 2, a plugin, were used for
colocalization analysis.>>’ Using the image preprocessing and analysis methods outlined
by Dunn et al.,>>® background images were created for both channels in which the value of
each pixel from the original image was replaced with the median intensity of a surrounding

26x26 (yellow channel) or 32x32 (cyan channel) pixel region. These background images
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were then subtracted pixel-by-pixel from the original image to generate a median-subtracted
image. To analyze intracellular vesicles, the region of interest (ROI) was defined as the
cytoplasm, excluding the extracellular space and nucleus. The two probes, LysoBrite and
pHAD, were designated C and Y, respectively. Manders’ colocalization coefficients (MCCs)

were then calculated for the ROI with the following equations:

Zi Ci,colocal

MCC) = ——— 4.1
1 y.C 4.1)
ZiYi colocal
MCCy = ——— 4.2)
Y. Y

where MCC] is the fraction of C in compartments containing ¥ and MCC; is the fraction
of Y in compartments containing C. C; and Y; are the intensities of C and Y, respectively,
at pixel i. C; coiocar = Ci if ¥; > 0 and C; cpjocar = 0 1f Y; = 0. Y, cojocar = Y if C; > 0 and
Yi cotocat = 0 if C; = 0.

Statistical tests were performed with Prism 8 (GraphPad) based on the significance tests
of MCC measurements of colocalization described by McDonald et al.>>° The expected
MCC was the proportion of pixels above background. This value was subtracted from the
observed MCC to obtain MCCy;rr. The mean MCCy; sy was compared to 0 using a Student’s

one-tailed, one-sample t-test, with the significance level set to 0.05.

4.2.7 Endocytosis experiments

The protocol for the endocytosis experiments was adapted from a method developed by
Teplensky et al.2% The concentrations of chlorpromazine and nystatin were based on the
ones that Qu et al. used with SH-SY5Y cells. 26!

SH-SYSY cells were cultured before being seeded on a 24-well plate at a density of
100,000 cells/well. After approximately 24 h, the cells were washed with PBS before a
pretreatment 30 min incubation with different inhibitors in DMEM/F-12 without phenol red
at 37 °C: untreated (200 uL), chlorpromazine (200 uL, 10 pg/mL), nystatin (200 uL, 25
ug/mL). Afterwards, the medium was aspirated and replaced with a solution of UCNP-
pHAD (0.1 mg/mL, DMEM/F-12 without phenol red) in each set of conditions: untreated
(200 pL), chlorpromazine (200 uL, 10 pg/mL), nystatin (200 uL, 25 ug/mL). The plate
was incubated for 1.5 h at 37 °C. After incubation, the well contents were removed and
washed three times with PBS. The cells were then incubated with trypsin for 5 min at 37 °C.
Medium was added to the wells to stop the trypsinization, and the contents were transferred
to tubes and centrifuged at 1300 rpm for 5 min. The cells were resuspended in 300 uL of
flow buffer (PBS with BSA). Samples were kept on ice until measurement with a CyAn
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ADP flow cytometer (Beckman Coulter). The data were analyzed with FlowJo and Prism 8
(GraphPad) software. A longer incubation time of 3 h induced a cytotoxic response for the

cells treated with chlorpromazine.

4.2.8 Linearity of alamarBlue

To determine the plating density and incubation time such that the alamarBlue cell viability
assay 1s in the linear range, a serial dilution of SH-SYSY cells was performed in a clear-
bottom 96-well plate. The volume of cells plus medium was 100 uL. After the cells were
incubated at 37 °C and in 5% CO,; for 24 h, they were treated with alamarBlue reagent (10
uL of 10x solution) and placed back in the incubator. The fluorescence was measured 4 h
later with a SpectraMax M2 (Molecular Devices) (A,,=560 nm, A.,,=590 nm). To minimize
experimental errors, measurements were made from 6 replicates of experimental and no-
cell control samples. The alamarBlue mechanism diagram was created with ChemDoodle
(iChemlLabs).

4.2.9 Cell viability assay with alamarBlue

SH-SYSY cells (10,000 cells in 50 uL per well) were plated in a clear-bottom 96-well
plate. After the cells were incubated at 37 °C and in 5% CO; for 6 h, they were treated
with 50 uL. of UCNP-pHAD solution (0.01 mg/mL or 0.001 mg/mL in DMEM/F-12, no
phenol red) and incubated for another 18 h. The cells were then treated with alamarBlue
reagent (10 uL of 10x solution) and placed back in the incubator for 4 h. The fluorescence
was measured with a SpectraMax M2 (Molecular Devices) (A,,=560 nm, A,,,=590 nm). To
minimize experimental errors, measurements were made from 6 replicates of experimental

and no-cell control samples.

4.2.10 Cell viability assay with trypan blue exclusion assay

SH-SYS5Y cells were plated in two wells of a 6-well plate. After the cells were incubated
at 37 °C and in 5% CO, for 24 h, one well was treated with 2 mL of UCNP-pHAb solution
(0.01 mg/mL in DMEM/F-12, no phenol red) and the other well was treated with 2 mL of
DMEM/F-12 medium without phenol red. The cells were then incubated for another 24
h. The adherent cells were suspended using 2 mL of trypsin and gently triturated with a
pipette to break up clumps. 0.1 mL of cell suspension was mixed with 0.1 mL of trypan

blue solution. A hemocytometer chamber was filled with 15 L of the mixture and viewed
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under a light microscope. The number of viable (bright cells) and non-viable cells (stained

blue) were counted, and the cell viability was calculated using the following formula:

Percentage viability = Number of viable cells/Total number of cells x 100 (4.3)

4.3 Results and discussions

4.3.1 Preparation and characterization of UCNP-pHADbD sensor

UCNPs are an ideal candidate for reproducible, background-free, and self-ratiometric pH
sensing in cells. %% As shown in the previous chapter, the multiple emissions of the UCNPs
at different wavelengths allow ratiometric sensing via surface modification with pH indica-
tors. The objective here is to use one band of the UCNP (green emission) to excite a pH
sensitive moiety through energy transfer and the other band (red emission) to act as a refer-
ence for quantitative ratiometric measurements. While the anthraquinone dyes in Chapter 3
were superb quenchers, their pH-dependent fluorescence was poorly resolved when coupled
to UCNPs. Ratiometric imaging could theoretically rely on the turn-off of the green UCNP
emission band relative to the red reference UCNP emission band, but the turn-on of a sep-
arate analyte-dependent peak relative to a reference UCNP emission band could be much
more sensitive for pH sensing in cells due to less background fluorescence. It also gives the
opportunity for either the green or red band to be used as a reference (or both) and, for the
study here, for the pH sensing dye to be excited directly or via the UCNP.

pHAD is a dye that strongly increases in fluorescence as the pH of the solution becomes
more acidic. It was selected as the pH indicator because its absorption band overlaps well
with the luminescence of Er’* at 540 nm across intracellular pHs (Figure 4.3). Moreover,
the pH-sensitive emission band of pHAb largely avoids the Er** luminescence at 650 nm,
which functions as the reference signal. Thus, the strategy is to use the pHAb emission and
red UCNP emission together in a sensing system for ratiometric intracellular pH imaging.
Despite there being some overlap between the green UCNP and the dye emission in this
particular configuration, the ability to reference to the red band provides a good analytical
option. By examining Figure 4.3, it can be seen that a single wavelength intensity measure-
ment at around 575 nm or an integration from circa 565-630 nm could be selected to largely
avoid cross-talk.

