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ABSTRACT

An ideal fluorescent marker for high contrast imaging and optical temperature sensing in bi-
ological applications should be biocompatible, ultrasmall, photostable, and can be excited and
detected within the biological transparency window (650-1350nm). To meet these criteria, fluores-
cent nanodiamonds (FNDs) and upconversion nanoparticles (UCNPs) doped with lanthanide ions
Ln*? (Ln=Er,Tm,Ho,etc.) are of interest.

First, multi-color fluorescent nanodiamonds (FNDs) containing variety of color centers are
promising fluorescent markers for most of biomedical applications. Compared to colloidal quan-
tum dots and organic dyes, FNDs have the advantage of lower toxicity and better photostability.
FNDs can be as small as fluorescent proteins, for example, green fluorescent protein (GFP) with
a few nanometers (nm) in size and have exceptional chemical stability. They can be surface func-
tionalized by techniques similar to those used for other nanoparticles. They exhibit a variety of
emission wavelengths from visible to near infrared, with narrow or broad bandwidths depending
on their color centers. In addition, some color centers can detect changes in magnetic fields, elec-
tric fields, and temperature. In this dissertation, I will discuss a new technique of grown small and
stable fluorescent nanodiamonds. I will also discuss some applications of FNDs in bioimaging and
biosensing.

Second, Upconversion nanoparticles (UCNPs) are of interest because they allow suppression
of tissue autofluorescence and are therefore visible deep inside biological tissue. Compared to
upconversion dyes, UCNPs have a lower pump intensity threshold, better photostability, and less
toxicity. Recently, YV Oy : Er*3, Y b*3 nanoparticles were shown to exhibit strong up-conversion
luminescence (UCL) with a relatively low 10 kW.cm ™2 excitation intensity even in water, which
makes them excellent bio-imaging and biosensors candidates. In this dissertation, I will discuss

the UCNPs in terms of synthesis, applications in bioimaging and biosensing.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Conventional fluorescent markers have attracted special attentions, especially, for high contrast
imaging [1-6] and precise optical temperature sensing [7—11] in biological applications. These
include quantum dots (QDs) [3,4, 7, 8], organic dyes [2, 5,9, 10, 12], fluorescent polymers [11]
and thermal imaging [13]. Most of these fluorescent nanothermometers are good imaging agents
and sensitive enough to detect a sub-kelvin rise in temperature in living cells [7-11, 13-15].
However, many of the existing nanothermometers are limited by photostability [2—10], toxic-
ity [2-10, 16], and chemical environment sensitivity [11]. An ideal fluorescent marker for such
interesting applications should be biocompatible, ultrasmall, photostable, and can be excited and
detected within the biological transparency window (650-1350nm). To meet these criteria, flu-
orescent nanodiamonds (FNDs) and upconversion nanoparticles (UCNPs) doped with lanthanide
ions Ln"3 (Ln=Er,Tm,Ho,etc.) are of interest because they allow visible deep imaging inside bi-
ological tissues. Also they both have shown precise optical temperature measurements in living
organisms. In this dissertation, we will discuss both FNDs and UCNPs fluorescent markers in term

of growth/synthesis and applications.
1.1.1 Fluorescent nanodiamonds (FNDs)
1.1.1.1 Overview

Over the past decades, efforts have been focused on the development of fluorescent nanopar-
ticles to analyze complex biological processes as well as to track and localize individual drugs,
proteins, nucleic acids and small molecules [17-21]. Ideal fluorescent nanoparticles should ex-
hibit most if not all of the following features: 1) high sensitivity, down to a single molecule level,
2) high spatial resolution (with correspondingly small size at the nanoscale), 3) high molar absorp-
tion coefficient at the excitation wavelength with high fluorescence quantum yield, 4) absence of

blinking and photo bleaching for real-time imaging, 5) robust surface chemistry, 6) biocompati-



bility, and 7) lack of toxicity. Furthermore, a suitable fluorescent marker should be conveniently
excitable and detectable in the biological transparency window to avoid simultaneous excitation of
endogenous fluorescent molecules such as blood constituents, cofactors and water. Unfortunately,
most fluorescent markers do not possess all of these features.

The most widely used fluorescent markers are organic dyes, such as rhodamine, coumarin and
cyanine dyes and their derivatives. Within the group of dyes, we could also include fluorophores
that are part of a protein’s structure (such as phycobiliproteins and fluorescent proteins that can be
genetically encoded) [22]. While most organic dyes exhibit moderate to high quantum yields, many
are photolabile and undergo photobleaching during continuous excitation. The Stokes shift (the
difference between the spectral positions of the maxima of the absorption and emission spectra)
[23] for most fluorescent dyes are often very small [24] which poses problems such as cross-talk
between different dye molecules. Additionally, the intensity of the fluorescence depends on the
local environment and can be influenced by pH, hydrophobicity, temperature and solvent [23].
The only fluorophore that is FDA approved for clinical use is the organic dye indocyanine green
(ICG) [25]. However, ICG suffers from very low fluorescence quantum yield, limited stability and
binding to plasma proteins.

Fluorescent nanoparticles overcome some of the limitations of organic dyes, such as quenching
and environmental factors, and can be separated into a few distinct groups quantum dots [16,26],
upconverting nanoparticles [27-29], gold nanoparticles [30], carbon dots [31] as well as a large
group that can be described as dye-doped polymeric nanoparticles [30] . Quantum dots (QDs) are
clusters of semiconductor nanocrystals, created from II/VI and III/V elements, that display size-
dependent luminescence [16,26]. QDs absorb photons in the ultraviolet region then emit photons
at longer wavelengths, in a size-dependent fashion. Relative to organic dyes, QDs exhibit non-
quenching fluorescence, with large Stokes shifts, high fluorescence quantum yields, and can be
made in an ultrasmall size (< 2nm) for single molecule imaging [16,26]. However, QDs have
not gained broad and substantial acceptance in the biological sciences due in part to the known

toxicity of the Cd that forms the core of most QDs. While it is possible to coat the Cd core



with a protective shell, their biocompatibility is still debated [16, 32], largely due to concerns
about leaking of C'd?", and cytotoxic surface ligands [33] . On the other hand, upconverting
nanoparticles (UCNPs) and gold nanoparticles have good biocompatibility and photostability but
show low fluorescence quantum efficiency [27,28,34,35].

Fluorescent nanodiamonds (FNDs), owing to their unique optical and chemical properties, are
proposed to be the best alternative probes that can meet the ideal fluorescent marker’s criteria. In
this chapter, I will discuss FNDs in terms of optical properties, biocompatibility, some demon-
strations of their use in bioimaging and biosensing, and new color centers that have recently been

discovered in diamonds.

1.1.1.2 Optical properties

Fluorescent nanodiamonds (FNDs) have important optical, chemical, and photochemical, and
photophysical properties that make them excellent fluorescent markers. FNDs have color centers
defects that act like isolated atoms or molecules in a solid host. Therefore, photoluminescence
of FNDs originates from local defects (color centers) in nanodiamond crystals and, at least in
principle, is not expected to be strongly affected by crystal size until the nanodiamond size becomes
less than 5 nm. FNDs unique bright and photostable photo-luminescence cover a wide range of
the VIS to NIR spectrum-for instance; blue emission for N3 center diamonds, green emission
for H3 (N2V) complex, red-NIR emission for nitrogen-vacancy N'V-centers, silicon-center (SiV),
germanium-vacancy (GeV), tin-vacancy (SnV) and Nickel center (Ni) color centers) [36—41] as
shown in Figure 1.1 [42]. Here it is important to note that new color centers are being discovered on
a monthly basis, as only a fraction of the periodic table has so far been implanted into diamond [43].
Many of new color centers are narrowband as preferred for bio-markers, especially for large-atom

implantation.
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Figure 1.1: Absorption and emission bands of most of the color centers in diamonds.

Before introducing the physics of Nitrogen-vacancy (NV center), it has been reviewed in detail
in [39]. Briefly, the NV color center is formed by a nitrogen atom and adjacent lattice vacancy
in diamond lattice as shown in Figure 1.2(a). The electronic structure of the NV center consist of
six electrons. These electrons are formed by nitrogen atom (two electrons), dangling bonds from
the three carbon atoms surrounding the vacancy (three electrons) and the sixth electron is captured
from the diamond lattice (typically, nitrogen donors) as shown in Figure 1.2(b). This electronic
configuration forms negatively charged state NV center. The electronic structure of the NV~ cen-

ter consist of three electronic levels, ground state (3A), excited state (*E), and singlet state (* A).



The ground and excited states are spin triplet (S=1) which split into three spin sublevels. The
unique photoluminescence of NV center appears when NV center get excited at most excitation
wavelengths (450nm-640nm) via the main transition from ground state to excited state. The emis-
sion of the NV center is located in red to NIR bands between 630 and 800 nm with zero-phonon
lines of the neutral and negatively charged NV centers peaked at 575nm and 637nm, respectively
as shown in Figure 1.2(c). The quantum yield of the NV color center has been reported to be

approximately 70-80% [44].
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Figure 1.2: (a) The NV center consists of a vacancy with an adjacent substitutional nitrogen atom.
(b) The NV- has a spin triplet ground state due to ('3, symmetry causing a degeneracy. (c) The
energy levels of the NV showing all the electronic states, optical pumping and emission. (d)
Photoluminescence emission spectra of NV center revealing the NV° and NV~ zero-phonon lines
(ZPL) peaks at (575 nm and 638 nm) respectively.



Interestingly, NV center have considerable potential in quantum limited sensing of important
physical quantities such as magnetic fields [45], electric fields [46] and temperature [47]. For
magnetic field sensing, a single NV center in an ultra-pure bulk diamond can detect magnetic
fields with sensitivity of a few nT/v/H z [48,49]. In principle this has nanometric spatial resolution
owing to the small size of the NV [50]. For biological applications, magnetic field detection
has been proposed to non-invasively monitor neuron firing [51, 52], and electric fields to monitor
membrane potentials [39].

The NV color center senses magnetic fields via the optically detected magnetic resonance
(ODMR) [39]. Briefly the NV has a S = 1 spin ground state which is split into three spin sub-
levels (ms; = £1 and m, = 0) with zero-field splitting D = 2.87 GHz due to spin-orbit interactions
and the diamond crystal field as shown in Figure 1.3(a) [50, 53]. The optical pumping excitation
polarizes the NV center into the ms = 0 spin sublevel via intersystem crossing to an intermediate
S=0 singlet state. This crossing occurs only for spins in the m,; = =1 states which then decay
into the my = 0 state. Since the intermediate singlet is dark and has a relatively long lifetime, NV
spins with magnetic quantum number m; = 0 fluoresce brighter, scattering 30% more photons
than m, = £1 states. Hence, when a resonant microwave field induces magnetic dipole transitions
between these spin sublevels it equalizes the spin populations, resulting in a significant decrease
of the nitrogen-vacancy center fluorescence [50]. Due to symmetry, the m, = 41 sublevels of
the nitrogen-vacancy defect are degenerate at zero magnetic field (B= 0), resulting in a single reso-
nance line appearing in the ODMR spectrum as shown in Figure 1.3(b). An external magnetic field
lifts the degeneracy of m; = =1, leading to the appearance of two lines. The external magnetic
field can be measured from the positions of these two lines (w1l and w2) as shown in Figure 1.3(b).
The separation between the ODMR two lines increases as the axial magnetic field increases [50],
and in addition both lines can shift in the same direction for non-axial magnetic fields.

For electric field sensing, J.Wrachtrup and his co-workers have demonstrated electric-field
sensitivity reaching 2026V /cm.Hz'/? using the NV color center in bulk diamonds [46]. The

electric field was generated by the application of a controlled voltage to a gold microstructure



fabricated by lithography and electroplating directly on a bulk diamond sample containing NV
centers as shown in Figure 1.3(c) [46]. To measure electric-field-induced shifts of spin sub-levels,
they monitored the zero-field splitting of the m; = 0 and my = £1 transition which is split by the
local crystal field. They observed a resonance line shift (or increase in the zero field splitting) of
28.4kHz corresponding to an electric field of about 3000v/cm. Figure 1.3(d) shows the shift of the
ODMR resonance frequency for different voltages applied to the electrodes [46].

As already mentioned, M. Lukin and co-workers used the NV for temperature sensing at preci-
sion up to 1.8 mk/v/H z in ultra-pure bulk diamond [14]. However in living cells the precision was
only 200 mk/v/H z due to the relatively worse spin linewidth in nanodamonds [14]. As discussed
earlier, the mechanism of temperature measurement is the shift of the zero field splitting which is

near D=2.87 GHz at room temperature as shown in Figure 1.3(e and f) [54,55].
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The brightness of NV-centers depends on the average number of emitting color centers per
particle [56]. Recently, the brightness of these centers has been optimized as a function of size

[57]. Accordingly, irradiated 100 nm FNDs (with NV color centers) are 12 times brighter than a



conventional organic dye (Auto 532 dye) [57]. For small FNDs, with a size less than or equal to
20nm, brightness will decrease by about two orders of magnitude compared to that for 100 nm
FNDs. Recent efforts have been made to optimize the brightness stability of small NDs down to

10nm (almost single emitter) and they are commercially available for biomedical applications [57].
1.1.1.3 FNDs biocompatibility

The toxicity of FNDs is entirely related to the surface purity. For example, nanodiamonds
produced by detonation (DNDs) have been reported to have strong anti-bacterial properties if not
well cleaned [58]. However, aggressively FNDs do not show this behavior. Additionally, func-
tionalization can suppress toxicity of uncleaned DNDs, for example strong bonds (C-C bonds)
can be created between the graphitic shell and the surface functional groups following Diels-Alder
reactions [59] and diazonium chemistry [60].

However, it is preferable to remove the graphitic shell for quantum efficiency and phototoxicity
considerations. This is normally done with aggressive oxidation both in liquid (boiling in acids)
and in air at temperatures above 500 °C' [61]. Once the surface has been cleaned to expose a pris-
tine diamond surface, there are a number of functionalization strategies that have been applied. For
example, one approach is to reduce all carboxyl-COOH groups to hydroxyl-OH. From this a silane
linkage can be made, [62]or alternatively nitrogen can be attached directly to the surface carbon,
serving as a basis for linkers like PEG, antibodies, proteins, DNA, etc [63—65]. Recently, Havlik
et al developed a synthetic method to replace the carboxylic group on nanodiamonds(NDs) surface
by fluorine using selective sp3-based radical chemistry [66]. This surface modification produces
nanodiamonds with a highly hydrophilic interface with mixed C-F and C-OH terminations. These
dual terminations on NDs surface suppress hydrophobic interactions which cause NDs agglomer-
ation in solutions. Furthermore, fluorination of NDs leads to surface band-bending that stabilizes
shallow fluorescent NV center in small size FNDs (especially size <100nm) [66]. All these surface

advanced modifications make NDs suitable for a variety of biomedical applications



FNDs toxicity assessment in zebra fish FNDs toxicit
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Figure 1.4: (a) Zebrafish embryos development stages with various concentrations of nanodiamond
for different periods at 4 hour-post-fertilization (hpf) and 24 hpf (upper image in Figure 1.4(a)).
Mortality and hatching of zebrafish embryos as a function of the NDs concentrations (lower im-
age in Figure 1.4(a)). (b) Images of worms fed with FNDs coated with BSA and DOX. Insets:
magnified images of the FNDs within the intestinal cells. (c) Optical images of a single human
kidney cell after fluorescent nanodiamonds uptake. The red spots are the FNDs. Inset: Toxicity
assessments of showing the survival percentage of the kidney cells versus the FNDs doses. Fig-
ure a reprinted with permission from[67];figure b reprinted with permission from[68];and figure ¢
reprinted with permission from[69].

Toxicity assessments, after surface preparation, have been performed on FNDs by in vitro and
vivo experiments. The most sensitive experiments were done by C.-L. Cheng and coworkers [67]
who conducted toxicity tests of nanodiamonds (NDs) on the zebrafish embryo model in vivo. This
model is especially sensitive to toxicity at critical stages of embryo development. They found

that for ND concentrations below 1 mg/ml, even in the critical stage, zebrafish embryos exhibit

10



similar development as compared to the control groups, as shown in Figure 1.4(a). However, at
higher concentrations, the NDs affect the zebrafish embryos at the Pharyngula stage as shown in
Figure 1.4(a). The results suggested that NDs are safe as a drug delivery agent for concentrations
below 1 mg/ml [67]. In earlier work, FNDs also were fed to worms (C. Elegans) and did not
cause any detectable stress to the worms for several days as shown in Figure 1.4(b) [68]. Upon
microinjection of the worms with FNDs, some were passed along to offspring without any apparent
effect on development. Another early study showed low toxicity of fluorescence nanodiamonds
(FNDs) after uptake by 293T kidney cells as shown in Figure 1.4(c) [69]. Recently, FNDs have
been injected into groups of mice for more than five months at a dosage of up to 75 mg/ kg body
mass and shown no evidence of toxicity, neither in the living animals, nor in the histopathological
examinations [70]. In another important study on nanodiamonds toxicity assessment, 0.002 to 0.05
wt% of NDs hydrosols were given to mice instead of water for 6 months and showed no significant
effects on growth rates or organs weight or reproductive rates for at least 3 generations [71]. For
more extensive discussion of ND toxicity including those with cleaned and uncleaned surfaces a

recent review is recommended [61].
1.1.1.4 Application of FNDs in drug delivery

Drug delivery is one of earliest bio-medical applications for nanodiamonds (NDs) that has been
investigated. Initially non-fluorescent nanodiamonds were used.