A shell layer of inactive NaYF4 was grown around the NaYF4: Yb>*, Er’* core to

minimize the quenching effects of surface defects and solvent. The thickness of the shell
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Figure 4.3: Overlaid excitation/emission spectra of UCNP and pHAb. The absorption
(dashed) and emission (solid) spectra of pHAb (in color) are overlaid with the emission
spectrum of thin-shell, PEI-coated UCNP (in black). The pHADb spectra were obtained from
Promega.

was 1 nm (calculated from the TEM images in Figure 4.4) to balance between the thin-
ness required for RET and the thickness that promotes bright luminescence. Branched, high
molecular weight PEI was selected as the coating for its high dye loading capacity and abil-
ity to facilitate cellular uptake.3*’? PEI also provides the amine groups that can conjugate
to the succinimidyl ester group of pHAb. Covalent attachment of pHAD to the surface of
UCNPs minimizes dye leaching and also prevents the dye and UCNPs from localizing in
different parts of the cells. %2 Successful conjugation of pHAD to the UCNP was confirmed
by the red color on the surface. From absorbance and ICP-OES measurements, this reaction

was estimated to yield ~400 dye molecules per UCNP.

Even after conjugation to the UCNP, the pHAD dye retains its fluorescence response to
pH change when directly excited (Figure 4.5). Moreover, there is no noticeable shift in the
emission band. Figure 4.6 shows the emission spectra of UCNP-pHADb nanoconjugate in 0.2
M citrate/phosphate buffer from pH 4.0-6.0 under 980 excitation. Unlike the UCNP-CaR
and UCNP-ARS combinations in Chapter 3, the UCNP-pHADb conjugate did not display a
noticeable pH-dependent decrease in the 540 nm emission intensity. The sensitized emission
of the pHAb dye is hardly observable in Figure 4.6a because the intensities of the UCNP
luminescence are over 100-fold greater, but a zoom-in to the relevant wavelengths confirms
a pH dependence of the dye both before and after binomial smoothing (Figure 4.6¢,d). Due

to the low signal-to-noise (SNR) ratio of the pHAb emission from the spectrometer detector,
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Figure 4.4: TEM images of monodisperse, oleate-capped (a) core NaYF4: 20% Yb, 2% Er
and (b) core-shell NaYF4: 20% Yb, 2% Er@NaYF,. The scale bars are 60 nm. Histograms
of the size distribution from the TEM images are shown in (c) and (d) for the core and
core-shell particles, respectively.
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Figure 4.5: Emission spectra at various pHs when UCNP-pHAD in phosphate/citrate buffer
is excited at 532 nm (direct excitation of the dye).

Table 4.1: Lifetimes of 540 nm green emission of UCNPs, diluted UCNP-pHAb, and pho-
tobleached UCNP-pHAD

| | pH4 | pH5 | pH6 |
UCNPs 35649 us | 32945 us | 359+13 us
UCNP-pHAD (diluted) 254+44 pus | 24849 us | 25145 ps
UCNP-pHAD (photobleached) | 282+11 us | 269+9 us | 250426 us

a smoothing procedure was applied to more clearly illustrate the underlying pH-dependent
trends. Binomial filtering was selected over other spectral smoothing methods like Savitzky-
Golay because it has the property of negligible phase shift.?>> Figure 4.6b demonstrates
similar peak positions to Figure 4.6a even after 50 passes. The UCNP-pHAb nanosensor
showed a decreasing ratiometric response between pH 4.0 and 6.0 when titrated with buffer
solution (Figure 4.7). The reference was the 650 nm emission of the UCNP because it does
not participate in any energy transfer (Figure 4.3).

Lifetimes from the fluorescence decays of the 540 nm emission of the PEI-coated UC-
NPs and the pHAb-conjugated UCNPs were compared to determine whether a UC-RET
mechanism occurred (Table 4.1). The green emission of the UCNPs had lifetimes that var-
ied from 330-360 us and did not show pH dependence between pH 4 and 6. Due to the
high dye loading, it was not possible to measure the lifetime of the green luminescence of
the UCNP-pHAD particles in a cuvette at the same concentration as that of UCNPs alone.
Because only a small fraction of the cuvette was illuminated by the laser (2x1.5x10 mm)

and the green light was only collected from the middle of the cuvette, the light had to pass
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Figure 4.6: (a) Raw data of UCNP-pHADb spectra in 0.2 M phosphate/citrate buffer at pH
4.0, 4.5,5.0, 5.5, and 6.0. (b) shows that 50 passes of binomial smoothing do not shift the
positions of the peaks. (c) and (d) are the zoom-ins of the sensitized pHAb emission spectra
from (a) and (b), respectively.
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Figure 4.7: Ratiometric pH titration curves of UCNP-pHAD in 0.2 M phosphate/citrate
buffer. The ratio of the intensities of the sensitized emission of pHAb at 575 nm and the
reference emission of UCNP at 650 nm was calculated at each pH.

an additional 2.3 mm of solvent containing particles modified with dye. Too much of the
green light was reabsorbed by the dye to obtain a sufficiently high photon count on the PMT.
The lifetimes of the 540 nm green emission could be measured after the UCNP-pHAD in
buffer solution was diluted (~250 us from pH 4-6), yet the confidence intervals were wide
because the fits were not unique (i.e. curves generated from other values of variables would
fit almost as well) due to the low signal from the small concentration of sample. To further
confirm that there was indeed a decrease in lifetime in the presence of the dye, the sam-
ples at the original concentration were photobleached with a UV-lamp to reduce the number
of dye molecules available for reabsorption. The lifetimes of the 540 nm green emission
ranged from 250-280 us, indicating that there was still UC-RET with the lower acceptor to
donor ratio and only a small fraction of the dyes was photobleached after 300 min of lamp
illumination. The UC-RET efficiencies at different pHs were calculated with the UCNP
and UCNP-pHAD (diluted) lifetimes using Equation 3.3. They ranged from 25-30% (Figure
4.8), which were significantly higher than the RET efficiencies of the UCNP-anthraquinone
combinations studied in Chapter 3. The higher RET efficiency of UCNP-pHAb was likely
due to the larger extinction coefficient of pHAb (75,000 M~ 'cm™!) compared to CaR and
ARS.

The colloidal stability of nanoparticles is important when they are dispersed in aqueous
media for cellular applications. As described in Chapter 2, the highly positively charged PEI

coating provided the particles with a zeta potential of +36 mV. Generally, nanoparticles with
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Figure 4.8: UC-RET efficiency values for UCNP-pHAb at pH 4, 5, and 6. The bars represent
the mean values from three independent measurements, and the error bars correspond to +1
standard deviation.

a zeta potential below -30 mV or above +30 mV have sufficient electrostatic stabilization
such that they do not aggregate quickly.”? The DLS measurements confirmed this in Chapter
2. UCNP-PEI had a hydrodynamic diameter of ~90 nm with PdI < 0.190, indicating high
monodispersity. After pHAb conjugation, the particles had two size distribution peaks of
141+£10 (s.d.) nm and 481£33 (s.d.) nm, of which the latter suggested some aggregation
(Figure 4.9). This slight decrease in colloidal stability is due to the lower zeta potential of
+22 mV, which indicates less stabilization by electrostatic repulsion. The decrease in zeta
potential is expected because the primary amine groups of PEI convert to amide linkages

after reacting with the succinimidyl ester group of the pHAb dye. 262

Endocytosis describes the internalization of extracellular material whereby a portion of

plasma membrane surrounds the material, then a vesicle with the ingested content buds off

264

inside the cell.?%> Most nanomaterials are ingested this way.?%* In general, particles that

are <5 um in size can be internalized by cells through endocytosis.?®> The nanoparticle
needs to be small enough to diffuse easily through the cell matrix yet large enough to ensure
sufficient interaction with cell membrane surface receptors.?%® In any case, most adherent
cell lines should spontaneously take up the UCNP-pHAD by endocytosis because it still has

an excess of free amines to give the particles a net positive charge and it has suitable size

267,268

distribution, so alternative approaches of introducing the nanosensors into cells, such

6

as microinjection® or particle bombardment,>’%->7> were not considered here.
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Figure 4.9: Number-weighted histogram of particle diameters obtained from DLS.