First, Early studies on the use of nanodiamonds as drug delivery vehicles were reported by
the group of Ho in 2007 [72]. These studies showed that the chemotherapeutic agent doxorubicin
(DOX) could be passively absorbed onto the surface of non-fluorescent nanodiamonds to create
nanodiamond-drug complexes (NDX) then delivered into cancer cells with preserved efficacy, as
well as slow and sustained DOX release [72,73]. The NDX treatment overcomes a problem seen
with drug resistant tumors in which transporter proteins facilitate the efflux of drug compounds
out of the cell, markedly decreasing, or precluding treatment efficacy. A mechanism of how these
nanodiamonds act to circumvent drug resistance is shown in Figure 1.5(a) [74]. Similarly, ab-

sorption and delivery of other drugs have been reported including, anticancer agents mitoxantrone
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(MTX), cisplatin, 4-hydroxytamoxifen (4-OHT), and purvalanol A [75-78], an anti-inflammatory

drug dexamethasone [78], and the diabetes drug insulin [79].
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Figure 1.5: (a) Scheme of ND and ND with DOX(NDX). (b) Images of livers/tumors from treated
mice with PBS, ND 400 pg, Dox 100 pug , and ND-Dox 100 pg. (c) Percentage of mice exhibiting
macroscopic tumor nodules (defined as >1 mm). *P < 0.03. (d) Kaplan-Meier survival plot for
LT2-Myc mice treated with PBS (n =5), DOX (100 g) (n = 8), or NDX (100 g of Dox equivalent)
(n = 7) by tail vein injection every 7 days. *P < 0.03; **P < 0.06. Reprinted with permission
from[74].

In preclinical experiments, the NDX complex was shown to inhibit tumor growth in both

12



murine LT2-Myc liver tumor and 4T1 mammary tumor without affecting normal tissues [73]. Fig-
ure 1.5(b) [74] shows that treatment with 100 g of a Dox equivalent of either free Dox or NDX
effectively inhibited liver tumor growth, with a measurable preference for NDX. ND with Dox has
decreased the percentage of mice with tumors, after treatment, to less than 50% and increased the
survival probability over a long period of time as shown in Figure 1.5(c and d) [74]. In additional
safety studies, NDX was found not to elicit myelosuppression, which is an unwanted side effect of
free DOX chemotherapy underlying patient mortality.

Second, In general, fluorescent nanodiamonds (FND) are normally made from crushed high-
pressure high-temperature (HPHT) bulk diamonds or in some cases CVD-grown nanodiamonds,
as these are typically much brighter than detonation diamonds. Therefore, for drug delivery non-
detonation FNDs are preferred as discussed in two studies [80, 81]. In the second of these studies,
FNDs were coated with biopolymers and proteins to ensure colloidal stability and conjugated to
DOX molecules for treatment of cancer cell lines. The FNDs-DOX complex uptake and drug
release process in a cancer cell is illustrated in Figure 1.6(a) [81]. The FNDs-DOX complex
was photostable inside living cells, as shown in Figure 1.6(b) [81]. Figure 1.6(c) shows that the
fluorescence of the NV color center in diamond overlaps with emission of doxorubicin, but this
can be subtracted to show the N'V-centers alone. Significant amounts of DOX were released from
ND carriers in these studies and in other experiments, FNDs-DOX have shown efficient tumor
inhibition of human cancer cells over time, as shown in Figure 1.6(c and d) [81]. Furthermore,
tumor luminescence decreased to very low percentages over time, as shown in Figure 1.6(f), which
indicates the cancer fighting effect of FNDs-DOX in human cancer [81]. All the advantages above-
mentioned indicate that FNDs are intriguing candidates as delivery platforms for chemicals and

antibodies.
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Figure 1.6: (a) Demonstration of living cell uptake and drug release process of DOX-ND. (b) Flu-
orescence spectra of fluorescent DOX-NDs inside living (A549) cells. (c) Black curve represents
the overlapping emission spectra of DOX and NV centers. The red curve illustrates the emis-
sion spectrum after laser bleaching of the DOX emission showing a clear NV center spectrum with
NVo and NV- peaks at 575 nm and 638 nm, respectively. (d) Human cancer xenografts treated with
NDs-DOX after three days. (e) Breast cancer cells treated with DOX-ND over time. NDs-DOX
treatment reduced the cancer cell proliferation in a dose-dependent manner. (f) Luminescence
imaging analysis of tumor xenograft growth after 3 days treatment by NDs-DOX. Reprinted with
permission from[81].

1.1.1.5 Applications of FNDs in temperature sensing in living cells and neurons

Luminescence nano-thermometry has been demonstrated using quantum dots (QDs), organic
dyes, gold nanoparticles (GNPs), and polymers to measure temperature changes in intracellular

environments [7,9, 15, 82]. However, many of these fluorescent probes are limited by drawbacks
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including fluorescence fluctuations, such as photobleaching and blinking, particularly for dyes and
QDs [7,9], as well as fluorescence sensitivity to local environments [11]. The remarkable optical
properties of nitrogen color centers (NV) in diamonds, which include photostability, spin long
coherence time, and biocompatibility [83—85] make them one of the best alternatives for accurate
temperature sensing.

Sensing temperature using the NV color-center in diamond has been well-studied [14, 86, 87].
An increase in environmental temperature (T) can induce crystal expansion, which shifts the zero-
field splitting of ground state toward smaller values as temperature is increased, as shown in Figure
1.7(a) [37, 88]. These shifts were detected by optically detected magnetic resonance (ODMR)
[39]. The first application of fluorescent nanodiamonds (FNDs) as nano-thermometers in living
organisms was done by M. Lukin et al. in 2013 [14]. They used 100 nm nitrogen-vacancy color
center nanodiamonds to measure the local temperature of human living cells with a precision of 200
mK/v/H z and a spatial resolution of 200 nm. Briefly, they injected laser-excited gold nanoparticles
as a heat source (cross symbol) together with diamond nanocrystals inside the living cells and used
the NV center for thermometry (circle symbol), as illustrated in Figure 1.7(b). They precisely
measured the change in temperature at the position of NV1 and NV?2 relative to the incident laser

power applied to the Au NPs, as shown in Figure 1.7(c and d) [14].
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Figure 1.7: (a) ODMR spectra of the NV color center change as a function of local temperature
changes. (b) A single living cell injected with fluorescent nanodiamonds and gold nanoparticles
(Au NPs) as the heating source and nanoscale thermometer, respectively; followed by excitation
under 532 nm. The position of the Au NP is indicated by small cross, while circles represent
the location of the NV color centers in nanodiamonds used for thermometry. (c) Measurement of
temperature changes precisely as the laser power increases with 0.1 K precision. (d) The change in
temperature at the position of NV1 and NV2 relative to the incident laser power applied to the Au
NP. Figure a reprinted with permission from [88];figures b-d reprinted with permission from[14].

Following this, there were several other notable achievements in the field of the N'V-based
nanoscale temperature sensing in biological applications [86,89,90]. Remarkably, Ning Wang and
his co-authors [91] reported that the temperature sensitivity of the NV center in nanodiamonds can
be increased by two orders of magnitude beyond the sensitivity reported in [14]. This was done

using a hybrid nano-thermometer composed of NV centers and a magnetic nanoparticle (MNP),
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in which the temperature sensitivity is enhanced by the critical magnetization of the MNP near
the ferromagnetic-paramagnetic transition temperature. In addition to NV, almost all narrowband
emitters in diamond have temperature dependence and can be used as a nano-thermometer without
the need for microwaves. For example, nano-thermometry with SiV [92] and GeV [93] have been
explored recently, where in the case of SiV the excitation and emission is in the tissue transparency
window.

Here, it is important to note that there has been some recent controversy in the field of cellular
temperature measurement. Specifically, it was argued that the temperature changes reported by
many experiments could not have been possible based on simple thermodynamic arguments, [94]
and hence, there must have been unknown interferents present in the cells that led to false tem-
perature readings. To address this controversy multi-modal temperature measurement is a good
approach, in which two or more temperature probes simultaneously measure temperature. Pro-
vided these probes sense temperature by different physical mechanisms, they will not respond to
interferents in the same way, and therefore false readings can be ruled out [95].

The temperature sensing capability of fluorescent nanodiamonds, together with their low toxic-
ity suggests possible uses in the treatment of nervous system-related diseases and injuries. For ex-
ample, monitoring the thermal state of the nervous system is very important to determine the effects
of temperature on its operation. As a special case, consider neurons that sense warm, cold, and hot
conditions, which have specialized ion channels that convert heat into action potentials [96-98].
Zheltikov and his co-workers have demonstrated the ability to accurately measure the local tem-
perature of TRP-expressing mouse neurons using fiber-coupled nitrogen-vacancy(NV) centers in
micron-size diamonds [99]. The mouse neuron was labeled with GCaMP6s fluorescence to serve
as a calcium sensor which detects neuron firing via the inward C'a®>* current across the cell mem-
brane. When the temperature reaches the neuron activation threshold (Ta =27.4°C’), neurons ex-
pressing transient receptor potential (TRP) action channels [99] begin to fire, producing spikes of
GCaMP6s fluorescence. On the other hand, when the temperature decreases below the activation

threshold, the fluorescence of the C'a*? sensor in the neurons gradually decreases [99]. The tem-

17



perature reading of single neurons obtained with the NV-diamond fiber sensor, strongly correlates
with the fluorescence of the calcium-ion sensors. This study opens the door for eventually using

fiber-mounted FNDs for temperature sensing in live brains.
1.1.1.6 Application of FNDs in super-resolution imaging

Fluorescence microscopy is an enormously powerful technique to study complicated biological
structures down to the sub-cellular level in biological applications [100]. However, the diffraction
limit of light is an obstacle that prevents detailed visualization of subcellular processes. In the past
couple decades super-resolution imaging microscopy has overcome the diffraction limit of light.
There are two main approaches: PALM/STORM and variants that rely on controlled bleaching
and measurement of centroids, and stimulated emission depletion (STED)/Ground state depletion
(GSD), which rely on the use of donut beams. STED microscopy works when two laser beams at
different wavelengths are superimposed. The first (main) laser beam excites the fluorescent marker
of interest to its excited state. The second laser beam with a doughnut shape at its focus, depletes
the fluorescence from all molecules except those in the middle of the excitation volume. Conse-
quently, the resultant (fluorescent volume) becomes smaller than the diffraction limit [37,101], as
shown in Figure 1.8(a) [101]. Hell and co-workers used diamond color centers in STED field and
achieved a remarkable resolution of 6 nm by detecting single NV~ centers in bulk diamonds, as

shown in Figure 1.8(b,c and d) [102, 103].
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Figure 1.8: (a) An illustration of STED microscopy technique. (b) Energy levels of the triplet
(left) and singlet states (right) of the NV center and the excitation beam (EXC), emission beam
(Em), and stimulated emission (STED) transitions in nitrogen-vacancy centers. (c) Confocal and
STED optical image of bulk diamond containing NV color centers. (d) STED high resolution for
NV center in diamond, which reveals high spatial resolution reaching 5.8+ 0.8 nm. (e) Confocal
and STED imaging of HeLa cells labeled with BSA-conjugated FNDs through electroporation.
STED images of single BSA-conjugated FND particles enclosed within the yellow boxes 1 and 2.
(f) Display of confocal and STED resolution of NV centers within diamond nanocrystals. Figures
b,c,and d reprinted with permission from[102];figures e and f reprinted with permission from[104].

The reason the nitrogen-vacancy color center in diamond gives such high spatial resolution with
STED is due to its long-term photostability, even for very strong excitation intensities. For STED
with nanodiamonds, a study by Tzeng et al [104] obtained a resolution of 40 nm of fluorescent

nanodiamonds in HeLa cell, as shown in Figure 1.8(e and f). A later study by Stefan Hell and his
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co-workers [105] has also shown that individual NVs within single nanodiamonds can be resolved
with 10 nm resolution, which is even smaller than the size of the nanodiamond (average size 40-250

nm). This study highlights the need for smaller nanodiamonds with stable color centers.
1.1.1.7 Application of FNDs in MRI imaging

Magnetic resonance imaging (MRI) is a powerful technique for high-contrast imaging, but
it requires large DC magnetic fields to achieve good nuclear spin polarization at room tempera-
tures. This is because of the small nuclear spin flip energy compared to the Boltzmann energy,
kT. Electron spins, in contrast, have much larger polarization owing to their larger electron spin
flip energy. By using the Overhauser effect [106], it is possible to transfer this electron polariza-
tion to the nuclear spins [107]. While many paramagnetic particles have been explored for this
purpose [108-111], NDs have the advantage of excellent biocompatibility and chemical stability.

Recently, Waddington et al. [112] demonstrated a Overhauser-enhanced MRI (OMRI) tech-
nique [112-116] to image and track water-ND solutions. This is done by transferring the electron
spin polarization of paramagnetic impurities at the surface of NDs to ! H nuclei continually in
the surrounding water [117]. To maximize the nuclear polarization efficiency, they use ultra-low
magnetic fields (ULF) (6.5 mT) and low frequency RF ( 190 MHz) excitation, which have the ad-
vantage of being compatible with in vivo use. The result was switchable contrast enhancement at
biologically relevant ND concentrations. In particular for this experiment, they focused on HPHT
NDs with sizes of 18 nm and 125 nm in DI water at concentrations near 100 mg/mL [112].

The mechanism of the Overhauser effect from ND surface spin impurities to water is illustrated
in Figure 1.9(a) [112]. Briefly, Overhauser effect occurs when a reservoir of polarized electron
spins on the NDs’s surfaces are driven by a resonant RF magnetic field at low enough DC magnetic
fields that mutual electron-! H nuclear spin flips can occur in the surrounding solution [118,119].
This results in enhanced ' H signal from the water surrounding the ND, as shown in Figure 1.9(b)
[112]. The ! Hsignal enhancement is sensitive to ND concentration, as illustrated in Figure 1.9(c)
[112]. After optimizing the experiment conditions to achieve high contrast OMRI images enhanced

with NDs, a phantom is imaged, as illustrated in Figure 1.9(d) [112]. This phantom consisted of
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glass vials filled with 500u1 of either pure DI water or aqueous solutions of HPHT ND (125nm at
100mg/ml). A high contrast OMRI image of diamond-shaped pattern in the vials was observed,
as shown in Figure 1.9(e) [112], which shows high-contrast signal enhancement only where ND is
present. Furthermore, they demonstrated that the OMRI technique can produce grey-level images

using different ND concentrations, as shown in Figure 1.9(f and g) [112].

2
aramagnetic color centers in core ( d) (e)
( -
e oet | & v L 9
l‘ . 0
e
1
]

1H0 d‘

Phantom vials:

O ND Solution

! 0 0 O Water

|
|
I
|
Surface defects | -
|
|
|
I
|
'

-~

Magnitude (a.u.)

.....

(b) (c) () @
1F T T 7] T T T T T |
T L Phantom vials:
~ 0 @0 e, . <
= SN ~
3 5_1 — \ )L O Water 5
= 2 [ —HPHT 18 =z
ol S ol —HPHT 125 \ A i W
) =21 AT 125 \ O ND 10 mgmi” P
N3 —EPRon | K-8 —DET _ 3
oL |eemor ] 4| HPHTtsaro . ND 3mg ™ £
25 0 25 13 10 30 100 ’ g
'H frequency offset (HZ) Concentration(mg/ml) 4\ / . ND 1 mg ml 2

Figure 1.9: (a) An illustration of the Overhauser effect at the ND-water interface. (b) Overhauser
enhancement of ' H polarization in a HPHT 125nm (100mg/ml) ND solution (red). While the
thermal hyperpolarized ' H spectrum is (blue). (c) Overhauser enhancement of ' H polarization as
a function of NDs concentration at 6 mT. (d) Vials of DI water (blue) and vials of HPHT 125nm ND
at 100mg/ml (orange) were arranged in a pattern in an imaging phantom. (e) High contrast OMRI
image with high signal to noise ratio from only the vials where NDs are present. (f) Imaging
phantom prepared with vials with different concentration of ND solutions. (g) ODMR contrast
images that change as a function of the NDs concentrations. Reprinted with permission from[112]

Much stronger MRI contrast enhancement is possible in principle using N'Vs that are strongly

spin polarized (up to 90%) [120] by optical excitation. This polarization can then be transferred to
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nearby nuclear spins like 1*C or ' H [120, 121]. Recently, it has been shown that the 3C' in bulk
diamond can be polarized to 0.054% at room temperature (45 fold enhancement) after 6 minutes
of optical excitation of the NVs at a magnetic field of 0.3 T [120]. However, it has also been
reported [120, 121] that the relaxation time of hyperpolarized nuclei is much shorter for submicron
particles [109, 112, 122]. Nonetheless, it has been shown that high contrast MRI images can be
produced from spin polarized *C owing to the lack of background '*C' signals [123]. Finally,
at cryogenic temperatures, dynamic nuclear polarization (DNP) of the *C nuclei can boost the
small nuclear spin polarization by 10,000 times [122, 124, 125][127, 129, 130]. However, these
temperatures are not suitable for in-vivo work.