4.3.2 Calibration of the UCNP-pHADb nanoprobe

Before proceeding with the in situ calibration and in vitro validation of the pH nanosensor,
the UCNP-pHAD conjugate was imaged on its own. The aim was to confirm the feasibility
of using the probe for optical imaging with a Leica SP5 confocal fluorescence microscope.
Green (500-550 nm), yellow (565-630 nm), and red (640-680 nm) emission channels were
acquired upon 980 nm excitation of UCNP-pHADb conjugate in agarose gel. These channel
ranges were selected to minimize cross-talk: even though the emission maximum for pHAb
is at 560 nm, there is still ~4% signal intensity of the UCNP green emission peak at that
wavelength compared to ~0.3% at 565 nm (Figure 4.3).

Single particles could not be resolved under these conditions, yet the largest nanosensor
aggregates in agarose gel could be viewed under the microscope (Figure 4.10). The green
channel is the 540 nm emission of the UCNP, the yellow channel is the 560 nm emission
of the pHAD, and the red channel is the 650 nm emission of the UCNP. The pHAb dye was
not directly excited at 532 nm, indicating that the UCNP transferred energy to the dye as
a result of the overlap between the absorption spectra of the pHAb dye and the emission
spectrum of the UCNP.

Proper calibration of pH nanosensors for quantitative intracellular sensing is not a trivial
task. Many instances of prior work on upconversion pH nanoprobes calibrate by measur-

161

ing the luminescence spectra of the probes in cells with a spectrofluorometer, " directly

applying the calibration curve from pH titration of the nanosensor alone in buffer to flu-

273

orescent imaging in cells,?’> or limiting their calibration to buffers only,>* but these all

have downsides. Although spectrofluorometer measurements are highly reliable, they do
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Figure 4.10: Confocal fluorescence microscope images of the green, yellow, and red emis-
sion of UCNP-pHAD conjugate in agarose gel. The brightness was increased with Photo-
shop. Scale bar is 50 um.

not show spatial resolution.?’* Applying the calibration curve obtained from one system to
measure samples in another does not always translate well; performing in situ calibrations
that match the conditions to be used for each experiment is recommended instead.?%?7>
Lastly, the nanosensor should be tested in cellular environments that resemble where the
actual experimental measurements will take place because of the possibility that its perfor-
mance is diminished by the presence of ions or macromolecules inside the cells. For these
in situ calibrations, an ionophore such as nigericin is introduced after the nanosensor has

been taken up by the cells, then live-cell images are taken with a confocal microscope. 26’

Nigericin is impermeable to the membrane in its anionic form but becomes permeable as
a neutral complex when its carboxyl group is bounded to a K* cation or H* proton.’® For
example, an electroneutral K* efflux cycle leads to acidification of the cytosol. Nigericin
binds to H* on the extracellular side, passes through the cell membrane as nigericin-H, and
releases the proton inside the cell. The ionophore then binds to K*, goes back across the
membrane as nigericin-K, and releases the cation outside of the cell.?’” The KCI concen-
tration of phosphate/citrate buffer matches that inside the cells so the difference between
extracellular and intracellular proton levels drives the equilibration of pH across the cell
membranes (i.e. [K1],/[Kt], = [H],/[H*],).?67?8

Figures 4.11-4.15 display the 500-550 nm (UCNP green), 565-630 nm (pHADb yellow),
and 640-680 nm (UCNP red) channels of UCNP-pHADb conjugates in SH-SYSY cells equi-
librated to pH 4.0, 4.5, 5.0, 5.5, and 6.0 in separate wells. It is clear that the UCNP-pHAb
conjugates were taken up by the cells since signals from the nanoparticle (green and red flu-
orescence) and dye (yellow fluorescence) can be seen at all five pHs. In addition, no signals
were observed outside the cells after the three PBS washes, indicating that the probes do not

leach from the cells during the time it takes to perform the experiments. The transmission
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images in Figures 4.11-4.15d indicate healthy, adherent SH-SYSY cells characteristically
extending their neurites and spreading. 279281

When the extracellular pH increases, the fluorescence images acquired suggest the con-
sequent changes of pH inside the cells: the ratio of the intensity collected from the yellow
channel to that from the red channel decreases until there is nearly no signal intensity in
the yellow channel at pH 6.0 (Figure 4.15¢). The respective green and red channels (Fig-
ure 4.11-4.15a,c) remain roughly the same intensity across the different pHs, with minor
variations and drifts caused by variations in probe concentration and differences in imaging
conditions (e.g. focus shift) that can be canceled out by ratiometric methods. 282283

These fluorescence images were collected with 2-fold frame accumulation to increase
overall brightness to more easily compare the similarities and differences at the various pHs,
but the actual ratiometric analysis and pH calibration curve generation were performed on
images without frame accumulation (Figure B.2, Appendix B) to avoid saturation, which
causes loss of information in the brightest areas of the sample. The image lookup table
(LUT) in the Leica confocal laser scanning microscope software, which shows pixels of
zero intensity in one color and saturated pixels in another color, was used during imaging to
verify that the intensity data were collected in a quantitative manner. 284

The average yellow/red signal was calculated at the different pHs. These values were
then fitted to a linear equation, producing the calibration curve shown in Figure 4.16. The
ratiometric images of the cells equilibrated to the various pHs (Figure 4.17) show a clear de-
crease of intracellular pH as the pH of the external environment decreases. This lanthanide-
based upconverting pH imaging probe is unique in its acidic sensing range down to pH 4.0;
more commonly, probes have been designed and validated at higher pH ranges. %2

The UCNP-pHAD conjugates were next used to measure the pH values of various intra-
cellular compartments in SH-SYSY cells (Figure 4.18). The nanoprobes were taken up by
the cells without requiring the addition of other compounds or other means of stimulating
uptake, which is likely due to the PEI coating. 1% After overnight incubation, the nanosen-
sors were mostly in acidic compartments (pH ~4.0). However, different signal ratios still
appeared in different spaces of the cells; yellow (pH ~4.0) points are next to those that are
turquoise (pH ~5.0) and violet (pH ~6.0). These results indicate that the intracellular pH is

not homogeneous and the UCNP-pHAD conjugates possess high spatial resolution.
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pH 4.0

Figure 4.11: Multiphoton confocal microscopy images of UCNP—pHADb in nigericin-treated
SH-SYSY cells exposed to citric acid/phosphate buffer with KCI at pH 4.0. The excitation
wavelength was 980 nm, and the images were collected with 2x frame accumulation in the
ranges of 500-550 nm (UCNP green), 565-630 nm (pHADb yellow), and 640-680 nm (UCNP
red). The corresponding transmission image is also shown. Using Photoshop (Adobe), the
green, yellow, and red images were enhanced to +50 brightness and the transmission image
was adjusted to +100 contrast. Original images are shown in Figure B.1 (Appendix B).
Scale bar = 50 um.
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pH 4.5

Figure 4.12: Multiphoton confocal microscopy images of UCNP—pHADb in nigericin-treated
SH-SYSY cells exposed to citric acid/phosphate buffer with KCI at pH 4.5. The excitation
wavelength was 980 nm, and the images were collected with 2x frame accumulation in the
ranges of 500-550 nm (UCNP green), 565-630 nm (pHADb yellow), and 640-680 nm (UCNP
red). The corresponding transmission image is also shown. Using Photoshop (Adobe), the
green, yellow, and red images were enhanced to +50 brightness and the transmission image
was adjusted to +100 contrast. Original images are shown in Figure B.1 (Appendix B).
Scale bar = 50 um.
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pH 5.0

Figure 4.13: Multiphoton confocal microscopy images of UCNP—pHADb in nigericin-treated
SH-SYSY cells exposed to citric acid/phosphate buffer with KCI at pH 5.0. The excitation
wavelength was 980 nm, and the images were collected with 2x frame accumulation in the
ranges of 500-550 nm (UCNP green), 565-630 nm (pHADb yellow), and 640-680 nm (UCNP
red). The corresponding transmission image is also shown. Using Photoshop (Adobe), the
green, yellow, and red images were enhanced to +50 brightness and the transmission image
was adjusted to +100 contrast. Original images are shown in Figure B.1 (Appendix B).
Scale bar = 50 um.
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Figure 4.14: Multiphoton confocal microscopy images of UCNP—pHADb in nigericin-treated
SH-SYSY cells exposed to citric acid/phosphate buffer with KCI at pH 5.5. The excitation
wavelength was 980 nm, and the images were collected with 2x frame accumulation in the
ranges of 500-550 nm (UCNP green), 565-630 nm (pHADb yellow), and 640-680 nm (UCNP
red). The corresponding transmission image is also shown. Using Photoshop (Adobe), the
green, yellow, and red images were enhanced to +50 brightness and the transmission image
was adjusted to +100 contrast. Original images are shown in Figure B.1 (Appendix B).
Scale bar = 50 um.
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pH 6.0