Efforts have been made to overcome the short relaxation time of nanodiamonds at room tem-
perature by functionalizing the surface of the NDs with paramagnetic Gd(III) chelates to create
complexes for imaging with conventional T1-weighted MRI[115]. However, this alternative solu-
tion encountered a large background signal, and concerns of the long-term toxicity of gadolinium-

based compounds cancels the advantage of non-toxic nanodiamonds [111].
1.1.1.8 New color centers in diamonds

Fluorescent nanodiamonds that have absorption and emission bands located within the biologi-
cal transparency window are in particular interest for biological applications as illustrated in Figure
1.10(a) [37,74,79,86,126] . There are several color centers in nanodiamonds that can be called
NIR centers. For example, in addition to nitrogen-vacancy (NV) [37, 86], silicon-vacancy (SiV)
[127,128], tin-vacancy (SnV) [41], Nickel-vacancy (NiV) [129,130], and marginally Germanium-
vacancy (GeV) [131].
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Figure 1.10: (a) Superimposed photoluminescence spectra of color centers in nanodiamonds
(FNDs) namely; germanium-vacancy, nitrogen-vacancy, silicon-vacancy, and nickel-vacancy. (b)
The fluorescence spectra of all diamond color centers in (a) fit within the biological transparency
window. The black, dark gray, and light gray curves are the absorption spectra of H20, oxygen-
bound hemoglobin (HbO2), and hemoglobin (Hb), respectively.

As stated above, the emission of the NV center is perfectly located within the biological trans-
parency window as shown in Figure 1.10(a and b) [70]. However, the maximum of the absorption

band (480-600 nm) of the NV color center overlaps with the biological tissues absorption band
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resulting in autofluorescence background [132, 133]. To overcome this drawback, recent reports
have shown that the excitation bands of NV- centers in certain micro and nanodiamonds can be
extended to the zero-phonon wavelength of 638nm and possibly beyond, which is in the region of
suppressed autofluorescence of the biological tissue [99, 133]. This is a step forward to make NV
centers more biocompatible for biological applications.

The silicon vacancy defect in diamond consists of a silicon atom is a split vacancy. It has
both emission and absorption bands in the NIR spectral window. The photoluminescence (PL) of
SiV displays a large spread of emission wavelengths (between 730 and 750 nm) but most of the
emission lies within a fairly sharp zero-phonon line (ZPL) centered at around 738 nm as shown
in Figure 1.10(a) [39].The optical excitation wavelength for the SiV color center can be easily
selected within the NIR window [39] or in the visible. Notably, the SiV color center was reported
as a stable fluorescent marker in a ultra-small (1.2nm) nanodiamond crystals [127]. The nickel
color center (Ni) in diamond is a substitutional Ni site in the diamond lattice which may also
include a split vacancy. It possesses a strong photoluminescence (PL) doublet around 883/885nm
as shown in Figure 1.10(a) [129, 130] which is attributed to ground state splitting caused by the
spin orbital interaction. Ni also has a biocompatible excitation range (650-800nm) which makes it
an excellent candidate for biological imaging and sensing applications.

Tin-vacancy (SnV) color center in diamond has been recently discovered [41]. Like the SiV,
the tin atom sits on an interstitial site with two neighboring vacancies in diamond crystal. It has
been incorporated into diamond via ion implantation and subsequent high-temperature annealing.
The SnV center exhibits a sharp zero phonon line at 619 nm at room temperature and then this
line splits into into four peaks at cryogenic temperatures due to a larger ground state splitting
(850 GHZ). Furthermore, the excitation and emission of the SnV color center are located with the
biological transparency window [41].

Germanium-vacancy (GeV) is a color center in diamonds, composed of a germanium (Ge)
and a vacancy (V) [131] with a structure like the SiV. GeV exhibits a marginally biocompatible

photoluminescence band (595-610nm) with most of the emission concentrated in a zero-phonon
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line at 602nm at room temperature [131]. The excitation wavelengths of GeV can be in green or red
bands which make it a potential fluorescent marker in bio-imaging and biomedical applications.

In general elements heavier than Si, when implanted in diamond are expected to give split
vacancy structure like the SiV [43]. Based on recent work with Ge and Sn, and more recently Mg,
it is estimated that many of these centers will have narrow emission lines in the visible to near IR
range and will thus allow multiplexing with other fluors, as desired.

In summary, due to the growing number of NIR and visible color centers in nanodiamonds, as
so far only a fraction of the periodic table has been implanted into diamond [43], they promise to be
excellent candidates for high contrast fluorescent markers, even deep inside biological tissues when
excited with biocompatible wavelengths (635nm-800nm). It is important to know that most of the
above mentioned color centers have still only been seen in bulk diamond and in relatively large
nanodiamond crystals (>100nm). In order to produce ultrasmall nanodiamonds with stable color
centers, nanodiamonds seeded growth is the solution. This growth technique will be discussed in
detail in the following section.

In section 2, I will discuss growth of small and quality nanodiamonds (NDs) from a diamond-
like organic molecule seed with precise control over the color center defects for bio-imaging and
optical temperature sensing in biological applications. In this approach, the basic concept is basi-
cally a diamond-like organic molecule is used as a seed crystal and a high quality diamond is grown
around it. The advantage is that the types and arrangement of atoms in the seed molecule deter-
mine the diamond color-centers. Under these conditions, growing NVs in the range of 2-10 nm or
larger, depending on growth conditions, has been achieved [134]. However, further investigations
on growth of fluorescent nanodiamonds (FNDs) using different organic seed molecules that are
expected to give different color centers to confirm a successful seeded nanodiamonds growth are
required. This makes a bottom-up engineering approach to fluorescent NV fabrication impractical.
It is clear that by this technique the probabilistic nature of color centers fabrication is eliminated,
and bottom-up growth of small, bright, and stable FNDs is made possible.

In section 3, I will show that the optical spectrum of the Ni complex is very sensitive to temper-
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ature near room temperature, and is therefore a good candidate for nano thermometry. I will also
show that it is possible to excite the NV center with a more biocompatible wavelength (660 nm)
where autofluorescence background, overheating, and photodamage are greatly minimized [135].
Since the NV and Ni measure temperature by different physical mechanisms, their simultaneous
use can avoid confusion by other cell processes, as these would impact each temperature sensor

differently [94].
1.1.2 Upconversion nanoparticles (UCNPs)
1.1.2.1 Overview

Upconverting luminescence idea was first discovered in a solid material by Bloembergen in
1959 [136]. Upconversion is a nonlinear optical process where near-infrared (NIR) light is ab-
sorbed sequentially to multiple excited states and emitted in ultraviolet-visible-NIR wavelengths.
This interesting phenomena was then demonstrated in early experiments conducted by Auzel in
1973 and 1976 respectively [137,138]. Rare-earth (RE) ions doped into a solid lattice host are
ideal for upconverting process because they exhibit long lifetimes in their intermediate states
which allow sequential excitations [139]. The long live times is attributed to the nature of par-
tially forbidden f-f transitions and low phonon energies of host lattice which reduces multi-phonon
relaxation of the RE ions [139, 140]. Upconversion materials have been widely used in manufac-
turing compact solid-state lasers, temperature sensors, and other applications [141]. In late 1990s,
upconversion nanoparticles doped with lanthanide ions attracted special interest in biological ap-
plications [142-144] . Compared to conventional fluorescent markers such as organic dyes and
QDs, upconversion nanoparticles (UCNPs) allow suppression of tissue autofluorescence and are
therefore visible deep inside biological tissue. Furthermore, UCNPs have a lower pump intensity

threshold, better photostability, and less toxicity [28].
1.1.2.2  Upconversion process in UCNPs

The most efficient upconversion process in rare-earth doped nanomaterials is energy transfer

upconversion (ETU) in which sensitizer ions with large absorption cross-sections at near-infrared
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(NIR) wavelengths sequentially transfer absorbed energy to emitter ion [140, 145, 146]. Upcon-
version luminescence in lanthanides can be interpreted based on three main mechanisms: Excited
State Absorption (ESA), Energy Transfer Upconversion (ETU), and Photon Avalanche (PA) [139].
Here, we only consider ETU. For this we use ytterbium ion (Y'b?) as a sensitizer and choose the
erbium ion (E7r73) as the activator (reaccepter) for two reasons: (i) Er 72 ions can efficiently create
upconversion fluorescence in the visible and near-infrared, but their absorption at the 980 nm ex-
citation wavelength is relatively weak as shown in Figure 1.11(a) [147], and (ii) the Y52 ion has
a very high absorption cross section at 980 nm, and can efficiently transfer its excitation to Er™3

ion [139] using the ETU process as shown in Figure 1.11(b).

(a) ‘F L (b)
; Excited states) : Energy
20_‘_ [} ' 4H7/2 ( e ) (103 cm1)
: 4g 12 Life time =10ps : A
~ 3 Sy : ALY
Tl T B -
-] -~ L] !
gls-- HEENE: 92 5 ! o Sy
- : : I 4
© § lr:i 7 z 4 : ! : Fan
— : + 15
N 4|9/2 : " ); '.‘ NE Y
20T |[=»> (metastable state): [ 012
o ' "we Lo Pl \\‘ﬁm B
0 Life time =30ms : R L
. H H
. _ L Ele i
ST E g 192 b s e |
=) - . NI
S o ;o
% 3| :
=) i A A : FoVVVYY 4
0 LIy Yy : - T ligz == 0
Bt oyt B

Sensitizer Upconverting ion
Figure 1.11: (a) Ucpconversion process in activator (Ert3) only (b) Energy transfer mechanism

between sensitizer (Er*3) and activator (Yb™®). Curved dashed, straight dashed and full arrows
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The ETU between Y53 ions and Er '3 ions occurs according to the following transition:

(*Ii52Er™?) + (CFs0Y0%?) — (111 o Ert?) + (CFr oY 010) (1.1)

Consequently, as shown in Figure 1.11(a), the Y03 ion absorbs the first NIR photon of 980
nm laser to the (*F55) Yb*? excited state. The energy transfer from the (*F55) Yb" excited state
promotes Er+3to its quasi-resonance metastable state*I11 /2 . A second NIR photon absorption re-
excites the Y07 back to the (*F55) Yb™? excited state and energy transfer further excites the Er+?
(*111/2) metastable state to a highly excited (*F% 5 ) Er™? state. This state then relaxes to (*Hi 2 ,
1S3/5 , and “Fy 5 ) Ert? states via the multi-phonon relaxations. Subsequent radiative transitions
then occur to the ground state 15, according to the transitions: 2Hyjo— *Ii5/9, *S30—
41152 , and *Fy 5 — *115/2, which give green (520 nm and 550 nm) and red (650 nm) emissions;
respectively, as shown in Figure 1.11(b)) [148]. These upconversion processes can operate at
lower pump laser intensities because they possess real long-lived intermediate states (lifetimes on
the microsecond scale). Therefore, inexpensive low-power lasers (typically 1 — 10°W.cm™2) can

be used for their excitation [139, 147, 149].
1.1.2.3 Application of UCNPs in biosensing and bioimaging

Rare earth doped upconversion nanoparticles (UCNPs) have been successfully implemented
in biological imaging at the cell level, and in the tissues of small animals like mice. UCNPs
can also be used for single-particle imaging due to their UCNP’s brightness even after long-time
continuous laser illumination [150-152]. Also UCNPs have demonstrated optical temperature

sensing in living cells with high temperature resolution of about 0.2-0.5K [15, 153-156].
1.1.2.4 Commonly used UCNPs

Upconversion nanoparticles of 3 — NaY Fy : Yb*3, Ert3 and f — NaGdF, : Yb*3, Er™3
have been reported as one of the most efficient UCNPs with strong up-conversion luminescence
(UCL). However, they work optimally in organic solvents such as cyclohexane and their UCL

drops significantly when dispersed in water [157] (at least for small particle sizes). Specifically, the
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standard upconversion nanoparticles NaY Fy : Yb3, Er™? quantum yield is 3% in bulk particles
at 980 nm illumination. However, this quantum efficiency drops to 0.005% at 980 nm illumination
for 10 nm particle size dispersed in hexane, and 0% at the same size (10 nm) when dispersed
in water [158, 159]. Therefore, the commonly used NaY F : Ybt3, Ert3 nanoparticles are not
favorable in many bioimaging applications since water is present in most biological tissues.

Recently, water tolerant upconversion nanoparticles YV O, : Er™3 Yb™ have been proposed.
Their quantum efficiency is 1.3% at 980 nm illumination for 10 nm particle size [148]. The only
disadvantage of YV O, : Er*3, Yb"3 nanoparticles is higher saturation laser power, However, even
for illumination of only 550 W.cm 2 the quantum yield is 0.1% for 10 nm particle size in water
[148] which is still higher than the best quantum yield for NaY Fy : Yb™3, Er™3 nanoparticles
at the same size in hexane. So YV O, : Er™3 Yb"™ nanoparticles are considered to be the best
solution for water-based bio-application compared to the commonly used NaY Fy : Yb+3, Ert3
nanoparticles.

It is known that the efficiency of upconversion nanoparticles can be significantly influenced
by the quality of the host materials; therefore, it is important to select host crystals that maintain
excellent optical properties and chemical stability in water, even down to the single particle level
such as YV O, particles [160, 161].

In section 4, I synthesized YV O, : Er*™3, Y b3 nanoparticles following the procedure in [148,
162], with an estimated size range of 30-40 nm for high contrast imaging in biological models.
These nanoparticles were injected into fire ants in order to observe the upconversion luminescence
emission efficiency of YV O, : Er*3 Y3 nanoparticles inside an ant’s body using a relatively
low excitation intensity of 10 kW.cm™2at 980 nm in a homemade wide-field setup. I was able
to clearly detect the upconversion luminescence emission of YV O, : Er™3 Yb*3 nanoparticles
from inside the body of the ants. This is attributed to the low autofluoresence background, non-

photobleaching, and non-blinking observed when using YV O, : Er*3, Yb*3 nanoparticles.
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1.1.2.5 Upconversion nanoparticles in Core/shell structure

Typically, UCNPs doped with lanthanide ions, use Ytterbium (Y'b*3) as a sensitizer due its
infrared large absorption cross section to ensure high upconversion efficiency of upconverting ions
such as Ln™3 (Ln=Er,Tm,Ho,etc.) [29, 163]. Unfortunately, the conventional UCNPs-sensitizer
(Y'b*3) has only one absorption band centered at 980 nm wavelength which largely overlaps with
the absorption band of water molecules that are dominant in biological samples as shown in Figure
1.12. Therefore, triggering the upconversion process in UCNPs with 980 nm laser excitation would
significantly cause overheating issues that might result in cell death, tissue damage, and inaccurate
thermal reading during temperature sensing [164].

Interestingly, Neodymium (Nd*3) has shown high efficiency energy transfer to (Y'5™3) in addi-
tion to a large absorption cross section at 808 nm where the water absorption is too low compared
to the water absorption at 980 nm [165] . However, the introduction of (Nd)as new sensitizer
directly into UCNPs nanoparticles quenches their upconversion luminescence dramatically due to
the deleterious energy transfer (ET) between the new sensitizer (Nd*3) and the activator (Er™3),

respectively [29].
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Figure 1.12: An absorption spectrum of distilled water (DI water) taken over the visible and the
near-infrared (NIR) range. The blue arrows indicate the lower and higher water absorption bands,
where the alternative excitation bands should be extended to avoid biological tissues overheating by
introducing Nd*3as a new sensitizer into the UCNPs instead of the conventional sensitizer (Y'b3)

of the UCNPs. Inset: Schematic design and energy transfer processes between Nd™ | Yb*3, and
Er™3 of a core/shell nanoparticles (photon upconversion) under 808 nm laser excitation. Reprinted

with permission from [167].

To overcome this issue, an engineering core/shell structure is necessary where the new sensi-
tizer (Nd*3) is doped with the (Y'b) in the shell and the activator (£r*3) is doped with (Y*3)in
the core to avoid such ET processes [166] as shown in Figure 1.12 [167]. The upconversion process
in the new core/shell combination occurs when the new sensitizer (Nd*?)ion absorbs NIR photons

and transfers energy to the nearby Ytterbium (Y'b*3) ion; and then Y03 ion transfers the NIR

photons to the activator (Er %) ion, where the UC process is expected to take place. Specifically,

the most commonly used NaY F, : Yb™3, Ert3@QNd*3 UCNPs were synthesized in a core/shell
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structure and showed to be the best UCNPs generation for biological imaging and thermometry.
However, these UCNPs suffer from very low quantum efficiency when dispersed in water, espe-
cially at small particle sizes as reported in [29, 153, 164]. Recently, YV O, : Yb"3 Er™3 UCNPs
have shown relatively good quantum efficiency at the single-particle level when dispersed in wa-
ter [148] as well as high contrast imaging in biological models [28].

In section 5, I introduced Nd*3 into YV O, : Yb*3, Er™3 UCNPs in a core/shell structure,
which provide efficient luminescent markers at a biocompatible illumination wavelength for optical
temperature sensing in living organisms. we synthesized water tolerant YV O, : Y3, Ert3QNd ™3
core/shell nanoparticles (average size 20 nm) with strong UC luminescence at a biocompatible ex-
citation wavelength for optical temperature sensing where overheating in water is minimized.

In section 6, as an application of FNDs and UCNPs, I investigated their use as nano-thermometer
inside bovine embryos. The motivation for using both FNDs and UCNPs to measure temperature
is to avoid the question of sensor confusion by the local cellular environment. Specifically, by
simultaneously measuring temperature using two different modalities having different physics, it
is possible to greatly improve the measurement confidence, thereby directly addressing the recent

controversy surrounding temperature measurements in living organisms.
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2. ENGINEERING SEEDED GROWTH OF FLUORESCENT NANODIAMONDS

2.1 Introduction

Commercial nanodiamonds are fabricated by two main techniques: 1) crushing larger dia-
monds [168]. 2) detonation of explosives [169]. In addition, nanodiamonds are fabricated by
non-detonation shock wave techniques such as laser ablation [170] and ultrasound [171]. There is
also research in direct growth of nanodiamonds via chemical vapor deposition (CVD) [172], and
in flowing plasma [173], plus numerous other techniques. However none of the existing nanodi-
amond fabrication techniques produces material that is close to the quality of bulk diamond, and
this often leads to photostability problems for sizes less than 10 nm, and sensitivity problems for
NV centers [57].

Recently, in an attempt to overcome the limitations of ultrasmall nanodiamonds direct growth
starting from organic precursors has been performed at high-pressure high-temperature (HPHT)
> 900°C), [174, 175] using techniques developed a long time ago [176]. So far FNDs with NV
and SiV color centers have been grown by these techniques. In addition, researchers have also
been attempting to grow high-quality nanodiamonds around diamondoid seed molecules for more
than a decade using chemical vapor deposition (CVD) techniques. The motivation is that a dia-
mondoid molecule is already like an ultrasmall diamond without defects, so that growing around
a diamondoid seed molecule should give much higher quality nanodiamonds. Such seeded growth
has successfully been applied to enhance nucleation of nanodiamonds for the growth of superior
nanocrystal CVD diamond films [177-179]. Recently, the growth temperature has been reduced to
well below the diamondoid decomposition temperature [178] in the hopes of improving yield (frac-
tion of diamondoids producing diamonds). However, the yield is still extremely small (i.e. isolated
nanodiamonds separated by microns compared to self-assembled seed layers with sub-nanometer
separations).

Other work has shown that easily cracked isobutene molecules can serve as a source of reac-
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tive carbon in the synthesis of larger diamondoids from smaller ones [180], which presumably is a
key intermediate step in the growth of nanodiamonds. This same work attempted seeded nanodia-
mond growth via CVD at a temperature below the seed decomposition temperature and observed
enhanced nanodiamond films, but again with a relatively small yield. Finally, larger diamondoids
have also been grown from smaller ones in xenon plasma, again with a rapidly decreasing yield as
diamondoid order increases [181].

In addition to higher quality nanodiamonds, the diamondoid molecule seeding approach has
the potential to deterministically produce color centers so that every nanodiamond, no matter how
small, can have one or more bright fluorescent emitter [134]. This overcomes the limitation of
all existing fabrication techniques including growth and post-implantation which are inherently
probabilistic in nature. Thus, instead of treating color center creation in nanodiamonds as a crystal
growth or processing problem, it can be approached as a chemistry problem for seed molecule syn-
thesis. This approach is illustrated in Figure 2.1. Here, the first step is to synthesize a molecule that
will act as a precursor (or seed) for specific color centers [134]. A diamond will be grown around
this molecule in a non-destructive way so that the resulting nanodiamond (or micro-diamond) can
have a completely independent chemical and isotopic composition from the seed molecule, yet still

be a single crystal.
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Figure 2.1: An illustration of the concept of seeded growth of fluorescent nanodiamonds. A
diamond-like organic molecule seed is used to produce fluorescentnanodiamonds. Carbon radi-
cals (such as tetracosane) are then created by cracking a hydrocarbon that decomposes at a much
lower temperature than the diamondoid seed molecule. The final product of the growth gives nan-
odiamond with desired color center.

This technique could be extended to other color centers. For example, a diamondoid seed
with a single silicon atom could in principle form a 2 nm SiV nanodiamond which reproduces the
properties of the meteor diamonds (i.e. a photostable fluorescent diamond that is smaller than many
protein based dyes) [127]. Also, more complex color centers may be possible. For example, one of
the best diamond emitters consists of a nickel atom surrounded by 4 nitrogen atoms (NES8 center)
[182]. It has strong narrowband emission in the tissue transparency window. This color center
is not favored by probabilistic growth, but could in principle be grown with high yield by using
the appropriate seed molecule. Seeded growth of nanodianonds approach has produced small and
high quality nanodiamonds [134]. However, more experiments are required to produce the same
quality of nanodiamonds grown from different seeds that are expected to give completely different

color centers. In this chapter, I performed different experiments to confirm success of the seeded
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growth approach. In particular, I observed two different color centers in nanodiamonds grown from
two different diamond-like organic seed molecules. Furthermore, I observed no nanodiamonds
in the absence of diamond-like seed in a control experiment. These result confirm a successful

nanodiamond seeded growth approach.
2.2 Experimental apparatus and methods
2.2.1 Diamond anvil cell (DAC)

One of the most common apparatus to produce diamond is diamond anvil cell (DAC). DAC
consist of piston-cylinder diamond anvil cell, diamond anvils, screws to apply force, gasket, and
small cylindrical seats for diamond anvils. In this work, we designed a home-built accessible
piston-cylinder diamond anvil cell as shown in Figure 2.2(a). This DAC was made of Inconel 718
alloy material which is proven to work at high temperature (around 900°C’). To insure accurate
alignment of the diamond anvils, the tolerance between piston and cell pore should be less than 25
microns. Force is applied in this DAC using six screws made of Inconel 718 alloy to generate a
high pressure depending on the area of diamond anvil culet. The anvil culet is the flattened tip of

the diamond anvil which experiences the greatest applied pressure.
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(2)

(b)

Figure 2.2: (a) Open design diamond anvil cell for high pressure and high temperature nanodi-
amonds growth. (a,inset) a zoomed image of gasket placed between two diamond anvils. The
diamond anvils sit on top of a cylindrical seat. (b) A jig that is used to align and glue the pair of
diamond anvils on their seats.

The diamond anvils sit on small cylindrical seats made of the same material as the DAC as
shown in Figure 2.2(a, inset). These seats have a 1 mm conical hole with small angles (25-30
degree) to allow optical access to the sample and improve imaging and light collecting. To align

the diamond anvils on top of the seats, we also designed a home-made jig to align and glue the
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anvils on their seats as shown in Figure 2.2(b).
2.2.2 Gasket

Gasket is one of the most important parts of the diamond anvil cell. It is a metallic foil (Inconel,
rhenium, etc.) that sits between the two diamond anvils and keeps the sample contained when it
is compressed between the anvils to give high pressure as illustrated in Figure 2.2(a,inset). For
this experiment, gasket was made of inconel 718 alloy material with thickness (250pm). The
gasket was pre-indented to a thickness equal to 1/9 of the diamond culet diameter before drilling
a sample chamber hole. For gasket pre-indentation, we place it between the two diamond anvils
after a careful alignment of the diamonds anvils in the DAC to make sure the culets are exactly
opposing. Then, an appropriate pressure was applied during pre-indentation process to reach the
desired thickness of the gasket. The pre-indentation pressure should be very close to the pressure
that will be applied during growth to avoid unwanted deforming of the sample chamber under high

pressure.
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Figure 2.3: (a) A home-built micro- electrical discharge machine (EDM) which consist of drilling
wire tool, dielectric fluid cup, x-y translation stage, and a small microscope for monitoring gasket
drilling. (b) A magnified image of the dielectric fluid cup where the gasket can be placed for
drilling sample chamber. (c) A small electrical circuit to derive the EDM. (d) An optical image of
a pre-indented and drilled gasket.

Next, after gasket pre-indentation, a sample chamber hole need to be drilled in the middle of
the gasket. The hole should be 1/3 of the diamond anvil culet (300 ;m). So, to drill such a small
hole, there are several drilling methods including laser cutting and electrical discharge machine
(EDM). For our experiments, we designed a home-built micro-electrical discharge machine (EDM)
as shown in Figure 2.3(a). We also made a small circuit to run the micro-EDM as shown in Figure

2.3(b). This circuit consist of a DC power supply that gives (200-250V), capacitor (20uF), and
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resister (50khom). The discharge energy that of this micro-EDM is few micro joule. Using this
micro-EDM a 100 microns size hole was drilled using a 100 xm tungsten wire as shown in Figure
2.3(c). After drilling process, the gasket was then washed thoroughly using (acetone/methanol) in

30min sonication to remove remaining materials before sample loading.
2.2.3 High temperature furnace

In HPHT nanodiamonds growth, high pressure is provided by diamond anvil cells, however
high temperature will be produced by a furnace. For this purpose, we designed a home-made
furnace operating at high temperature up to 1000°C' as shown in Figure 2.4(a). This oven is made
of cylindrical stainless-steel cup. We made an aluminum oxide layer inside the furnace for high
temperature isolation. A tungsten wire was then wrapped between two thermally conductive boron
nitrite layers where the diamond anvil cell will be inserted for nanodiamonds growth experiments.
The furnace is connected to a variac power supply to provide an appropriate power for heating. For
monitoring temperature inside the furnace during growth, a thermo-coupler attached directly to the
diamond anvil cell inside the furnace as illustrated in Figure 2.4(b). The temperature displays on a

K-type digital thermometer with precision equal to £0.1°C..

40



Figure 2.4: (a) A home-made high temperature furnace used for nanodiamonds growth. This
furnace provides temperature up to 1000°C'. (b) A variac power supply connected to the furnace
to provide the needed heat and digital thermometer for temperature monitoring inside the DAC
during growth.

2.2.4 Optical setup for pressure and nanodiamonds growth monitoring

Several years before 1972, monitoring pressure inside diamond anvil cells was one of the big
challenges due lack of precise and small pressure sensors [183]. Because the interior of diamond
anvil cell is optically accessible, the pressure-dependent fluorescences of many materials was con-
sidered as a pressure sensor. In 1972, a ruby crystal (Al,O3 : Cr*3) was found to have a sharp
and strong fluorescence emission that linearly depends on the pressure [184]. The ruby crystal can
be conveniently excited by a green laser (532nm) that promotes Cr 3 from the ground state to an
excited state from which it decays non-radiatively to a metastable state, and then emits a sharp and
strong fluorescent light at 694.20nm as shown in Figure 2.5(a). After this great invention, it was
easy to precisely monitor the applied pressure inside a diamond anvil cell using optical excitation.

In our experiments, we use a very small chip of ruby crystal which fill just only a small fraction
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of the sample chamber volume and provide a rapid and accurate pressure monitoring. Figure 2.5(b

and c¢) show ruby fluorescence at ambient pressure plus the change of ruby crystal fluorescence as

a function of applied pressure inside the diamond anvil cell.
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Figure 2.5: (a) An illustration of optical pumping and emission and the electronic structure of ruby

crystal (AlsO5 :

Cr*3) showing the ground ,metastable, and excited states. (b) Optical emission

of ruby crystal peaked at 694.20 nm under ambient pressure. (c) Optical emission spectra of ruby
crystal changes as a function of applied pressure inside diamond anvil cell.

To optically monitor pressure and nanodiamond growth inside the diamond anvils cell, we

designed a custom built optical microscope setup. This optical setup is equipped with a long

working distance microscope objective (Mitutoyo 10x, working distance = 4.5mm), 4f imaging
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system, CCD camera for live imaging, and spectrometer as shown in Figure 2.6(a and b). Ruby
fluorescence and the Raman emission of nanodiamond precursor materials were collected and
analyzed using a home-made spectrometer. The spectrometer consist of visible-near infrared (NIR)
grating and 4f imaging system, and a pinhole (100xm) imaged through 4f imaging system onto a

CCD camera (Trius camera model SX-674).
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Figure 2.6: (a) A home-built optical microscope consist of 4f imaging system, lasers, monitoring
CCD camera, and spectrometer. (b) An optical image of the optical setup showing all lasers and
optical elements.
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2.2.5 Sample preparation

In order to prepare growth materials for seeded nanodiamond growth experiments, hydrocar-
bons materials such as heptamethylnonane ((C'H3)3;CCH,CH (CH3)CHyC(CH3)2CHyC(CHs)s
, Sigma Aldrich > 98%) and tetracosane ((C'H3(C Hs)22C Hj), Sigma Aldrich > 98%) were pur-
chased to serve as a carbon source that cracks at low temperature to supply the carbon needed
to grow diamond around the diamond-like organic seed molecules. In this work, several seed
molecules were either purchased or synthesized in our lab or collaborators’lab. These include
adamantine (Sigma Aldrich > 98% ), 2-Azaadamantane hydrochloride (AURUM Pharmatech LL.C
>90%), Tetrakis(trimethylsilyl)silane (Sigma Aldrich > 98% ), 5,7-dimethyl-1,3-diazaadamantane
and 1-azaadamantan-4-one-2,2-13C,

After many experimental trails we found a very good recipe to mix all the growth material and
to suppress the formation of graphite and diamond-like carbon during growth. This is important
because these unwanted by-products generate intense fluorescence that makes it impossible to
monitor growth at critical stages.

The mixture recipe consists mainly of the organic seed molecule (20u1) + Heptamethylnonane
(200ul) + Tetracosane(2ml) + Tetramethylhydrazine(10u1). In addition, to dissolve the organic
seed molecule, either chlorobenzene or dichloromethane is initially used first. Second, the mixture
of hydrocarbons (heptamethylnonane and tetracosane) is combined with the organic seed molecule
solution. The mixture is then heated up to the melting point of tetracosane to insure thorough
mixing. Next, the tetramethylhydrazine was introduced into the mixture, whose purpose was to
prevent graphite formation during growth as mentioned above. Finally, we cool the mixture to
room temperature so as to have solid material that can be easily loaded into the sample chamber of

the diamond anvil cell.
2.3 Results and discussion

We conducted five experiments to verify that the nanodiamond seeded growth approach is

feasible. Different nanodiamond growth experiments at different conditions are presented in Table
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2.1.

Experiments

Hydrocarbon radicals

Seed

Experiment 1

Heptamethylnonane and tetracosane

2-Azaadamantane hydrochloride

Experiment 2

Heptamethylnonane and tetracosane

5,7-dimethyl-1,3-diazaadamantane

Experiment 3

Heptamethylnonane and tetracosane

2-Azaadamantane hydrochloride

Experiment 4

Heptamethylnonane and tetracosane

No seed (control)

Experiment 5

Heptamethylnonane and tetracosane

poly(1-vinyladamantane)

Table 2.1: A summary of five samples (hydrocarbon radicals and seeds) prepared for nanodiamond
seeded growth experiments

2.3.1 Experiment 1

In the first experiment, after building new diamond growth apparatus in our laboratory, it was
very important to verify that we can produce nanodiamonds at high pressure and high tempera-
ture. For this purpose, we mixed 2-Azaadamantane hydrochloride as a seed with hydrocarbons
radicals (heptamethylnonane and tetracosane) following our recipe mentioned above in the sample
preparation section. There was no tetramethylhydrazine in the growth mixture in this experiment.
The sample was then transferred into a 100m sample chamber (gasket) placed between two dia-
mond anvils in the diamond anvil cell and pressed under high pressure up to 20 GPa. The sample
was heated to high temperature up to 550°C in the heating furnace for three hours under a con-
tinuous flow of a forming gas ( 98 % Ar and 2% H, ) to prevent diamond anvils graphitization.
Next, the sample was then extracted from the diamond anvil cell after growth by a needle with a
2pum tip (American Probe Technologies, Inc.). To insure a successful transfer of nanodiamonds
from growth chamber, we dip the tip of the extraction needle into 20041 of an isopropanol/ethanol
solution, repeating several times until the growth chamber is emptied. For TEM and optical char-

acterization a few drops of the nanodiamond solution was placed on a lacy carbon TEM grid and
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quartz slides respectively.
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Figure 2.7: (a) An optical spectrum of grown nanodiamonds before post cleaning or annealing. It
shows a dominant autofluresence background plus a small nanodiamonds Raman peak at 572nm,
clear D and G peaks at 575nm and 58 1nm respectively, and 630nm peak that has been reported
as unknown defect in nanodiamonds with bad surfaces. (b) An optical spectrum of the same
nanodiamonds after annealing in air at 700°C' to remove graphite and other impurities. It shows a
clear nanodiamonds Raman peak at 572.5nm and the right Raman shift of diamonds at 1326¢cm ™!
as illustrated in (b.inset). (c) low and high magnification TEM images of produced nanodiamonds
which reveal well dispersed and round shape nanodiamonds crystals. (d) TEM diffraction pattern
of individual nanodiamonds which shows the correct diamond (111) lattice plane spacing (2.06° A).