Figure 4.15: Multiphoton confocal microscopy images of UCNP—pHADb in nigericin-treated
SH-SYS5Y cells exposed to citric acid/phosphate buffer with KCI at pH 6.0. The excitation
wavelength was 980 nm, and the images were collected with 2x frame accumulation in the
ranges of 500-550 nm (UCNP green), 565-630 nm (pHADb yellow), and 640-680 nm (UCNP
red). The corresponding transmission image is also shown. Using Photoshop (Adobe), the
green, yellow, and red images were enhanced to +50 brightness and the transmission image
was adjusted to +100 contrast. Original images are shown in Figure B.1 (Appendix B).
Scale bar = 50 um.
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Figure 4.16: pH calibration curve of UCNP-pHADb in SH-SYSY cells, based on the average
of the ratio of yellow (Iy) to red (I;) fluorescence intensity at each pixel of interest.
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Figure 4.17: Ratiometric images of UCNP-pHAb in SH-SYS5Y cells at pH 4.0, 4.5, 5.0, 5.5, and 6.0. The colorbar shows the
pseudocolor change with pH. Scale bar = 30 um.
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Figure 4.18: Pseudocolor ratiometric images of UCNP-pHAD in various intracellular com-
partments of SH-SYSY cells overlaid with transmission images obtained through multipho-
ton confocal microscopy. The color scale is the same as that used in Figure 4.17. Scale bar
=30 um.

The sensitivity of the nanosensor was 1.1/unit pH (defined as the slope of the linear
calibration curve), which was an improvement over the sensitivity of 0.65/unit pH obtained
in a recently reported intracellular pH imaging probe by Du et al. that used lanthanide-
doped upconverting nanoparticles conjugated to fluorescein. 19> While their nanoprobe was
responsive from pH 5.0 to 7.4 in live cells, the nanosensor described here performs well
from pH 4.0 to 6.0, covering the range of pHs encountered in the endosomal/lysosomal cy-
cle that would be important for drug degradation studies. The error bars in Figure 4.16 are
admittedly still large at the lower end of the pH range. This appears to be a common prob-

253 QOther times,

lem that previously reported ratiometric pH biosensors also encountered.
error bars were not reported when the average ratiometric signal calculated from images
of cells incubated with the nanosensors was plotted against pH. %162 Resolution is an im-
portant characteristic of a sensing system that is influenced by the standard deviations of

1.,%85 the resolution

measurements. Based on the calculations performed by Sedlmeier et a
was defined as the ratio between the standard deviation at a specific pH and the slope of the
fit. The averaged resolution here was 0.5 unit pH, which was comparable to the 0.7 unit pH
resolution obtained by a recent ratiometric pH biosensor from Richardson et al. that fitted

log,, ratio values to a linear equation.?
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(a) (b) ()

Figure 4.19: Images of SH-SYSY cells incubated with UCNP-pHADb and LysoBrite. (a)
shows the LysoBrite channel under 405 nm excitation and (b) shows the pHAb channel
under 532 nm excitation. (c) is the merged image of (a) and (b). Scale bar = 10 um.

4.3.3 Colocalization with lysosome indicator

The cellular fate of the UCNP-pHAb probe was determined by staining with LysoBrite
dye. A lysosome marker was chosen because the vast majority of nanosensors were lo-
cated in acidic compartments (pH ~4.0) after >12 h of incubation (Figure 4.18). Previ-
ous studies evaluating whether the pH probe and lysosome marker codistributed with one

another treated the colocalization experiment data subjectively, 161,286.287

solely observing
whether there was color present that reflected the combined contributions of both probes
when the microscopy images were superimposed.?>® For example, Li et al. concluded that
their fluorescein-based upconversion nanoprobe (blue emission) and LysoTracker Red colo-
calized after observing violet areas in the merged images of the cells. '®! This is not particu-
larly rigorous analysis because the intermediate color is only obtained when the fluorescence

intensities of both probes are similar. >

If one dimmer probe spatially overlapped with an-
other brighter probe, the combined image would lead one to incorrectly believe that the two
probes localized in different compartments.

Colocalization actually has two components: co-occurrence (spatial overlap of two
probes) and correlation (proportional codistribution within and between structures).?? In
this case, the UCNP-pHADb would be expected to overlap with LysoBrite if the probe lo-
calized in lysosomes (co-occurrence), but the UCNP-pHAb would not be expected to enter
every lysosome in the cell (correlation). It would not be unusual to see some lysosomes
with UCNP-pHAD and others without, so the colocalization component of interest here is
co-occurence.

Visual evaluation of colocalization suggests that the UCNP-pHADb and LysoBrite as-
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Figure 4.20: Pixel intensities along a line drawn through the cell in Figure 4.19. (a) is the
LysoBrite channel and (b) is the pHAb channel.

sociate with the same structure (Figure 4.19). The green color in parts of the combined
image also implies that the two probes have similar intensities, which was the intent when
conducting image collection. It also appears that some of the lysosomes in the cell do not
contain UCNP-pHAD. Quantitative colocalization analysis can calculate the relative distri-
bution of the two probes and determine whether the degree of colocalization exceeds random
chance.?38:2%9

Pearson’s correlation coefficient (PCC) is a commonly used statistic to quantify colo-
calization because it is simple to calculate. PCC is independent of background noise, so no
preprocessing step is required.>8 A scatter plot is constructed with the intensity of a given
pixel in one channel as the x-axis and the intensity of the same pixel in the second channel
as the y-axis. Possible numbers for PCC range from 1 (perfect positive correlation) to -1
(perfect negative correlation). A PCC close to 1 would have a thin cloud of pixels distributed
along the regression line of the scatter plot.?%® However, the biology of the system must be
carefully considered to determine the suitability of a correlation coefficient in describing
the colocalization event. PCC is a poor measure of colocalization when the fluorophores

258 50 another approach

co-occur in varying proportions in different cellular compartments,
is needed here.

Manders’ colocalization coefficient (MCC) measures co-occurrence independent of cor-
relation, so it is an appropriate measure when one probe localizes in more compartments
relative to another probe. For example, this scenario occurs when all of probe A is found
in regions with probe B, but probe B is found in additional regions missing probe A.2%
When used here, MCC calculates the fraction of pHAb with LysoBrite and the fraction of
LysoBrite with pHAb. MCC is very sensitive to background because the calculation does
not subtract out the channel mean intensity (unlike PCC), so the background values need

to be identified and subtracted from the images before any calculations are performed. The
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Table 4.2: MCC values for pHAD and LysoBrite in cells after median subtraction

| MCC; (fraction of cyan with yellow) | MCC; (fraction of yellow with cyan) |

0.18 0.96
0.39 0.87
0.10 0.75
0.31 0.92
0.19 0.68

Costes thresholding method is widely used to eliminate background, but it fails when there
are significant differences in the number of compartments labeled with each fluorophore.
Median subtraction does not encounter this problem and has been shown to work for dis-

25

persed objects like endosomes, >3 so it is applied here.

To obtain the median-subtracted intensity (Figure 4.20), the local median intensity was
subtracted from the original intensity at each pixel along a line drawn through one cell.
Figure 4.20 shows that median subtraction is quite effective at removing the background
noise in Figure 4.19. The original pixel intensities (indicated by the green lines) do not
reach a gray value of zero, even in places where the images appear black in Figure 4.19.
The local median intensity of a square pixel region captures the low background variation
(black lines). Subtracting the median intensities from the original intensities gives intensity
profiles (red lines) that match the trend of the original image profiles while successfully
isolating the signal from the background. These median-subtracted intensities were then
used to calculate MCC values that quantify the fractional overlap between the LysoBrite
and pHAD dyes.