Optical characterization revealed an optical spectrum as shown in Figure 2.7(a) with several

peaks. One corresponds to the Raman peak of nanodiamonds at 572.5nm, another to the D-peak
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at 575nm, another to the graphite peak at 581nm, and also a strong peak at 630nm that has been
reported as unknown defect in nanodiamond grown with bad surfaces [185]. It was hard to dis-
tinguish the Raman peak of the nanodiamond due to autofluorescence background from graphite
and diamond-like carbon. To remove these contaminants, the sample was annealed to 600°C' in air
for 7mins. Afterward the optical spectrum shows a clear nanodiamond Raman peak at 572.5nm,
Figure 2.7(b), which corresponds to a Raman shift of 1326 cm ™! as shown in Figure 2.7(b,inset).
TEM imaging was then performed to verify the presence of nanodimonds in the product from this
first growth run. Low and high magnification of well crystalline and round shape nanodimonds
were seen with (40nm average size) as presented in Figure 2.7(c). These nanodiamonds showed
a crystal lattice spacing (2.06 °A) which matches diamond (111) lattice plane spacing reported in
[194]as shown in figure 2.7(d). Here it should be noted that, in these first experiment, it was not
clear if the nanodimonds were grown from the organic seed or not because the growth tempera-
ture was relatively high (550°C"). Although pure adamantane was shown not to decompose at this

temperature, the nitrogen-containing adamantane derivative used in this growth.
2.3.2 Experiment 2

After verifying that our diamond growth apparatus produces nanodiamonds, it is time to lower
the growth temperature significantly so as to enhance the chances of producing nanodiamonds via
seeded growth. In experiment 2, we used the same growth mixture as in experiment 1. Basi-
cally, using 2-Azaadamantane hydrochloride organic seed which is expected to produce nitrogen-
vacancy (NV center) in diamond after irradiation. The nanodiamond growth temperature was
dropped below 400°C' which is well below adamantane decomposition temperature (550°C")[140].
This time, we introduced tetramethylhydrazine in the growth mixture to prevent graphite and
diamond-like carbon formation by converting all sp2 to sp3 through a hybridization process (or
possibly just producing graphitic carbon nitride which is white and does not fluoresce like graphite).
The sample was then loaded into a sample chamber in the diamond anvil cell and growth carried
out at pressure equal to 10 GPa and temperature ranging from 380-400°C for 24hours. By monitor-

ing the sample during growth, it was clear that there was no graphite autofluorescence background
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as we encountered during experiment 1 that prevented optical monitoring during critical growth

phases. The sample was then extracted after growth as described above in experiment 1.
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Figure 2.8: (a) An optical spectrum of grown nanodiamonds reveals a clear and strong nanodia-
monds Raman peak at 572nm and ruby crystal peak at 694.20nm which is used to monitor applied
pressure inside the diamond anvil cell.(b) low magnification TEM image of produced nanodia-
monds which reveal well dispersed and round shape nanodiamonds crystals. (c) An optical emis-
sion spectrum of the NV center after irradiation certain areas of the grown nanodiamonds. (d) An
ODMR spectra of the same irradiated nanodiamonds.

Interestingly, optical characterization of sample grown in experiment 2 showed a clear Raman
peak at 572.5nm plus ruby crystal emission peak at 694.2nm, with no unwanted graphite (G) or

diamond-like carbon (D) peaks, as shown in Figure 2.8(a). Furthermore, a TEM image shows
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many nanodiamonds with size range varying from 10nm to 100nm, as shown Figure 2.8(b). Note
that these diamonds were only seen after heating the TEM grid to 800°C' for 10mins in vacuum
using TEM heater stage. Before heating the nanodiamonds were buried underneath residual growth
materials.

To create vacancies in the nanodiamonds, electron irradiation followed by high temperature
annealing are needed. For this purpose, we chose and irradiated a small area on the TEM grid,
containing several nanodiamonds. The irradiation was conducted in a JEOL 2010 TEM at an
energy of 200 keV at a high temperature of 830°C' in vacuum for lhour. The high irradiation
temperature allowed a very high electron dose to be used without producing graphitization as
would have been the case for room temperature irradiation at high dose. Due to the high irradiation
temperature, post annealing was not performed.

After irradiation, the TEM grid was placed in our homemade laser scanning confocal micro-
scope and the irradiated region was located in the optical image. The fluorescence spectra from this
region is shown in Figure 2.8(c). The observed optical spectrum is similar to that expected for the
NV center but without the characteristic zero-phonon (ZPL) peak. Therefore, it was necessary to
perform ODMR to verify the creation of NVs. This is shown in Figure 2.8(d). Here, the signature
ODMR spectrum of the NV center is seen in the irradiated spots on the grid.

Unfortunately this does not prove that the seeding process worked as there was considerable
nitrogen in the growth mix and diamonds are known to efficiently incorporate even trace amounts
of nitrogen during standard HPHT growth. Therefore, it was very important to perform another ex-
periment to produce a color center from different seed that would only be seen if the seed molecule
survived and was completely incorporated into the nanodiamond. Thais will be discussed in ex-

periment 3.
2.3.3 Experiment 3

In this experiment, we used an interesting organic molecule that has two nitrogen atoms.
Specifically, this seed can produce nanodiamonds with H3 color center if seeded growth worked

or produces NV center otherwise. So, we introduced 5,7-dimethyl-1,3-diazaadamantane as a new
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seed to the growth mixture following our growth mix recipe as discussed in the sample preparation
section.

Sample was then transferred into the diamond anvil cells and nearly the same growth conditions
were used as in experiment 2. Specifically, the growth was conducted at temperature of 380-400°C’
and pressure of 10 GPa for 24h. After growth was completed, the sample was then extracted
following the same extraction procedure as in experiments 1 and 2. Again, for optical and TEM
characterizations, a few drops of nanodiamonds solution were placed on a quartz slide and TEM
grid, respectively.

After growth, Figure 2.9(a) shows a clear nanodiamond Raman peak and ruby emission peak at
572.5nm and 694.20nm respectively. Low and high magnification TEM images of nanodiamonds
produced from experiment 3 are presented in Figure 2.9(b). The average size of the large nanodia-
monds in high magnification TEM image was 50nm. However, there are seen to be different sizes

of nanodiamonds (10-50nm) in the low magnification TEM image.
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Figure 2.9: (a) An optical spectrum of grown nanodiamonds reveals a clear and strong nanodia-
monds Raman peak at 572nm and ruby crystal peak at 694.20nm which is used to monitor applied
pressure inside the diamond anvil cell .(b)low and high magnification TEM images of produced
nanodiamonds which reveal well dispersed and round shape nanodiamonds crystals. (c and f)
Optical emission spectra of H3 color center in nanodianonds created after irradiation certain ar-
eas of the grown nanodiamonds to created vacancies around two nitrogen atoms. These spectra
of H3 color centere are in a good agreement with emission spectra of commercial nanodiamonds

containing H3 color center as shown in (d).

Again it is necessary to create vacancies in the grown nanodiamonds in order to produce either
the H3 or NV color centers. Therefore, we again irradiated nanodiamond crystals in some specific,
randomly chosen areas on the TEM grid. The irradiation was performed again in a JEOL 2010
TEM at an energy of 200 keV at high temperature 830°C' in vacuum for lhour. After irradiation,

we scanned the irradiated areas using a confocal laser scanning microscope using equipped with
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a blue laser (471nm) which is known to excite H3 color center in diamond. Figure 2.9(c and
f) illustrated an optical emission spectra which is similar to the emission spectra of commercial
nanodiamonds containing H3 color center as shown in Figure 2.9(d).

Although the correspondence to the H3 spectrum is not exact, the important thing to note
here is that we didn’t observe the NV center optical emission spectrum. This has two possible
implications: 1) the seed molecule did not decompose and diamond was grown around it, and
2) even though the concentration of nitrogen in the growth mix was orders of magnitude higher
than for typical HPHT growth, little or none of it was incorporated into the diamond. This later
suggest that the grown diamond is very high purity. However, to be sure there is seeded growth we
still need to perform a control experiment with and without the diamond-like seed to insure that
nanodiamonds can grow only when there is a seed molecule present. This control experiment will

be discussed in experiment 4.
2.3.4 Experiment 4 (control)

Here we conducted a control experiment without seed molecules. As mentioned above, it is
very important to confirm that we don’t get nanodiamonds from the hydrocarbon growth mix in
the absence of seed molecules. In this experiment we followed the same growth procedure as we
did in experiments 2 and 3. Briefly, we mixed hydrocarbons that crack at low temperatures to
give radicals (heptamethylnonane and tetracosane) with tetramethylhydrazine as shown in Figure
2.10(a) following our mixing ratios previously discussed in sample preparation section. The sam-
ple was then loaded into a sample chamber in the diamond anvil cell prior to growth experiment.
This experiment was carried out at pressure equal to 10 GPa and temperature equal to 380-400°C
for 24h which is as close as possible to the previous seeded growth run. The temperature and
pressure were then returned to ambient conditions and the sample was extracted following extrac-
tion method discussed above in the previous experiments. Prior to TEM imaging of the sample, a
droplet of the sample solution was placed on a TEM grid. Importantly, we observed no nanodia-
monds on high and low magnification TEM images as shown in Figure 2.10(b and c) respectively.

In only one of the TEM grid squares, did we observed only one nanodiamond crystal as illustrated
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in Figure 2.10(d) which showed the correct diamond (111) lattice plane spacing (2.06°A) in the
diffraction image as shown in Figure 2.10(f). The presence of only one nanodiamond crystal can
be attributed to a possible contamination present in the growth mix. The results from this experi-

ment and experiments 2 and 3 strongly support our claim that our nanodiamonds are grown from

seed molecules.

(a) (CH,),CCH,CH(CH,)CH,C(CH,),CH,C(CH,),
(Heptamethylnonane) T =380-390C, P=10GPa
+ No seed maeesss———) \ o nanodiamonds’

Growth time =24hours |
CH,(CH,),,CH;(Tetracos ane) \_Y_) |
Y Seeds Products
(b) Hydl'ocal'b l'adics (d

Figure 2.10: (a) an illustration of control experiment growth procedure. (a and c) low and high
magnification images show no evidence of grown nanodiamonds without diamond like seed. (d)
TEM image shows the only one nanodiamond crystal found in the control sample which might
be due to a cross contamination form old diamonds growth runs. (f) TEM diffraction image that
shows the right diffraction pattern of diamond crystal.
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2.3.5 Experiment 5

In this experiment, we produced nanodiamonds from a specially synthesized organic seed con-
sisting of a long chain of adamantane molecules poly(1-vinyladamantane). Due to the low de-
composition temperature of this seed (estimated at 300°C’) the growth temperature was dropped to
(250-270°C). The rest of the growth mixture followed our mixing ratios discussed in the sample
preparation section. This experiment was carried out using a diamond anvil cell at pressure equal

to 10GPa and very low temperature below 270°C' for 24h.
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Figure 2.11: (a and b) Optical spectra of grown nanodiamonds from experiment 5 reveal a clear
and strong nanodiamonds Raman peak at 572nm from two spots in the optical scan of the nanodi-
amonds sample. (c) Low and high magnification TEM images of produced nanodiamonds which
reveal well dispersed and round shape nanodiamonds crystals. These crystals reveled clear diffrac-
tion patterns which shows the correct diamond (111) lattice plane spacing (2.06A) as shown in
(c,inset). (d) The diamond like seed used in experiments 5 produced a lot of nanodiamonds cover-
ing the whole TEM grid.

After extracting the sample, an optical and TEM characterizations of the nanodiamonds were
performed using a confocal laser scanning microscope and transmission electron microscope (TEM).
Figure 2.11(a and b) demonstrate two optical spectra showing a clear nanodiamonds Raman peak at
572.5nm. These spectra were recorded from two different spots selected after imaging the nanodi-
amond sample using scanning green (532nm) laser excitation. Next, we performed TEM images

of nanodiamond sample on a TEM grid. Figure 2.11(c) shows low and high magnification images
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of nanodiamonds with average size ( 100nm). We confirmed nanodiamonds by performing diffrac-
tion which shows the diamond (111) lattice plane spacing (2.08°A) as seen in Figure 2.11(c, inset).
Furthermore, this experiment illustrated a very high yield of nanodiamonds grown from the new
seed, compared to the other, simpler seeds used in experiment 2 and 3 as shown in Figure 2.11(d).
This may be due to a higher yield (of seed molecules that become diamonds) for the adamantane

polymer, but we have yet to quantify the yield.
2.4 Conclusion

In this chapter, we conducted controlled diamond growth around diamond-like seed molecules
at much lower temperatures than typical HPHT nanodiamond growth. We performed different ex-
periments to confirm success of the seeded growth approach. In particular, we observed two differ-
ent color centers in nanodiamonds grown from two different diamond-like organic seed molecules.
Furthermore, we observed no nanodiamonds in the absence of diamond-like seed in a control ex-
periment. These results strongly support our claim that our nanodiamond seeded growth approach
is successfully working. This success will open the door for many interesting applications using

ultrasmall nanodiamonds with stable fluorescence.
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3.  FLUORESCENT NANODIAMONDS FOR LUMINESCENT THERMOMETRY IN THE
BIOLOGICAL TRANSPARENCY WINDOW

3.1 Introduction

Nanoscale luminescent thermometry is a promising approach to measure local temperature
variations in living organisms [186]. These include quantum dots (QDs) [7, 8], upconversion
nanoparticles (UCNPs) [15], organic dyes [9, 10], fluorescent polymers [11], and thermal imag-
ing [13]. Most of these fluorescent nanothermometers are sensitive enough to detect a sub-kelvin
rise in temperature in living cells [7-11,13-15]. However, many of the existing nanothermometers
are limited by photostability [7-10], toxicity [7-10, 16], low quantum efficiency [15, 167], and
chemical environment sensitivity [11].

Optical temperature sensing with color centers in fluorescent nanodiamonds (FNDs) are promis-
ing approaches to overcome the drawbacks of current methods owing to their remarkable optical
properties [83—85]. The nitrogen-vacancy (NV) color center was the first color center in diamonds
used to measure temperature. The NV center uses a magnetic spin transition whose resonance
frequency is sensitive to thermally-induced lattice expansion. The NV color center has shown high
sensitivity, which can detect temperature variations down to 1.8 mk/v/H z in pure-diamond crystal
and 200 mk/+v/H z in nanodiamonds with spatial resolution of 200 nm [14].

However, the optical pumping (blue and green) wavelengths of many interesting color centers
in diamonds, including the nitrogen-vacancy, have been reported to cause heating and serious
photodamage to biological tissues even with relatively low power intensity, as low as 2kW/cm?
[135]. Furthermore, the green excitation of the NV center induces autofluorescence in biological
tissues, which overlaps with the unique fluorescence of the NV center as shown in Figure 3.1,
resulting in a significant sensitivity reduction in deep tissue-imaging and bio-sensing [16, 17].

To overcome these limitations, fluorescent nanodiamonds with color centers that can be excited

within the biological transparency window range (640-1350 nm) are needed as shown in Figure
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3.1, where overheating and photodamage in biological tissues are greatly minimized [135]. Recent
reports, using micron-sized diamonds, have shown that the excitation bands of NV~ centers in
diamonds can be extended to the resonant wavelength of 638 nm (zero phonon line), where efficient
temperature measurements can be achieved [99]. In addition, temperature measurement within
the biological transparency window by the silicon vacancy (SiV) defect in diamonds has been
recently reported [92]. Here the temperature sensitivity reached 360 mk/v/Hz in bulk diamond
and 521 mk/+v/H z in 200 nm nanodiamonds at room temperature [92]. Like NV, the SiV measures
temperature using a narrow optical transition that is sensitive to thermal lattice expansion. In
addition, the SiV color center has potential for ultra-high resolution thermometry, as stable SiV
fluorescence has been seen in ultra-small (1.2 nm) nanodiamonds [127].

Another color center operating within the biological transparency window, based on nickel (N1)
has been proposed as a fluorescent marker [187]. The nickel color center in diamonds consists
of a substitutional Ni site in the diamond lattice, which possesses a strong photoluminescence
(PL) doublet around 883/885nm [129, 130], which is attributed to ground state splitting caused by
the spin orbital interaction. The optical properties of Ni-related centers in diamonds have been
investigated in detail at both low and room temperatures [187, 188].

Here we show that the optical spectrum of the Ni complex is very sensitive to temperature
near room temperature, and is therefore a good candidate for nano thermometry. We also show
that it is possible to excite the NV center with a more biocompatible wavelength (660 nm) where
autofluorescence background, overheating, and photodamage are greatly minimized [135]. Since
the NV and Ni measure temperature by different physical mechanisms, their simultaneous use can
avoid confusion by other cell processes, as these would impact each temperature sensor differently

[94].
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Figure 3.1: (a) Superimposed photoluminescence of fluorescent nanodiamonds (FNDs) color cen-
ters namely; nitrogen-vacancy, silicon-vacancy(SiV), and nickel-vacancy (NiV) under 660 nm
(CW) illuminations. The fluorescence of all color centers in FNDs and the excitation wavelengths
(660nm and 800nm) are located in the NIR biological transparency window. (b) Absorption spec-
tra of distilled water (DI water) and biological tissue taken over the visible and the near-infrared
(NIR) range.

3.2 Results and Discussion

High pressure and High temperature (HPHT) fluorescent nanodiamonds (FNDs) with an av-
erage size of 100 nm were used in this experiment. Prior to use in our study, TEM images and

particle size distribution characterizations of the FNDs were performed. A droplet of 1 mg/mL of
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FNDs suspended in water was placed onto a TEM grid and dried prior to imaging. Figure 3.2(a)
shows a high resolution TEM image revealing highly dispersed nanodiamonds with 100 nm aver-
age size. The average size of FNDs was further confirmed by dynamic light scattering (DLS), as

shown in Figure 3.2(b).
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Figure 3.2: (a) High magnification TEM image of the fluorescent nanodiamonds (FNDs) dispersed
in water and dropped onto a microgrid. The TEM images show well dispersed and nonagglom-
erated FNDs with average size (100nm) (b) Average size distribution of the FNDs recorded by
DLS.