The resulting MCC values after median subtraction are shown in Table 4.2. The MCC;
values suggest that not all lysosomes contain UCNP-pHAD, while the MCC; values indicate
that the vast majority of the UCNP-pHADb probes are in lysosomes. Significance testing is
performed next to determine whether UCNP-pHADb colocalizes with LysoBrite dye more
than what would be expected by chance. Because every cell has a different proportion of
cyan pixels to begin with, each MCCypecreq Will also be different under the null hypothe-
sis of no colocalization. The t-test needs to be done on the difference (MCCy;yr) between
MCCppservea and MCCoypecrea (Table 4.3).%% Student’s one-sample, one-tailed test to com-
pare the mean MCCy;rr to O gives p < 0.0001 (t = 14.5, d.f. =4, o = 0.05), confirming that
the UCNP-pHAD localizes in lysosomes. The small fraction of UCNP-pHADb not in these
compartments (complement of fractions in second column, Table 4.2) may be in early en-
dosomes or late endosomes instead, which matches the pHs shown in the ratiometric image

(turquoise and violet areas in Figure 4.18).
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Table 4.3: MCC values for one-tailed, one-sample t-test

| MCCexpected | MCCopservea | MCCdif f |

0.118 0.957 0.839
0.172 0.868 0.696
0.071 0.748 0.677
0.105 0.917 0.812
0.113 0.679 0.566
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Figure 4.21: Schematics of (a) phagocytosis and (b) pinocytosis. In (a), a macrophage
engulfs a pathogen. In (b), a cell takes in extracellular fluid to sample whatever molecules
and nutrients happen to be nearby. Created with BioRender.

4.3.4 Endocytosis pathway studies

Phagocytosis and pinocytosis are the two categories of endocytic pathways that enable
cells to internalize particles (Figure 4.21). Phagocytosis is largely limited to immunogenic
cells, but the latter includes macropinocytosis, caveolae-mediated endocytosis, and clathrin-
mediated endocytosis, which differ with respect to the protein coat, size, and fate of the vesi-
cles.?6* Although it is still a challenge to predict the uptake mechanism based on a given
nanoparticle property, size is considered to be the major factor.?!8-264289 Macropinocytosis
involves particles >1 um, caveolae-mediated endocytosis is limited to particles <100 nm,
and materials <200 nm can participate in clathrin-mediated endocytosis to enter the endo-
somal/lysosomal trafficking route.?6*2" Given the distribution of particle sizes from DLS

(Figure 4.9), clathrin-mediated endocytosis appears to be the most likely uptake mechanism
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Figure 4.22: Fluorescence histogram of UCNP-pHADb at pH 4 and 6 from flow cytometry.
Excitation was at 488 nm to directly excite the dye, and a PE filter was chosen because it
overlapped well with the emission of the dye.

for the nanosensor.

Figure 4.23 shows the different internalization mechanisms of cargo between (a) clathrin-
mediated endocytosis and (b) caveolae-mediated endocytosis. Both are categorized as receptor-
mediated endocytosis, wherein the receptor proteins on the cell surface target specific molecules.
Coat proteins (clathrin and caveolin) are clustered on the cytoplasmic side. When the target
molecules bind to the receptors, a vesicle is formed with those contents inside and stabilized

by the coat proteins. 2!

Drug inhibitor studies were performed with flow cytometry to confirm the mechanism(s)
by which the UCNP-pHADb nanosensor is taken up by the SH-SYSY cells. To first confirm
that the flow cytometer was able to detect the fluorescent response of pHAb with a PE filter,
the dye was directly excited with a 488 nm laser in citrate/phosphate buffer of two different
pHs. At pH 4, the flow cytometer detected higher fluorescence from the UCNP-pHADb
compared to the particles at pH 6 (Figure 4.22). This matched the expected pH-dependent

emissive response of pHAb from Figures 4.3 and 4.5.

Chlorpromazine (CPZ) and nystatin (NYS) were selected as drug inhibitors because
they interfere with clathrin-mediated endocytosis and caveolae-mediated endocytosis, re-
spectively, and have been used previously in endocytosis studies with SH-SYSY cells. CPZ
stops AP2 adapter protein from binding to clathrin-coated vesicles,?*?> and NYS binds to

the cholesterol that is needed to maintain the structural integrity of the caveolae coat.??? If
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Figure 4.23: Illustrations of (a) clathrin-mediated endocytosis and (b) caveolae-mediated
endocytosis. Created with BioRender.

the drug induces a significant decrease in intracellular pHAb fluorescence, that is an indi-
cation that the corresponding endocytic mechanism plays a significant role in uptake of the
nanosensor. The pHAb fluorescence was quantified after introducing a series of gates to

remove cell debris, doublets, and low fluorescence (Figures 4.24 and 4.25).
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Figure 4.24: Gating strategy for the endocytosis pathway studies (positive and negative control). Cell debris was minimized using
the side scatter and forward scatter plots (a,d). Doublets were excluded using the pulse width and forward scatter plots (b,e). Cells
with low fluorescence were excluded using the PE filter histogram (c,f). The numbers next to the gates represent the percentage of
events from the parent population contained within the child gate.
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Figure 4.25: Gating strategy for the endocytosis pathway studies (chlorpromazine and nystatin). Cell debris was minimized using
the side scatter and forward scatter plots (a,d). Doublets were excluded using the pulse width and forward scatter plots (b,e). Cells
with low fluorescence were excluded using the PE filter histogram (c,f). The numbers next to the gates represent the percentage of
events from the parent population contained within the child gate.
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Figure 4.26: Effects of pharmacological inhibitors on UCNP-pHAb uptake after 1.5 h of
incubation. The samples were measured with flow cytometry, and each experiment was
repeated three times. Statistical significance was calculated with one-way analysis of vari-
ance (ANOVA) and Dunnett’s Multiple Comparison Test compared to the positive control.
** means P< 0.01.

The negative control (media only), CPZ, and NYS groups were normalized to the pos-
itive control of UCNP-pHAD (Figure 4.26). The intrinsic fluorescence of the SH-SYS5Y
cells was negligibly low; any higher measurement of fluorescence could be assumed to
come from the internalized pHAb. Incubation with CPZ showed a ~75% decrease in fluo-
rescence, indicating the importance of clathrin-mediated endocytosis in the uptake of these
nanosensors. Incubation with NYS showed ~10% decrease in fluorescence, which was not
statistically significant and suggested that caveolae-mediated endocytosis was not an es-
sential method of uptake (Figure 4.27). This information suggests that the UCNP-pHADb
nanosensor can be used to track the pH of drugs that participate in clathrin-mediated endo-

cytosis.

4.3.5 Cell viability assays

Cell viability can be quantitatively measured through various methods that examine cell
health indicators such as membrane integrity, nucleic acid content, and metabolism.?%#2%
The alamarBlue reagent relies on the reducing power of the cytosol in living cells. Re-
sazurin, the active component of alamarBlue, is cell permeable and virtually non-fluorescent.
After entering the cells, resazurin is reduced to resorufin, which is red and strongly fluores-

cent (see Figure 4.28).293
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Figure 4.27: 95% confidence intervals for Dunnett’s multiple comparison test. The group
means of NYS, CPZ, and the negative control were compared to the group mean of the
positive control. The 95% confidence band had to be greater than zero to be considered
statistically significant.
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Figure 4.28: alamarBlue mechanism. Resazurin (left) is converted to resorufin (right) inside
the reducing environment of metabolically active cells.
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Figure 4.29: (a) Linearity of alamarBlue. The fluorescence of alamarBlue was linear from
~500 to 20,000 cells/well after 28 hours of incubation of which the last 4 hours was with
the reagent. (b) Nonlinearity of alamarBlue. The fluorescence of alamarBlue was no longer
linear from ~500 to 20,000 cells/well after 48 hours of incubation of which the last 24 hours
was with the reagent.

Appropriate plating density and incubation time have to be determined first to ensure that
the amount of fluorescence produced is proportional to the number of viable cells. Figure
4.29a shows that the fluorescence intensity is linear from ~500 to 20,000 cells/well after 24
hours for adhesion and growth and another 4 hours of incubation with alamarBlue. With
20 hours of further incubation of the same 96-well plate, the same range of cells per well

becomes nonlinear (Figure 4.29b).

To accurately determine cell viability within this linear range, 10k cells were plated
per well, incubated for several hours to allow adhesion and growth, and then treated with
UCNP-pHAD at 0.01 mg/mL and 0.001 mg/mL. Even after the false-positive effect due to
the interference of UCNP-pHADb luminescence was subtracted from the resulting data (see
Figure 4.30),%2%%2%7 the cells still showed viability beyond the control at both concentrations
of nanoparticles. Because the alamarBlue assay does not measure true viability but cellular
metabolism, it is possible that the increase in resorufin is real due to the fact that the cells are
becoming more metabolically active in the presence of the UCNPs. Another possibility is
that the uptake of UCNPs inadvertently stimulates uptake of resazurin by the cells, causing
more turnover compared to the control. Cell viability studies involving nanoparticles have
been known to generate false negatives and false positives so performing independent assays

to complement observations can help avoid errors. 27628

A second cell viability test is performed with trypan blue exclusion assay, which relies



4.4 Conclusions 121

200+ Il 0.01 mg/mL
- 0.001 mg/mL
X 150+ -
2
§ 100~ - - . . .- -ceeeeeeeee...
>
3 50+

0 T
Unsubtracted Subtracted

UCNP-pHADb False-Positive Effect

Figure 4.30: Cell viability with alamarBlue assay. Subtracted has taken into account the
false-positive effect from the interference of UCNP-pHADb luminescence. Because alamar-
Blue and pHAD both exhibit absorbance at A.,=560 nm, the fluorescence from the latter
needs to be excluded. The dotted line is the control reference (UCNP-free cells). N = 6 for
all measurements.

on the cell membrane as another health indicator. The blue dye stains dead cells due to

their permeability, 2%

so a hemocytometer can be used to count the number of viable and
non-viable cells to calculate cell viability. Figure 4.31 displays the cell viabilities obtained
from the trypan blue exclusion assay. The control had 98% cell viability, while the cells
incubated with 0.01 mg/mL UCNP-pHAb for 24 h showed 97% viability. While free PEI
has been found to be cytotoxic, the effect is significantly reduced when the polymer is
bound to a surface.”? Long-term in vivo toxicity studies to understand the distribution and
excretion of the nanosensors are needed before they are used for biological applications
with animals or humans, but for the purpose of the in vitro cell imaging studies here, the
trypan blue exclusion assay shows that the nanoconjugates essentially have no effect on the

SH-SYS5Y cell line after 24 h of incubation.

4.4 Conclusions

This chapter examined the design and application of a novel ratiometric intracellular pH
imaging probe based on UCNPs and pHAb dye. The dual wavelength nanosensor was
based on the ratio of the sensitized yellow emission from pHADb and the reference red emis-
sion from UCNP. Intracellular calibration of the probe was performed after treatment with

nigericin, which equilibrated the internal pH to that of the extracellular environment. After
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Figure 4.31: Cell viability with trypan blue exclusion assay. The control had 98+1% cell
viability and the cells incubated with UCNP-pHAD (0.01 mg/mL) had 97£3% cell viabil-
ity. The SH-SY5Y cells did not show significant decrease in cell viability after 24 h of
incubation with 0.01 mg/mL UCNP-pHAb.

this calibration, the pH sensors were used to measure the pH of compartments inside the
cell. The nanosensor exhibited comparable or higher sensitivity, resolution, and range for
ratiometric imaging compared to previous upconversion nanosensors in the literature.

The UCNP-pHADb sensor was non-toxic to cells for the duration of the experiments.
Colocalization and endocytosis pathway studies also confirmed that the nanosensor was
taken up mostly by clathrin-mediated endocytosis and localized in lysosomes, making them
ideal probes to study compartmentalization of drugs and vesicle acidification. These probes
work well for detecting pH changes in in vitro biological systems due to their strong fluo-
rescence and may also prove useful in more complex 3D models such as organoids. These
results were promising, suggesting that upconversion-based pH nanosensors can be used to
study live cells when they are exposed to different stimuli that induce pH change.

As research on upconversion nanomaterials matures, it will be useful to develop com-
mercial instrumentation beyond custom built setups because the latter ones typically are not
well characterized, leading to challenges when comparing results from different research
groups. 38 It will also be of great value to equip conventional microscopes and flow cytome-
ters with NIR excitation sources. Direct excitation of the dye provided a proof of concept
for the colocalization and endocytosis pathway studies in this chapter, but indirect excitation
through energy transfer would provide an even more comprehensive study of UCNP-pHAb
in the cell.



Chapter 5
Conclusions and future work

In this thesis, UCNPs together with pH-sensitive dyes were investigated to examine their
combined potential for sensing pH in different environments (buffer solutions, cellular com-
partments). The findings and discussions presented here show that anthraquinones quenched
the green emission of UCNPs in solution, and a pH-dependent quenching response could be
measured when the two moieties were mixed or conjugated together. When coupled to UC-
NPs, pHAb dye exhibited a pH-sensitive emission upon excitation at 980 nm that enabled
ratiometric imaging in SH-SYSY cells.

A summary of the major findings and conclusions based on the thesis objectives in
Section 1.4 are discussed below. The limitations are considered alongside suggestions for
future work that can broaden the scope of this project. Taking these factors into account, the

thesis concludes with a final evaluation of UCNPs for pH sensing.

5.1 Summary of findings

Due to their unique optical properties, upconversion nanomaterials can overcome limitations
of common optical probes used in bioanalytical applications, such as limited tissue pene-
tration by light in the visible wavelength range and high autofluorescence background. The
UCNPs need to be small enough to pass through the cell membrane for in vitro applications.
There is also a demand for high brightness and monodispersity to increase sensor perfor-
mance and reproducibility, so B-phase particles, which are known to be brighter than their
a-phase counterparts, of uniform shape and size are required. Out of four different synthe-
sis strategies, high-temperature coprecipitation was found to be the most reproducible for
synthesizing 3-NaYF4:YDb, Er particles that are highly uniform in shape (nanospheres) and
size (<30 nm). Cellular uptake has been shown to be more efficient for spherical nanopar-

ticles compared to rod-like ones. In this instance, the hexagonal packing shape approaches
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a spherical particle more than an elongated rod shape. This synthesis method is attractive
because the experimental setup and strong luminescence of the UCNPs allow the process to

be monitored and the reaction time to be properly controlled.

Because surface defects, ligands, and solvent molecules can quench upconversion lumi-
nescence, surface passivation can enhance the brightness of UCNPs. Inert shells of different
thicknesses were added to reduce surface quenching. ‘Thin’ (<1 nm) and ‘thick’ (3 nm)
shells were coated around core NaYF,:Yb, Er particles (24 nm in diameter) and used to
test for resonance energy transfer and inner filter effect sensing mechanisms. Both types
of core-shell UCNPs were brighter than core-only UCNPs. This is associated with pro-
tection of the UCNP from quenching so the thick-shell UCNPs had higher emission than
the thin-shell ones. The distance dependence of FRET means that the energy transfer effi-
ciency drops drastically for UCNPs with thicker shell, so thin-shell UCNPs were explored
for applications that relied on UC-RET.