To analyze the fluorescence of color centers present in the nanodiamonds, we designed a home-
built multi-color confocal scanning microscope equipped with several continuous wave (CW) laser
diodes (532 nm, 635 nm, 660 nm, 808 nm and 980 nm). The excitation lasers were focused through
a long working distance NIR microscope objective with NA = 0.8 (Olympus) with magnification
of 100x. The fluorescence of nanodiamond color centers was filtered out of reflected lasers by
several optical notch filters for each illumination wavelengths and analyzed by a photon counter

and homebuilt spectrophotometer.
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We investigated the photoluminescence spectra of a thin layer of fluorescent NV-containing
nanodiamond crystals which was prepared as followed: a droplet of (1 mg/mL) of the FNDs
mixed with Poly vinyl alcohol (PVA) at (1:1 w/w) ratio was spin-coated on a piece of quartz to
make a thin layer of individual crystals to avoid undesired agglomerated emitters. The sample was
then attached to a microwave board, which was attached to a compact heater for the temperature-
dependent measurements and placed on the confocal microscope. The sample was examined under
excitation by three laser diodes (532, 660 nm, and 808 nm) with the same power intensity (900
W/em?). Under green (532 nm) illumination, FNDs showed a clear nitrogen-vacancy photolumi-
nescence with neutral nitrogen-vacancy (NV?) and negatively charged nitrogen-vacancy (NV ™)
zero-phonon lines peaked at 575 nm, and 638 nm, respectively; as shown in Figure 3.3(a). Interest-
ingly, with red excitation at 660 nm, the fluorescence spectra of the FNDs still displayed the unique
emission of NV color centers, as shown in Figure 3.3(b). This lack of bleaching of NV centers in
these nanodiamonds under 660 nm wavelength is believed to be due to nitrogen doping (N), which
can increase NV~ population by donating electrons to NV in nanodiamonds [189, 190], because
the activation energy (EA = 1.70 eV) of N is lower than the acceptor level of the NV center labeled
NV =, as shown in Figure 3.3(b,inset) [191,192]. A further demonstration of this result using bulk
diamonds samples will be discussed later in this study.

One drawback of 660 nm excitation of the NV center fluorescence is 10x weaker absorption
than at 532 nm green light; however, based on the biological tissue absorption curve shown in
Figure 3.1(b) the tissue damage threshold should be at least 30x less. In our experiments we used
660 nm excitation at a power intensity of 900 TW/cm? , 8 times lower than the biological tissue

damage threshold (7.1 kW /cm?) [135,193], as shown in Figure 3.3(d).
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Figure 3.3: (a) Photoluminescence of NV color centers in fluorescent nanodiamonds (FNDs) un-
der 532 nm green excitation. The Fluorescence spectrum shows the zero-phonon line (ZPL) of the
(NV?) and (NV ) zero-phonon lines peaked at 575 nm, and 638 nm, respectively.(b)The Fluo-
rescence spectrum of NV center under 660 nm red excitation(red excitation was filtered from the
fluorescence spectrum by 660 nm notch filter). The NV center emission spectrum shows the zero-
phonon line (ZPL) of the (NV ™) zero-phonon line peaked at 638 nm. (b,inset) Donor energy levels
nitrogen donors and acceptor level of the N'V- center with respect to conduction-band edge of di-
amond. (c) Fluorescence spectrum of nickel color center in FNDs under 808 nm (CW) excitation
wavelength. (d) Biological tissues damage threshold under continuous illumination wavelengths
(532nm, 660, and 808nm) projected to the biological tissues absorption spectrum.

Next, we performed Optically Detected Magnetic Resonance (ODMR) with FNDs containing
NV centers with deep red 660 nm laser excitation. Briefly, phonon assisted optical absorption
followed by spin selective decay polarizes the NV center into the my = 0 spin sublevel (80%

populated). When a resonant microwave field induces a magnetic transition between the my = 0
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spin sublevel and the m, = =+1 levels, a significant decrease of NV fluorescence results, which
is called optically-detected magnetic spin resonance (ODMR) [39,50]. ODMR in NV centers in
nanodiamonds serves as a quantum sensor to read out important physical quantities of a nanoscale
system such us temperature, electric field, and magnetic field. Figure 3.4(a) shows the ODMR
spectrum of our FNDs with green (532 nm) laser excitation with contrast of 6.7% and Figure

3.4(b) shows the ODMR obtained with red (660 nm) excitation with contrast of 2.4%.
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Figure 3.4: (a) ODMR spectrum of NV center in fluorescent nanodiamonds (FNDs) under green
excitation (532nm) at laser intensity (9001 /cm?) with contrast =6.7%. (b) ODMR spectrum of
NV in FNDs center under red excitation (660nm) at the same laser intensity with contrast =2.4%.

To illustrate the role of nitrogen in NV stability under red illumination [192], we carried out
ODMR experiments using two bulk samples; 1b type and 2a type. Figure 3.5(a and c) show
ODMR in the 1b sample under 532 nm and 660 nm laser excitation with contrasts of 7% and 3%,
respectively, which is in a good agreement with the FNDs data in Figure 3.4(a and b). In contrast,
the 2a sample showed ODMR with 5% contrast upon green, 532 nm, illumination, but none with

red illumination, as shown in Figure 3.5(b and d).
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Figure 3.5: A proof of principle ODMR experiment of 1b bulck diamond (with very high nitrogen
content) and 2a bulk diamond. (a and c) ODMR spectra of 1b bulk diamond under green and red
excitations with contrast equal to 5.35%,and 2.9% respectively. This result is in a good agreement
with the ODMR observed in FNDs in Fig.3 because very high content of nitrogen is expected to
have some electrons in the conduction band which can stabilize the NV-under red excitation. (b
and d) ODMR spectrum of 2a bulk diamond only at green excitation with contrast equal to 7%.

Now we demonstrate nanoscale temperature sensing with biocompatible deep red 660 nm il-
lumination of N'Vs in nanodiamonds using ODMR in NV nanodiamonds. Figure 3.6(a) illustrates
that temperature changes as a function of ODMR spectral shifts over a 24 °C' to 40 °C' temperature
range. As the temperature of the nanodiamonds increases, the spectrum of the ODMR is shifted
toward lower microwave frequencies. Fitting the experimental data shown in Figure 3.6(b) to a

linear equation with slope dM/dT=-72kHz/C shows linear dependence between the frequency shift
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of the ODMR spectra and temperature, which provides a good calibration for temperature mea-

surements using FNDs. These results show good agreement with previous studies [45,99]. The
sensitivity of the NV center nano-thermometer in this study is 350mK/+v/ H z.
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Figure 3.6: (a) Luminescence emission spectra of NV color center in nanodiamonds under 660nm
illumination as a function of the microwave frequency at different temperatures; (25°C blue), (31°C
green), and (25°C red).recorded over a small temperature range (25°C-40°C) . (b) Linear fitting of
the central frequency of the ODMR spectrum of NV centers in FNDs as a function of ambient

temperatures.

Next, we demonstrate nanoscale temperature sensing with biocompatible 808 nm laser illu-
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mination of Ni color centers in nanodiamonds. The photoluminescence (PL) of the nickel color
center is shown in Figure 3.3(c). The unique PL of the Ni center can be attributed to ground-state
splitting caused by the spin orbital interaction [129, 188]. As shown in Figure 3.7(b), the peak
fluorescence intensity decreases significantly with increasing temperature, but the area is constant.
Similar behavior is seen for NV and SiV but is not so pronounced at room temperature [194, 195].
The temperature dependence of the change of Ni photoluminescence is consistent with a71" + b1

dependence. The sensitivity of the Ni color center nano-thermometer in this study is 181 mK/v/ H z.
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Figure 3.7: (a) Photoluminescence emission spectra of nickel color center (NiV) in nanodiamonds
under 808nm illumination as a function of the ambient temperatures. (b) Intensity of photolumi-
nescence of NiV color center in nanodiamonds measured as a function of the ambient temperature
(filled circles) and its best polynomial fit (solid line).
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3.3 Conclusion

In this work we report temperature sensing with NV and Ni diamond color centers excited
in the biological transparency window in FNDs crystals. For NV we show good ODMR signal
at laser intensity well below the biological tissues damage threshold. Importantly, optical tem-
perature sensing using NV and Ni color centers can be performed simultaneously using different
physical mechanisms. This is a promising approach to avoid sensor confusion and provide accurate

temperature measurements within living biological systems.
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4. HIGH EFFICIENCY UPCONVERSION NANOPHOSPHORS FOR HIGH-CONTRAST
BIOIMAGING*

4.1 Introduction

In recent years, increasing attention has been focused on research and applications of fluores-
cent markers in biomedical imaging [3, 141]. Conventional fluorophores such as quantum dots
(QDs) and organic dyes exhibit high luminescence efficiency and hence are excellent fluorescent
bio-probes. However, the fluorescence of theses fluorescent markers overlaps with biological tissue
auto-fluorescence resulting in a significant background that reduces sensitivity in deep tissue imag-
ing [196]. Upconversion fluorescence can solve the auto-fluorescence problem because their emis-
sion is to the blue of the pump laser and is easily filtered out from the red-shifted autofluorescence.
Yet upconversion dyes and quantum dots require high infrared intensities (typically 107 — 101!
W.cm™2), requiring expensive pulsed lasers which can damage biological tissue [16, 159]. Fur-
thermore, most of the upconversion dyes and quantum dots are limited by toxicity, photobleaching
and blinking [197-199].

To overcome these drawbacks, upconversion nanoparticles doped with lanthanide ions Ln ™3
(Ln=Er,Tm,Ho,etc.) are used [29, 163]. The most efficient upconversion process in rare-earth
doped nanomaterials is energy transfer upconversion (ETU) in which sensitizer ions with large
absorption cross-sections at near-infrared (NIR) wavelengths sequentially transfer absorbed energy
to emitter ion [140,145,146]. This will be discussed in detail in the Results and Discussion section.
These upconversion processes can operate at lower pump laser intensities because they possess
real long-lived intermediate states (lifetimes on the microsecond scale). Therefore, inexpensive

low-power lasers (typically 1 — 10® W.cm™2) can be used for their excitation [139, 147, 149].

*Reprinted with permission from High efficiency upconversion nanophosphors for high-contrast bioimaging by
Masfer H Alkahtani, Fahad S Alghannam, Carlos Sanchez, Carmen L Gomes, Hong Liang, Philip R Hemmer, 2016.
Nanotechnology, vol. 27, pp. 485501, Copyright [2016] by IOP Publishing, and High resolution fluorescence bio-
imaging upconversion nanoparticles in insects by Masfer Alkahtani, Yunyun Chen, Julie J Pedraza, Jorge M Gonzalez,
Dilworth Y Parkinson, Philip R Hemmer, Hong Liang, 2017. Optics Express, vol. 25, pp. 1030-1039, Copyright
[2017] by the Optical Society of America

69



Rare earth doped upconversion nanoparticles (UCNPs) have been successfully implemented in
biological imaging at the cell level, and in the tissues of small animals like mice. UCNPs can
also be used for single-particle imaging due to their UCNPs’s brightness even after long-time
continuous laser illumination [150-152].

Upconversion nanoparticles of 3 — NaY Fy : Y3, Ert3 and f — NaGdF, : Yb*3, Er™3
have been reported as one of the most efficient UCNPs with strong up-conversion luminescence
(UCL). However, they work optimally in organic solvents such as cyclohexane and their UCL
drops significantly when dispersed in water [157] (at least for small particle sizes). Specifically, the
standard upconversion nanoparticles NaY F : Yb™3, Er™ quantum yield is 3% in bulk particles
at 980 nm illumination. However, this quantum efficiency drops to 0.005% at 980 nm illumination
for 10 nm particle size dispersed in hexane, and 0% at the same size (10 nm) when dispersed
in water [158, 159]. Therefore, the commonly used NaY F; : Yb*3, Er*3 nanoparticles are not
favorable in many bioimaging applications since water is present in most biological tissues.

Recently, water tolerant upconversion nanoparticles YV O, : Er™3 Y™ have been proposed.
Their quantum efficiency is 1.3% at 980 nm illumination for 10 nm particle size. The only dis-
advantage of YV O, : Er*3, Yb"3 nanoparticles is higher saturation laser power, However, even
for illumination of only 550 W.cm ™2 the quantum yield is 0.1% for 10 nm particle size in wa-
ter [148] which is still higher than the best quantum yield for NaY F : Y3, Er*3 nanoparticles
at the same size in hexane. So YV O, : Er™3 Yb"™ nanoparticles are considered to be the best
solution for water-based bio-application compared to the commonly used NaY F} : Yb+3, Ert3
nanoparticles.

It is known that the efficiency of upconversion nanoparticles can be significantly influenced
by the quality of the host materials; therefore, it is important to select host crystals that maintain
excellent optical properties and chemical stability in water, even down to the single particle level
such as YV Oy particles [160, 161].

In this work, we synthesized YV O, : Er™3 Y b nanoparticles following the procedure in,

[148,162] which recently demonstrated high upconversion efficiency in water down to the single-
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particle level with an estimated size range of 30-40 nm. These nanoparticles were injected into fire
ants in order to observe the upconversion luminescence emission efficiency of Y VO, : Ert3 Yb+3
nanoparticles inside an ant’s body using a relatively low excitation intensity of 10 kW.cm =2 at 980
nm in a homemade wide-field setup. Fire ants are ideal biological model in this study due to the
increasing number of fire ants in southern states due to climate change [200]. Furthermore, fire
ants have brought enormous inconvenience to household and present threat to people out doors
[201]. To date, we have not been able to find alternative to control them. Imaging small and
stable upconversion nanoparticles in fire ants would be the first step to study and understand their
habits in order to find effective methods to control them and improve pest management techniques.
Moreover, the widespread use of nanoparticles in our daily life causes toxicity. These nanoparticles
would enter our food chain trough small insects such as fire ants which consistently seek small
particles as a potential food source as part of a highly simplified food chain [202]. The ability of
imaging upconversion nanoparticles in fire ants would open up alternative approaches for future
investigation of nanoparticles transport to the food chain. In addition, fire ants are not considered
animals and are readily available at no cost. For high resolution a small sampling research, fire
ants serve as an alternative to mammalian models. In this section, I was able to clearly detect the
upconversion luminescence emission of YV O, : Er™® Yb*3 nanoparticles from inside the body
of the ants. This is attributed to the low autofluoresence background, non-photobleaching, and

non-blinking observed when using YV O, : Er™ Y b3 nanoparticles.
4.2 Experimental details
4.2.1 Nanocrystals synthesis

Recently, YV O, : Er*3, Y b nanoparticles were synthesized as described by [148, 162]. In
this work, we successfully reproduced highly crystalline and uniform YV O, : Er™3 Yb™ using
the following procedures. A 10 mL solution of 0.78 mole/L Y (NO)3)3.4H50, 0.002 mole/L
Er(NO)3)3.5H20, and 0.2 mole/L Yb(NO)3)3.5H>0 was prepared and slowly added dropwise

using a peristaltic pump to a 10 mL solution of 0.1 mole/L orthovanadate Na3VO4 solution under
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constant stirring with a few drops of 1 M NaOH to maintain the pH above 11 for 30 minutes at
room temperature. A white colored precipitate appeared during the mixing corresponding to the
formation of YV O, : Er™3 Yb*3 nanoparticles. The solution was purified with a dialysis kit
(Biovision dialyzer MWCO 3.5 kDa) against pure water overnight and sonicated for 10 minutes
using a 450 W Branson sonicator. The solution was stabilized by a polymer, poly(acrylic acid)
(PAA) with a molar ratio of vanadate particles to PAA of 1:0.05 in order to avoid agglomeration.
A silica sol-gel matrix was prepared to maintain the particle size during the annealing treatment at
high temperature by mixing TEOS (Si(OC5Hs)4), ethanol, and water (pH 1.25) in a 1:5:3.8 molar
ratio under constant stirring for 1 hour at 60°C'. Also, Pluronic PE6800 copolymer was dissolved
in ethanol at 40.4 g/L to stabilize the nanocrystals against thermal-induced aggregation during the
high temperature treatment. The YV O, : Er*3, Y b*3 nanoparticles were incorporated into silica
sol and the Pluronic PE6800 copolymer according to the molar ratio V/Si/PE6800 = 1:5:0.05. The
final solution was dried at 90°C' in a Thermo Scientific vacuum oven at 30 inch of mercury ( 10°
pascals) pressure for 4 hours. The resulting powder was ground using a pestle and mortar and
then processed through a high temperature treatment consisting of calcination for 1 hour at 500°C’
followed by annealing for 10 minutes at 1000°C'. For the recovery process after the annealing, the
annealed particles were dissolved in 3% hydrofluoric acid in excess to remove the silica matrix
from particles for 3 hours in the molar ratio Si/HF = 1:9. The hydrofluoric and dissolved silica
were removed by 3 centrifuge runs at 5500g and subsequent washing with pure water. A few drops
of sodium hydroxide were added to the precipitated particles solution to keep the pH at 11-13.
Moreover, in order to reach the desired size similar to that before heat treatment, the particles
were sonicated for 5 minutes and stabilized with PAA at the molar ratio V/PAA = 1:0.05. Finally,

YVO, : Ert3, Yb*3 nanoparticles were synthesized and stored at room temperature.
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4.2.2 Biological samples preparation
4.2.2.1 Ants injected with UCNPs

Red imported fire ants (Solenopsis invicta) were used in this study. Ant colonies were reared
under controlled temperature (25 + 2 °C') and humidity (45 + 2%), and kept under an 8 hour
alternating light cycle. Colonies were housed in plastic containers and given water, sugar, and
vegetables ad libitum. Fire ants chosen for injection were based on relative size. Larger ants (4.5
to 6 mm long and 1 to 2 mm wide) were randomly selected from the colony and then separated into
individual containers. Ants were then administered C'O; gas for about 30 seconds for sedation.
A hypodermic needle and micropipette were then used to inject 3 uL of YV O, : Ert3 Y3
nanoparticle colloidal solution into the abdomen of each ant. After injection, the ants were returned
to the individual containers for 24 hours before being fixed with Kahle's solution. The Kahle's
solution was prepared by mixing (6 mL formaldehyde, 15 mL 95% ethanol, 2 mL glacial acetic
acid, 60 mL distilled water) as discussed in [203]. All ants remained suspended in fixative solution

prior to imaging.
4.2.2.2 Ants fed with UCNPs

From a colony of agriculturally damaging southern fire ants (Solenopsis xyloni) kept at room
temperature (25°C") and in a 12:12 h Light:Dark cycle, in the Entomology Laboratory, at California
State University, Fresno, CA, individuals were extracted for experimentation. Isolated southern fire
ants were fed with a 10% honey-water + UCNPs solution and then placed in polystyrene boxes with
sides covered with fluon to avoid their scape. After feeding with UCNPs and proior to experiment,
the ants were returned to the individual containers for 24 hours before being fixed with Kahle’s
solution. The Kahle’s solution was prepared by mixing (6 mL formaldehyde, 15 mL 95% ethanol,
2 mL glacial acetic acid, 60 mL distilled water) as discussed in [203]. All ants remained suspended

in fixative solution.
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4.2.3 Particle size measurements

A transparent colloidal solution of YV O, : Er™3 Yb'3 nanoparticles dispersed in water was
placed in a dynamic light scattering system (Malvern Instruments with 50 mW, 660 nm red laser)

to determine the particle size of YV O, : Er™, Y b nanoparticles.
4.2.4 Side illumination laser scanning microscopy setup

UCL and high-contrast images of fire ants injected with YV O, : Er*3 Yb™3 UCNPs were
characterized by using a home-made side illumination laser scanning microscope equipped with
a 10x, NIR microscope objective with NA=0.3 as shown in (figure 4.1). The fire ants which are
injected with UCNPs, placed on quartz coverslip and excited with a 980 nm laser excitation with
relatively low intensity 10 kW.cm~2 . After filtering, the excitation laser with long-pass (800 nm
LP) filter, the up-conversion fluorescence was collected through the same microscope objective and
analyzed with a homemade spectrometer equipped with a starlight camera (Trius camera model
SX-674). Furthermore, high-contrast images were collected by a photon counter (Hamamatsu

photon counter model number H7155-21).
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Figure 4.1: A homemade side illumination wide-field laser scanning microscope setup consist-
ing of a 4f imaging system, a demaginification 4f system composed of a CCD camera, a photon
counter, and a spectrometer. Red arrow indicates the optical path for laser illumination, and green
arrows indicate for fluorescence emission.