A two-step ligand exchange process assisted by NOBF, coated the UCNPs with PMA or
PEI to enable water dispersibility. In Chapter 3, PMA-coated particles were selected to study
quenching by inner filter effect. The negative charge of PMA prevented direct electrostatic
attraction between UCNP and anthraquinone. PEIl-coated particles were chosen to study
excitation of the anthraquinone when it was attached to the UCNP, because the positive
amino groups electrostatically interacted with the negatively charged sulfonate group of
the anthraquinone derivatives, decreasing the distance between donor (exciter) and acceptor
(fluorophore) and making it more likely for RET to compete with IFE. For the conjugation of
UCNP and pHAD in Chapter 4, the amines of the PEI coating reacted with the succinimidyl
ester group of the dye. Covalent immobilization also minimizes leaching of the dye from

the particle, which is critical for sensing in cells.

Mixtures and conjugates of UCNPs and anthraquinones were studied to examine the
quenching effect. Anthraquinones were chosen with excitation coincident with the green
emission peak for the UCNP. The decrease in the green peak of the thick-shell UCNPs
could be attributed to IFE when mixed directly with the dyes. However, UC-RET was at
least partially responsible for the phenomenon when thin-shell UCNPs and anthraquinones

were conjugated, although photon reabsorption was still the more dominant component.

The UCNP-anthraquinone coupling via mixture and conjugation was then applied to
pH measurement. The ratio of the green intensity to the red intensity was calibrated to
phosphate/citrate buffer solutions of varying pH. Ratios were lower in basic environments
because of the higher spectral overlap between the UCNP green emission and deprotonated
anthraquinone absorption band. The UCNP-ARS nanosensor exhibited a broader pH re-
sponse (pH ~4.4 to ~6.4) than the UCNP-CaR nanosensor (pH ~4.6 to ~5.2), with pK, of
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5.4 and 4.9, respectively. The range studied in this work fits within the intracellular pH en-
countered in live cells. Both nanosensors had a sensitivity of ~0.1 ratio difference per unit
of pH.

For ratiometric imaging of pH in cells, it is advantageous to choose a dye whose sensi-
tized pH-dependent emission can be referenced to a pH-insensitive upconversion emission
band. Turn-on ratiometric sensors that rely on the emergence of a new analyte-dependent
peak have higher sensitivity than turn-off ones that rely on the quenching of one peak rela-

tive to another due to background fluorescence in the latter, 3%

which is critical for imaging
analysis. To take advantage of the benefits of NIR excitation, the pH-dependent absorption
band of the dye should overlap with one of the emission bands of the UCNP to accept en-
ergy from the particle rather than from direct excitation by a laser. A dye called pHAD fit
these criteria; studies of the pH response of UCNP-pHADb nanoconjugate in buffer solution
revealed that the UCNP-pHAD had higher UC-RET efficiencies (25-30%) compared to the
UCNP-anthraquinone combinations, while the green UCNP emission hardly changed at all
at different pHs. Thus, UC-RET efficiencies and quenching efficiencies are quite depen-
dent on the choice of pH dye and the thickness of the shell should be tuned accordingly. In
the case of UCNP-pHAD, a shell thickness of ~1 nm was selected to accomodate UC-RET
while maintaining UCNP brightness.

The nanosensor’s applicability for ratiometric pH imaging was demonstrated by imag-
ing the two emissions of the probe (pHAb 560 nm sensitized emission, UCNP 650 nm
reference emission) in SH-SYS5Y cells with a confocal microscope upon 980 nm excitation.
Nigericin, which equilibrates the pH inside and outside cells, was used for the in situ pH
calibration before the nanoprobe was used to measure the pH of endosomes and lysosomes
after ~12 hours of incubation with the cells. The positive charge of PEI is known to in-
duce passive cellular uptake of nanoparticles through endocytosis. Colocalization analysis
confirmed that the UCNP-pHADb localized in these compartments, and endocytosis pathway
studies revealed that these nanoprobes mostly entered the cell through clathrin-mediated
endocytosis. Cytotoxicity studies concluded that the nanoprobes did not affect cell viabil-
ity even after 24 h of incubation. The nanosensor introduced in this work had comparable
or higher sensitivity, resolution, and range for measuring the pH range of interest versus
previously published NIR excitable nanosensors.

5.2 Limitations and future work

In order to amplify the sensitized emission of the pHAb dye to improve the performance

metrics of the pH nanosensor, a highly amino-functionalized polymer coating (PEI) was
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used for high coverage of dye molecules. Yet, while the number of conjugated indicators
was beneficial for the quantitative measurement of pH in cells, it led to the pHAb-conjugated
nanosensor in Chapter 4 experiencing some aggregation because the zeta potential (+22 mV)
was not high enough to repel particles from each other. Before conjugation, the PEI-coated
UCNPs were colloidally stable with a zeta potential of +36 mV, so the dye modification
decreased colloidal stability. In general, nanoparticles with a zeta potential between -30
mV and +30 mV will aggregate because the like-charge repulsion is overpowered by the
stronger hydrophobic effect. Optimizing the surface coating will require finding the right
number of dye molecules per particle that balances high sensitivity and reduced aggregation.
This can be achieved by using polymer coatings with higher amino functionalization, which
will increase the amount of pHADb indicators that can be conjugated while maintaining high

zeta potential.

Intensity-based measurements have been popular for spectroscopy and imaging because
the instruments they rely on are relatively cheaper and straightforward to use compared to
those used in lifetime-based measurements. Ratiometric sensing and imaging have largely
overcome challenges associated with measuring single emission changes, but ratiometric
sensors still require multi-channel detection in microscopy. This can be a critical problem
when working with live cells, since they may move in the time frame between the scans of
the different channels. As a result, fluorescence lifetime imaging microscopy (FLIM) can be
a good alternative for intracellular sensing. UCNPs have significantly longer lifetimes (us)
than the autofluorescence decay of cells (2-3 ns)3%!, so background noise will be removed
with time-resolved detection.3"? There are still very few examples of FLIM with UCNPs,
likely due to the need for more complex instruments and analysis. In order to generate
a temporally-resolved image, an exponential decay has to be fit at each pixel to calculate
lifetime. Yet, the upsides of FLIM, such as enhanced sensitivity and selectivity, make it of
interest. A study by Orte et al. applied QDs capped with mercaptopropionic acid to measure

intracellular pH with high sensitivity and selectivity in two different cell lines. 303

The PEI coating alone was sufficient to enable passive uptake of the nanosensors through
endocytosis, which sequestered them into endosomes/lysosomes and led to scattered fluo-
rescence throughout the cytoplasm. No additional modifications were made to the surface
coating, making this passive delivery method simple to implement. However, the sequestra-
tion prevented the nanosensors from labeling other intracellular structures.3®! The surface
of the UCNPs could be modified with ligands such as peptide localization sequences to di-
rect entry into organelles other than endocytic vesicles. The PEI-coated nanosensors in this
work are also nonspecific to cells. Targeting molecules and antibodies can enable the probes

to go after specific types of cells. For example, nanoparticles conjugated with folic acid will
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specifically target cells that express high levels of folate receptors, which is common for
cancer cells.®” Those complexed with epidermal growth factor (EGF) will target cells with
EGF receptor due to the specificity of antibody-antigen interaction. Modifying the surface
of the nanosensors increases their versatility and can be considered alongside more active
delivery methods such as microinjection and electroporation.3°!

In looking to apply the pH nanosensors to drug delivery/degradation studies, the first
area of investigation should be their ability to track pH temporally upon introduction of
drugs with known behavior of changing pH. For example, chloroquine is an antimalarial
medication that has been shown to increase lysosomal pH in live cells.? If the nanoprobes
can sense an increase in pH after the cells are exposed to this stimulus, they are good
candidates for further studies that track the pH of endosomal/lysosomal compartments in
combination with degradation studies of drugs. For pharmaceuticals to pass the preclinical
research and development phase, they have to escape from the acidity of the lysosome and
reach their cellular target before they degrade.

Research on organoids, which are 3D cellular structures derived from stem cells that
mimic the structure and function of organs,3%* has flourished over the last ten years due to
their usefulness in drug screens and preclinical drug development.3% They are more realis-
tic and efficient in comparison to current model systems like cell lines and patient-derived
xenograft models, respectively. Flat cells attached to the hard plastic of cell culture plates
are hardly representative of the complexity and dimensionality of in vivo tissue,3%0 and
organoids can test the drug response of specific patients in as little as 12 weeks.>** In an
editorial naming organoids as the 2017 Method of the Year, Nature Methods stated that “one
of the most powerful aspects of organoids as research tools is just how well they synergize
with other cutting-edge methods. Imaging, for example, has been advancing tremendously
within the past decade, particularly in its ability to image deeper into tissue in ways both
fast enough to capture living biology and gentle enough not to damage the sample much.””3%6
With their capacity for deep tissue imaging, UC nanosensors are ideal candidates for track-
ing the evolution of pH in the endosomes and lysosomes of organoids upon introduction
of drugs. Volume imaging of the nanosensors would make it possible to visualize drug
distribution in early endosomes, late endosomes, and lysosomes within the overall tissue

architecture, %7 which is more representative of how drugs interact with in vivo systems.

5.3 Conclusions

Overall, the findings from this thesis demonstrate the potential of upconversion-based pH

nanosensors for optical sensing and bioanalytical applications. A thorough search of the
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relevant literature suggested that this was the first work that investigated the interaction be-
tween UCNPs and different pH indicator dyes beyond measurement in buffer solution and
cells. The type of system (mixture or conjugate) influenced the energy transfer mecha-
nism between UCNP and anthraquinone dye. When the two entities were close enough via
conjugation, UC-RET was partly responsible for the decrease in the green emission of the
UCNP. The change in ratio of the green peak to red peak of the UCNP with pH was used
to construct sigmoidal response curves. This study provided the framework for creating a
new sensing system based on UCNP and pHADb dye that could measure pH in endosomes
and lysosomes through ratiometric imaging. The nanoconjugate was shown to enter the cell
through clathrin-mediated endocytosis and localize in endosomes and lysosomes. More-
over, the nanosensor was not toxic to the cells in the timescale associated with the studies
performed here.

Future work should focus on upconversion enhancement strategies to improve the nanosen-
sor’s performance characteristics as well as surface chemistry to reduce particle aggregation.
FLIM can be explored as an option if intensity-based ratiometric imaging still suffers from
low sensitivity and resolution after improving the brightness of UCNPs. Adding targeting
ligands to the particle can further increase the ability of these nanoprobes to selectively sense
pH in different environments. Improvements in these areas will accelerate the development
of UCNPs towards commercial use, starting with measurements of pH changes from known
stimuli as proof-of-concept before proceeding to their use in delivery/degradation studies of

drugs in more complex preclinical models like organoids.



Appendix A

Crystal structure of NaYF4

Crystals are highly ordered structures of atoms, ions, or molecules that extend in all three
dimensions in an endless, repetitive fashion. By assigning the atoms positions in a unit cell,
one can essentially describe the structural information of the entire crystal because the unit
cells repeat in space. The simplest crystal structure is the cubic (o) one, of which there
are three types as shown in Figure A.1: simple cubic (SC), face-centered cubic (FCC), and
body-centered cubic (BCC). The latter two are much more commonly observed in nature.
The cube edge, also known as the lattice parameter, distinguishes substances from one an-
other. For example, if Fe atoms are placed at each lattice point in a BCC structure with a

lattice parameter of 0.287 nm, metallic iron forms.3%%

Crystals form diffraction patterns when x-ray beams hit them. The patterns depend
on the wavelength of the incident light, the angle of diffraction, and the d-spacing. The
wavelength depends on the element for the x-ray source, which is commonly copper with
an emission wavelength of 1.539 A. The diffractometer used for XRD analysis measures
double this angle, which is why XRD patterns often display data in terms of 26. The
d-spacing is the distance between adjacent planes in a family of parallel planes. Thus,

according to Bragg’s law, one can calculate the interplanar spacing. The equation is:

nA =2dsin

where n is an integer (1, 2, 3, ...), A is the wavelength, d is the interplanar spacing,
and 6 is the diffraction angle. Because A and 0 are known, the interplanar spacing can be
determined. 3%’ Each d-spacing represents a family of similar atomic planes. With combined
knowledge of these d-spacings, one can come up with the crystal structure of an unknown
material.>'? Because of the phase problem of crystallography, only the axes and angles of

the unit cell can be determined but not the exact atom location in the unit cell.3!!
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(a) (b) (©)

Figure A.1: The three types of unit cells for the cubic crystal: (a) simple cubic, (b) face-
centered cubic, and (c) body-centered cubic.

BN rE

T,

(b)

Figure A.2: HR-TEM images of UCNPs synthesized via low-temperature coprecipitation.
(a) shows the UCNPs without annealing and (b) shows the UCNPs with 30 min of annealing.



131

Figure A.3: The unit cell of the hexagonal close-packed structure.

High-resolution TEM (HR-TEM) images (Figure A.2) can confirm the high crystallinity
of materials to further support XRD results. The d-spacing can also be determined from
these HR-TEM images. The distance of 0.3 nm between adjacent lattice fringes, seen in
Figure A.2, agrees with the dy1; spacing of the cubic structure of NaYF,.312313 The atoms
that make up NaYF, can also be arranged in another structure, i.e. hexagonal (), with
different interplanar spacings, atomic locations, and lattice parameters (Figure A.3).3!4 For
example, the hexagonal structure of NaYF, has d;og spacing of 0.5 nm. 315






Appendix B

Supplemental microscopy images of
UCNP-pHAD in cells

Frame accumulation takes a specified number of scans and adds up the pixel values, dis-
playing the sum in the final image. Accumulation is useful for amplifying weak signals,
but it can result in saturation of the highest intensity pixels. Accurate quantitative analysis
of images requires pixel values to remain unsaturated; otherwise, intensity differentiation is
lost at the upper end of the image pixels. Thus, frame accumulation is ideal for improving
specimen visibility for visualization purposes but should be scrutinized before images are
collected this way for ratiometric analysis.

Figure B.2 shows the 500-550 nm (first row, UCNP green), 565-630 nm (second row,
pHAD yellow), and 640-680 nm (third row, UCNP red) channels of optimized UCNP-pHADb
in SH-SYSY cells calibrated to different pHs using citrate/phosphate buffer supplemented
with nigericin and KCIl. Because these fluorescence images were collected without frame
accumulation and the microscope parameters were adjusted to avoid image saturation, they
were used to produce the calibration represented by the pseudocolor change with pH shown
in the colorbar and the ratiometric images in the fifth row. The transmission images (fourth
row) show the cell outlines, confirming that the UCNP-pHADb conjugates go inside the cells

after overnight incubation.
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Yellow (pHAD) Green (UCNP)

Red (UCNP)

Transmission

Figure B.1: Raw multiphoton confocal microscopy images of optimized UCNP—pHADb in
nigericin-treated SH-SY5Y cells exposed to citric acid/phosphate buffer with KCl at pH 4.0,
4.5,5.0, 5.5, and 6.0. The excitation wavelength was 980 nm, and the images were collected
with 2x frame accumulation in the ranges of 500-550 nm (first row, UCNP green), 565-630
nm (second row, pHADb yellow), and 640-680 nm (third row, UCNP red). The corresponding
transmission images (fourth row) are also shown. Scale bar = 50 ym.
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pH 4.0 pH 4.5 pH 5.0 pH5.5 pH 6.0

Yellow (pHAD) Green (UCNP)

Red (UCNP)

Transmission

Figure B.2: Raw multiphoton confocal microscopy images of optimized UCNP—pHADb in
nigericin-treated SH-SYSY cells exposed to citric acid/phosphate buffer with KCI at pH 4.0,
4.5,5.0,5.5, and 6.0. The excitation wavelength was 980 nm, and the images were collected
with 1x frame accumulation in the ranges of 500-550 nm (first row, UCNP green), 565-630
nm (second row, pHAD yellow), and 640-680 nm (third row, UCNP red). The corresponding
transmission images (fourth row) are also shown. Scale bar = 50 um.
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