4.3 Results and Discussion
4.3.1 Upconversion nanoparticles YV O, : Er™3, Yb"3 emission

Upconversion luminescence in lanthanides can be interpreted based on three main mechanisms:
Excited State Absorption (ESA), Energy Transfer Upconversion (ETU), and Photon Avalanche
(PA) [139]. Here, we only consider ETU. For this we use ytterbium ion (Y'b"3) as a sensitizer
and choose the erbium ion (E7r73) as the activator (reaccepter) for two reasons: (i) Er3 ions can
efficiently create upconversion fluorescence in the visible and near-infrared, but their absorption at
the 980 nm excitation wavelength is relatively weak [147], and (ii) the Y5 ion has a very high
absorption cross section at 980 nm, and can efficiently transfer its excitation to Er*2 ion [139]

using the ETU process. The ETU between Y5 ions and Er*3 ions occurs according to the
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following transition:
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Figure 4.2: (a) Energy transfer mechanism between Er*3 and Y573,
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Curved dashed, straight
dashed and full arrows represent energy transfer, multi-phonon relaxation, and radiative emission
process, respectively. (b) Luminescence emission spectrum of YV Oy : Er™3, Y b3 under 980 nm
excitation. (c) Size distribution of the UCNPs measured by dynamic light scattering (DLS).

Consequently, as shown in Figure 4.2(a), the Y'b"3 ion absorbs the first NIR photon of 980 nm

laser to the (*F5,2) Y01 excited state. The energy transfer from the (*Fy /) Y0 excited state

promotes ErT3to its quasi-resonance metastable state*];; /2 -

A second NIR photon absorption

re-excites the Y™ back to the (*F5/2) Vbt excited state and energy transfer further excites the
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Ert3 (41 /2) metastable state to a highly excited (*F; /2) Er*3 state. This state then relaxes to
(*Hi1y2 , *Ss/2 , and *Fy)5 ) Er*3 states via the multi-phonon relaxations. Subsequent radiative
transitions then occur to the ground state */;5 /2 according to the transitions: ’Hyy 2> 15 /25
4S3/9— 41152 , and *Fy;5 — *I5/5, which give green (520 nm and 550 nm) and red (650 nm)

emissions; respectively, as shown in Figure 4.2(b) [148].

(a) w (b)

|
40nm 20nm

Figure 4.3: TEM images of YV O, : Er™3 Yb"™ nanoparticles dispersed in water and dried on a
micro grid.

4.3.2 Upconversion nanoparticles YV O, : Er™3 Yb"? size measurement and TEM images

Particles size is important in bio-fluorescent probes, especially for cellular level applications.
It is very challenging to fabricate ultra-small nanoparticles due to Oswald ripening, which is

the transfer of nanoparticles over time from smaller, less stable particles to larger ones [204]
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during high-temperature annealing in the synthesis processes. Indeed, we were able to over-
come this challenge, building on the results of reference [148], as explained in the synthesis
procedure section. Figure 4.2(c) shows that the average size of the stable colloidal solution of
YVO, : 2%ErT3,20%Y b*3 peaks at 40 nm with standard deviation of 18 nm. Furthermore, in
order to visualize the morphology of our nanoparticles, we performed TEM images of the UC-
NPs. Low-magnification TEM images of the nanoparticles dispersed in water are shown in Figure
4.3(a) and have 40nm average size which agrees with the DLS particle size measurement as shown
in Figure 4.2(c). High resolution TEM images indicated that YV O, : Er*3, Yb™ nanoparticles
are crystallized very well and expected to have strong luminescence properties as shown in Figure

4.3(b).

4.3.3 High-contrast 2D scanning images of fire ants injected with YVO, : Ert3 Yb*3

nanoparticles

After injecting fire ants with YV O, : Er™3 Yb™ UCNPs, the ants were investigated by a
home-made side illumination laser scanning microscopy equipped with a photon counter under a
continuous wave CW 980 nm laser with relatively low intensity 10kWW.cm~2. We performed 2D
scanning over the entire body of two ants injected with YV Oy : Er*3, Y3 UCNPs. Our aim was
to investigate the possibility of obtaining high-contrast images with upconversion nanoparticles
inside the body of small insects. Figure 4.4(a) and 4.4(b) show high-contrast images (red color)
without autofluorescence of the ant’s body under 980 nm laser illumination. In contrast, scanning
the ants with green illumination, seen as light blue in the Figure 4.4(a) and 4.4(b), produced high
autofluorescence of the ants due to biological tissue’s high absorption at the visible wavelengths
[205] and subsequent reemission at longer wavelengths. Furthermore, the fluorescence spectrum
was taken from each 980 nm laser illumination point in the 2D scan in order to emphasize that we
saw only the UCNPs’s up-conversion emission from IR excitation, and no autofluorescence. This
is shown in (Figure 4.4(c) and 4.4(d)) where the YV O, : Er™3, Y b3 UCNPs display a clear UCL
consisting of two main emission bands: strong green luminescence emission spectra corresponding

to 2H,, 2 s /2 and 48, J2— 415 /2 transitions and weak red luminescence emission spectrum
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corresponding to 4F9/2 — 4]15/2 transition [148].
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Figure 4.4: (a) and (b) Superimposed images of the whole-body of two different fire ants injected
with of YV Oy, : Er™3 Yb™ UCNPs and illuminated by white light (blue color), green laser (light
blue color), and infrared at 980 nm (red color). These images were scanned by a 2D galvoscanner
and emitted light collected by a photon counter. (c&d) Up-conversion luminescence emission spec-
tra of the YV O, : Er*3,Yb*3 UCNPs found in red color positions (under 980 nm illumination)
in the ants images a and b, respectively.
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4.3.4 Detection of YVO, : Er™3 Yb™ UCNPs up-conversion luminescence by a colored

CCD camera under green and NIR illuminations

In this section, we chose one of the fire ants injected with YV O, : Er*3, Y b3 UCNPs to study
the UCL and image contrast using a wide field (camera) detector. Similarly, fluorescence excited
by both infrared and green illumination were viewed by the same UCL imaging system as shown
in (Figure 4.1) in the Experimental Methods section. Figures 4.5(a) and 4.5(b) show clear and
strong up-conversion luminescence by 980 nm laser with a high signal-to-noise ratio and lasting
photostability even for long exposure times. As seen under 980 nm laser illumination, there is no
background fluorescence. As discussed above, the clear signal under 980 illumination and lack of
autofluorescence in the spectrum in (Figures 4.5(a) and 4.5(c)) are attributed to two main reasons:
(i) low absorption by biological samples at the NIR laser wavelength and (ii) high photostability
of YVO, : Er™,Yb™ UCNPs in water. In contrast, Figures 4.5(b) and 4.5(d) show low contrast
images and a fluorescence spectrum dominated by strong background fluorescence from chemical
compounds present in the ants, which could also be excited by the green illumination; additionally,

biological samples have absorption and scattering at the visible wavelength spectrum [205].
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Figure 4.5: (a) and (b) comparison between up-conversion luminescence imaging contrast of the
same fire ant injected by YV O, : Er*3 Yb™ UCNPs under 980 nm and green (532 nm) lasers
illumination. Figures 4.5(c) and 4.5(d) The corresponding up-conversion luminescence emission
with high signal-to-noise ratio and low autofluorescence from the ant’s body under 980 nm laser
excitation and high autofluorescence spectra under 532 nm green illumination, respectively.

4.3.5 Strong and stable up-conversion luminescence of YV O, : Er™3 Yb*3 nanoparticles

injected into fire ants under continuous NIR illumination

In this section, we investigated the photostability of YV O, : Er*3, Yb3 UCNPs injected into
the bodies of two ants under continuous 980 nm laser. Figure 6 shows high UCL with a high signal-
to-noise ratio, lasting photostability, no bleaching, and no damage to the biological samples. These

images were recorded by a color CCD camera (Trius camera model SX-674) in order to observe
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the green fluorescence emission directly during the illumination process. The inserts in Figures

4.6(c) and 4.6(d) illustrate the photo luminescence (PL) of the UCNPs in the green spots.

(a) (b)
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Figure 4.6: (a) and (b) up-conversion luminescence imaging of two different fire ants injected by
YVO, : Ert3 Yb3 UCNPs under 980 nm laser illumination and with white light back illumi-
nation in order to observe the UCL directly from the ants’s bodies. Figures 4.6(c) and 4.6(d) The
corresponding up-conversion fluorescence emission with high signal-to-noise ratios from the two
different ants are shown in (a) and (b), respectively. The inserts present the photo luminescence
(PL) of the UCNPs in the green spots which are shown in (c) and (d).
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4.3.6 Optical imaging of fire ants fed with YV O, : Er™2 Y™ upconversion nanoparticles

The primary goal of this section is to obtain high-contrast images of YV O, : Er™ Yb'3
upconversion nanoparticles as bio-probe inside fire ants using economical and homemade optical
system. From a laboratory colony of southern fire ants (Solenopsis xyloni), several individuals
were extracted, isolated and fed with YV O, : Er™ Yb™3 upconversion nanoparticles as ex-
plained in detail in the Methods section. Optical images of the fire ants were carried out by using
a homemade side illumination laser scanning microscope. The fire ant specimens were placed on
a glass coverslip on top of 10x, NA=0.26 mitutoyo microscope objective, where they were excited
with a 980nm laser illumination source filtered by a short-pass filter (800 SP). The laser intensity
was 8 kW.cm™2. High contrast images of YV O, : Er™ Y b upconversion nanoparticles (red
spots) inside the mouth of fire ants as shown in Figures 4.7(a) and 4.7(b) where scanned by a 2D-
galvoscanner at scan rate (100 Hz) over (SmmX5mm) area and recorded using a photon counter
(Hamamatsu photon counter model number H7155-21). Noted that we conducted characterization
as soon as we fed the ants such that most particles were expected to be in the head area especially
in the ant’s mouth and started to enter into the body. We have observed using tomography in our
recent studies [206] that NPs entered mealworm and were quickly transferred through their guts.
In this study we wanted to see if the laser system works on insects, fire ants which have hard shell
and complicated geometry of their heads which behave as a lens and pose challenges for the laser
beam to focus and penetrate into the body .So we didn’t carry on extended study of particles trans-
fer into ants. The evidence of nanoparticles (chemical state) inside the body was proven by the
tomography images shown in Figure 8. Furthermore, the effects of NPs on ants would be done to
observe how insects behave once they were fed with NPs. Since this work focuses on the feasibility
of the laser system, our goal (desire) is to see the particles through their body shells, in particular
their head shells that are hard and thicker than other part of the body. Furthermore,we performed a
signal to noise ratio (SNR) measurements during scanning the fire ants samples with 980 nm laser
, and then found the SNR ratio is about(250/k.counts signal from the nanoparticles to 10/ k.counts

from the fire ant body). We can attribute this high contrast images to the excellent quality of well
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crystallized nanoparticles which reveal strong upconversion luminescence, non-photobleaching,
and non-blinking in water-based biological samples such as fire ants. The laser intensity was 8
kEW.cm~2 which might be considered unsafe for biological samples including insect. However, we
didn’t see any damage to the ant samples. Our experiment was carried out rather quickly and ants
didn’t show any damages or burning on their bodies after scanning with this specific laser power.
Figures 4.7(a,inset) and 4.7(b,inset) presents a strong and clear upconversion luminescence (UCL)
spectra with high signal to noise ratio of YV O, : Er*3, Y b3 UCNPs in which the emission bands
reveal strong green luminescence emission and weak red emission spectra corresponding to the
erbium (Er"?) radiative transitions form (*Hyy/2,*S52,and *Fy2) excited states to 115/, ground
state. Interestingly, the upconversion luminescence spectra appeared to be slightly different, even
though they are accumulated from the same particles, the size of the ants are not identical. This
change could be attributed to the upconversion nanoparticles’s temperature sensitivity, where UC-
NPs have been used in optical temperature sensing [153,207]. Especially, temperature in biological
sample can be measured by calculating the ratio of (520 nm and 550 nm emission peaks) of UC-
NPs doped with erbium and using Boltzmann distribution [155].Y VO, : Er*3, Yb*3 UCNPs can
be used to accomplish fast and cheap optical bio-imaging whose absolute accuracy can be directly

validated with x-ray imaging when desired.
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Figure 4.7: (a) and (b) Upconversion imaging of fire ants fed with YV O, : Er*3, Yb*3 nanopar-
ticles. These high contrast images were scanned by a 2D galvoscanner and emitted light collected
by a photon counter. The inset presents photo luminescence (PL) spectra of the UCNPs in the
green spots.

4.3.7 Conformation of imaging YV O, : Er*3, Yb"3 upconversion nanoparticles inside fire

ants using synchrotron radiation micro X-ray computed tomography (SR-.XCT)

After achieving high contrast images of the UCNPs inside fire ants using an optical system, it
was necessary to confirm that the nanoparticles are actually inside the body of the fire ants. Two
fires ants from the same colony of southern fire ants were extracted and scanned using synchrotron
radiation micro X-ray computed tomography (SR-uXCT). Details about this technique have been
reported in our previous work [202,206]. The locations of the upconversion nanoparticles inside

the fire ants’s body were confirmed by performing three dimensional X-ray imaging. The distri-
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bution of lanthanide-doped yttrium(Y' VO, : Er*3, Y b*3 nanoparticles) within buccal cavity and
anterior end of the digestive tract of the ant were segmented and marked in red as shown in Figures

4.8(a) and 4.8(b).
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Figure 4.8: (a) and (b). Three dimensional X-ray imaging of UCNPs inside two fire ants. The
UCNPs inside the ants’s body ants’s mouths are segmented and marked in red. The size of frame
box is 1.15 x 1.09 x 3.08 mm.

4.4 Conclusion

In this work, high quality YV O, : Er*3, Yb" nanoparticles were used as a bio-fluorescent
probe in fire ants. We imaged UCNPs inside the red imported fire ants (Solenopsis invicta) which
have small and special body geometry that behaves as a spherical lens. Imaging a small and

spherical body like an ant is a very difficult and challenging task using a confocal microscope. To
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overcome this problem, we designed a homemade wide field side illumination microscopy setup.
As a result, we were able to see clear images as shown in (Figures 4.4 and 4.7). We detected a
strong up-conversion luminescence (UCL) with high signal-to-noise ratio, and photostable UCL
for a long exposure time without damaging the ants’s bodies under NIR laser excitation. We
succeed in distinguishably mapping the UCNPs nanoparticles inside the ant’s body. In conclusion,
we showed that YV Oy, : Er*3, Y b3 nanoparticles are one of the best candidates for bio-imaging

in small insect applications.
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5. ENGINEERING WATER TOLERANT CORE/SHELL UPCONVERSION
NANOPARTICLES FOR OPTICAL TEMPERATURE SENSING*

5.1 Introduction

Nanoscale luminescence thermometry based on thermally driven changes in fluorescence life-
times or intensities in biological tissues has attracted great attention using nitrogen vacancy in
diamond (NV) [14, 87], quantum dots (QDs) [208], gold nanoparticles (GNP) [209], and fluores-
cent organic dyes [9]. These fluorescent markers exhibit high luminescence efficiency; thermal
sensitivity reaches millie-kelvin (mK) in living cells, especially for the NV color center in dia-
mond [10, 14,210,211]. However, the application of NV center in diamond, QDs, organic dyes,
and GNP fluorescent thermometers in biological models is limited by the biological tissue aut-
ofluorescence which overlaps with their fluorescence, resulting in a significant background that
reduces sensitivity in deep tissue temperature sensing [196]. Furthermore, most of the organic
dyes, quantum dots, and GNPs are limited by toxicity, photobleaching, blinking, and environmen-
tal sensitivity, especially for the GNPs [198, 199].

To address all the above drawbacks, upconversion nanoparticles (UCNPs) are of particular
interest for optical temperature sensing [153—-156]. Temperature sensing in UCNPs is usually
based on the fluorescence intensity ratio (FIR) of two transitions from two (thermally-coupled)
electronic energy levels to the ground state level at the thermal equilibrium [156]. The FIR method
is independent of signal losses and any possible excitation intensity fluctuations that might affect
accurate temperature measurements [154].

Typically, UCNPs doped with lanthanide ions, use Ytterbium (Yb™3) as a sensitizer due its
infrared large absorption cross section to ensure high upconversion efficiency of upconverting ions
such as Ln ™ (Ln=Er,Tm,Ho,etc.) [29, 163]. The Upconversion process in UCNPs is a nonlinear

photoexcitation process where the sensitizer ions absorb NIR photons and sequentially transfer ab-

*Reprinted with permission from Engineering water-tolerant core/shell upconversion nanoparticles for optical
temperature sensing by Masfer H Alkahtani, Carmen L Gomes, and Philip R Hemmer, 2017. Optics Letter, vol. 42,
pp- 2451-2454, Copyright [2017] by the Optical Society of America (OSA)
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sorbed energy to the activators which promotes them to higher excited states and eventually leads
to radiative emission in ultraviolet, visible, and NIR regions [212-214]. Unfortunately, the con-
ventional UCNPs-sensitizer (Y'b™3) has only one absorption band centered at 980 nm wavelength
which largely overlaps with the absorption band of water molecules that are dominant in biolog-
ical samples as shown in Figure 5.1. Therefore, triggering the upconversion process in UCNPs
with 980 nm laser excitation would significantly cause overheating issues that might result in cell
death, tissue damage, and inaccurate thermal reading during temperature sensing [164]. Interest-
ingly, Neodymium (Nd*3) has shown high efficiency energy transfer to Y5 in addition to a large
absorption cross section at 808 nm where the water absorption is too low compared to the water
absorption at 980 nm as shown in Figure 5.1 [165]. However, the introduction of (Nd ™) as new
sensitizer directly into UCNPs nanoparticles quenches their upconversion luminescence dramati-
cally due to the deleterious energy transfer (ET) between the new sensitizer Nd*? and the activator
Er*3, respectively [29] .

To overcome this issue, an engineering core/shell structure is necessary where the new sen-
sitizer Nd*3 is doped with the Y'b*3 in the shell and the activator Er*3 is doped with Yb3 in
the core to avoid such ET processes [166]. The upconversion process in the new core/shell com-
bination occurs when the new sensitizer Nd*3 ion absorbs NIR photons and transfers energy to
the nearby Ytterbium Y53 ion; and then Yb"3 ion transfers the NIR photons to the activator
(Er™3) ion, where the UC process is expected to take place. Specifically, the most commonly used
NaYF, : Yb™3, Ert3@Nd*3 UCNPs were synthesized in a core/shell structure and showed to
be the best UCNPs generation for biological imaging and thermometry. However, these UCNPs
suffer from very low quantum efficiency when dispersed in water, especially at small particle sizes
as reported in [29, 153,164]. Recently, YV O, : Er*™3, Yb*3 UCNPs have shown high efficiency
upconversion luminescence at the single-particle level when dispersed in water [148] as well as
high contrast imaging in biological models [28].

In this work, we introduce Nd*3 into YV Oy : Er*3, Yb*3 nanoparticles in a core/shell struc-

ture, which provide efficient luminescent markers at a biocompatible illumination wavelength for
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optical temperature sensing in living organisms.
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Figure 5.1: An absorption spectrum of distilled water (DI water) taken over the visible and the
near-infrared (NIR) range. The red arrows indicate the lower and higher water absorption bands,

where the alternative excitation bands should be extended to avoid biological tissues overheating by
introducing Nd ™ as a new sensitizer into the UCNPs instead of the conventional sensitizer (Y b3)
of the UCNPs. Inset: Schematic design and energy transfer processes between Nd*3 , Yb3 | and
Er*3 of a core/shell nanoparticles (photon upconversion) under 808 nm laser excitation.

5.2 Experimental methods
Experimentally, we chose YV O, as a host material because of its high upconversion efi-

ciency and photostability in water as reported in [148, 162]. As a proof of principle in this ex-

periment, we synthesized two samples following the original hydrothermal synthesis routes re-

ported in [148, 161] as follows: In sample 1, we doped Nd*3 directly into YV O, : Er*3,Yb™3
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at 20%, 2%, 0.5% doping ratios of nanoparticles, respectively, where x=0.5% is the optimum con-
centration of Nd*3 in UCNPs as discussed in [215]. In Sample 2, we designed the core/shell
nanoparticles by preparing the core nanoparticles YV O, : Er™ Y b3 (20%, 2%), and then Nd*3
was introduced by overgrowing a shell layer of YV O, : Y13 Nd*3 with at (Yb*3 10%, Nd*™3
10%) doping ratio on the core NPs as shown in Figure5.1(inset).The concentrations of Y5 and
Nd*3 in the shell layer were carefully chosen based on the optimal doping ratio reported in [29].
Finally, the core/shell YV O, : Ert3 Yb+t3QNd*™® NPs were obtained. Figure 5.2(a), shows a
high magnification TEM image of a droplet of (1 mg/mL) of YV O, : Er*t3 Y 3QNd3 NPs
core/shell nanoparticles dispersed in water and dried on TEM grid. The high resolution TEM im-
age reveals high crystalline and non-agglomerated nanoparticles with (20 nm average size) which
are expected to have strong upconversion luminescence. Also a high magnification TEM image
of YVO, : Ert3 Yb*3 NPs core nanoparticles dispersed in water and dried on TEM grid was
recorded as shown in Figure 5.2(c). The average size of the core/shell NPs was further confirmed
by dynamic light scattering (DLS) as shown in Figure 5.2(b).The average size of the core nanopar-

ticles was 17nm, and then increased to 20 nm in average, implying a shell thickness of (3-4nm).
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Figure 5.2: (a) A High magnification TEM image of the core/shell nanoparticles dispersed in water
and dropped onto a microgrid. (b) Average size distribution of the core/shell nanoparticles recorded
by DLS. (c) TEM image of the core nanoparticles dispersed in water and dried onto a microgrid.

5.3 Results and discussion

To verify the upconversion luminescence efficiency of the two samples, a thin layer of NPs of
each sample was spin-coated on a piece of quartz to avoid undesired agglomerated emitters and
then placed on a homemade confocal laser scanning microscope equipped with two laser diodes
(808 nm and 980 nm), photon counter, and a spectrometer. Both samples were examined under
two laser diodes (808 nm and 980 nm) excitations with the same power intensity (700 mW.cm=2).
The direct doping of Nd™ into YV O, : Er*3 Yb"™ in sample 1 quenched the upconversion

luminescence (UCL) of the UCNPs under 808 nm laser excitation due to the deleterious energy
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transfer between Nd*3 and Er*3 [29]; however, normal UCL was observed under 980 nm laser il-
lumination as shown in Figure 5.3(a). Consequently, sample 1 has shown undesired results for this
experiment and was then discarded from further analysis in this work. In contrast, Figure 5.3(b),
shows that under both laser excitations, the core/shell YV O, : Ert3, YbH3QNd*3 nanoparticles
(sample 2) illustrates two strong green emissions at two bands (520 nm, and 550 nm), as well as
weak red emission at 650 nm corresponding to these transitions 2H11/2—> 4]15/2, 483/2—> 4]15/2
, and *Fy;o — *I15/ of the Er*3 jon. In addition, we performed power-dependent emission in-
tensities measurements of the core/shell sample under either 808 nm or 980 nm laser excitations to
verify the two-photon process in YV O, : Ert3 Yb™3QNd™ core/shell NPs. Figure 5.3(b,inset),
shows slope equal to 2 which indicates the two-photon upconversion process in both cases using

808 nm, and 980 nm excitation, respectively.
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Figure 5.3: (a) upconversion luminescence emission spectra of YV O, : Er*3, Yb™3 Nd*3 (direct
doping) NPs under 808 nm and 980 nm wavelength illuminations. (b) Upconversion lumines-
cence emission spectra of YV O, : Er™? Yb™3QNd™ core/shell NPs under 808 nm and 980
nm wavelength excitations. (b,inset), logarithmic scale of the core/shell NPs green luminescence
dependence as a function of 808 nm and 980 nm excitation powers.

For further understanding of the upconversion process in the YV Oy : Er™ YbBQNd ™
core/shell NPs as shown in Figure 5.1(inset), in the shell the 808 nm laser promotes Nd™ to
its 4F%5 5 excited state, followed with non-radiative relaxation to 3 state. The energy transfer

populates *F5 o state of nearby Y2, and further energy transfer crosses the shell layer towards
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nearby Y0 in the core to populate its ?F , state to initiate the typical UC process in the ErT.
In the core, the energy transfer from the 2Fj ), excited state of Y'b™® promotes Er™? to its *1 /o
metastable state. Sequentially, a second NIR photon absorption from the excited state of Y3 fur-
ther excites the Er " to highly excited (*H1 2, *Ss/2 , and *Fy o) Er™ states via the multi-phonon
relaxations. Consequently, two intensive green emissions and weak red emissions occur according
to these transitions: 2Hyq/— *115/2, *S5/2— *I15/2 , and *Fy s — *I152 , respectively.

The quantum yield (Q.Y) of YV O, : Ert3, Y+ 3QNd™? core/shell NPs (average size 20nm)
as measured with respect to an infrared dye reference (IR-140) [24], is 0.91A$0.02% under 808
nm laser excitation with power intensity (700 mW.cm™2). The only disadvantage of YV O, :
Ert3 Yb+t3@QNd™ nanoparticles is higher saturation laser power. Compared to the best quantum
yield for NaY F, : Er*3,Yb"3 core/shell nanoparticles (0.3%) at 30 nm size in hexane [158],
YVO, : Ert3, Yb 3QNd*3 core/shell NPs exhibit higher Q.Y in water at small size level which
makes these nanoparticles the best solution for water-based bio-applications.

Temperature dependence of upconversion emission in YV O, : Ert3 Y 3QNd™ core/shell
nanoparticles was investigated over a 298 K to 315 K temperature range, as shown in Figure 5.4.
Specifically, this temperature dependence can be interpreted using Boltzmann populations in two
thermally coupled levels ( 2H;, /2,453 /2 ) in Erbium (Er*3) ion. The fluorescence intensity ratio
(FIR) of transitions from the 1y and * S5/ Erbium excited states to the *I;5/5 Erbium ground

state could be computed using equation (5.1), which is derived in detail in [216]:

1(453/2 — ]15/2) _ 9202W2 —AFE

FIR = ex
I(2H11/2 — [15/2) g101W1 p( KT )

(5.1

where, g, and g, are the degeneracies of the Erbium Er*3 (*Hyy 2, 1S3/2 ) excited states, 01,0 and
w1,woare the emission cross-sections and the fluorescence frequencies of ’Hyy /2,453 22— s /2
transitions, respectively; T is the temperature, and k is the BoltzmanndAZs constant; AF is the

energy gap of two thermally coupled energy levels. To simplify, equation (5.1) can be expressed
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as follows:

In(FIR) =In(C) — — =In(C) — = (5.2)

where C and A are empirical constants that need to be found experimentally.
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Figure 5.4: Upconversion luminescence emission spectrum of YVO, : Ert3 Yit3QNd*H3
core/shell NPs under 808 nm wavelength recorded over a small temperature range (298 K-315
K) . Inset: Linear fitting of the fluorescence intensity ratio (FIR) of the core/shell NPs dependence
as a function of temperature.

Fitting the experimental data shown in Figure 5.4(inset) to equation (5.2) shows linear depen-
dence between the FIR and temperature which reveals correlation between theory and experiment.

Furthermore, results show good agreement with previous studies on optical temperature sensing
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using Er*3 UC luminescence [156]. It is very important to estimate the UCNPs sensitivity using
the empirical parameters Ln(C) = 2.7 and A= 900 cm~!. The relative sensor sensitivity (in %K 1)

can be calculated using equation (5.3):

1 OFIR
FIR 0T

—AFE
) = 100%(7=) (5.3)

S, = 100%

The maximum relative sensitivity of the core/shell NPs was 1.01% K ~! at 308 K, which is in
a good agreement with high relative sensitivity of UCNPs reported in [217].

Laser heating minimization in water was investigated in this experiment. Sml of (5 mg/mL) of
the YVO, : Er™ Yb™3@QNd " core/shell NPs dispersed in deionized water was placed in a small
glass well (1cmX1cm) and examined on a confocal laser scanning microscope. Under continuous
irradiation of two laser diodes (CW) (808 nm and 980 nm) with laser intensity 700 mW.cm =2 for
20 min, laser irradiation dependent temperature rise was recorded. A temperature rise 6 °C’ was
observed under 980 nm laser illumination for 20 min in contrast to 1.5 °C' observed under 808 nm
laser irradiation for the same period of time as shown in Figure 5.5. The extension of excitation
bands of the core/shell UCNPs to shorter wavelengths minimized the laser-induced heating effect

by diminishing the absorption by water.
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Figure 5.5: Comparison of temperature rise of (1 mg/mL) YV O, : Ert3 YbT3QNd"™3 core/shell
NPs dispersed in 5 mL of distilled water under 808 nm and 980 nm laser irradiation at 700
mW.cm™2 for 20 min.

5.4 Conclusion

In conclusion, we have developed water-based, biocompatible, high efficiency upconversion
fluorescent markers YV O, : Er™3 Yb3@QNd"3 core/shell UCNPs. Implementing Nd*3 into the
core/shell UCNPs combination has extended the NIR excitation band to a biocompatible excita-
tion wavelength (808 nm) and also significantly minimized the overheating issues associated with
typical 980 nm illumination wavelength. Optical temperature sensing with high thermal sensitivity
1.01%K ! was achieved using these UCNPs. Furthermore, laser heating minimization in water
with the conventional UCNPs excitation (980 nm) wavelength and the new biocompatible illumina-
tion (808 nm) wavelength was evaluated. This report, although quite preliminary in many aspects,

shows that YV Oy : Ert3 Yb™QNd™ core/shell UCNPs have a great potential for biological
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applications.
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6. APPLICATION OF FNDS AND UCNPS: NANOMETER SCALE LUMINESCENT
THERMOMETRY IN BOVINE EMBRYOS*

6.1 Introduction

Temperature plays an important role in regulating the rate of metabolism in animals in general,
and more specifically, in heterothermic animals such as insects, reptiles ,and fish [218-220]. Even
in homothermic animals whose body temperature is maintained within narrow limits, changes in
temperatures at the subcellular level may occur as a function of local metabolic activity. Such
local changes in temperature may impact cellular functions such as enzymatic activities. To pro-
vide for high precision in thermal measurement with equivalent spatial resolution, many molecules
and nanomaterials have been used as nanothermometers [14, 82]. Among these, fluorescent nan-
odiamonds (FNDs) are preferred due to their extraordinary photostability and biocompatibility,
and upconversion nanoparticles (UCNPs) are preferred for photostability and their immunity to
background bio-fluorescence [14,27,39,82,167].

So far, FNDs with the negatively charged nitrogen-vacancy (NV) centers have been used to
measure the local temperature of living human cells with a precision of 200 mK/v/Hz. and a
spatial resolution of 200 nm [14]. The NV center measures temperature using a magnetic spin
transition whose resonance frequency is sensitive to thermally-induced lattice expansion [54, 55].
It is also possible to use optical transitions for this purpose, for example the narrowband zero-
phonon line of the silicon-vacancy (SiV) [221]. However, in high quality crystals, the NV spin
transition can have a very long coherence time that translates to more sensitive thermometry, for
example the NV in high quality bulk diamond has shown 1.8 mK temperature precision [14].

Upconversion nanoparticles (UCNPs) doped with lanthanide ions Ln*3 (Ln=Er,Tm,Ho,etc.)
have demonstrated optical temperature sensing in living cells with high temperature resolution of

about 0.5K [15,153-156]. Here, temperature sensing is based on the relative thermal populations

*Reprinted with permission from Nanometer-scale luminescent thermometry in bovine embryos by Masfer Alka-
htani, Linkun Jiang, Robert Brick, Philip Hemmer, Marlan Scully, 2017. Optics Letters, vol. 42, pp. 4812-4815,
Copyright [2017] by the Optical Society of America (OSA)
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of two exited states which translates to a change in the fluorescence intensity ratio (FIR) of two
transitions [156,222]. The FIR method is an improvement over the alternative method of mea-
suring the temperature dependent fluorescence on a single transition because it is independent of
signal losses, excitation intensity fluctuations, etc. that might affect accurate temperature measure-
ments [154]. Although the sensitivity of UCNPs is lower than FNDs, it is important to have two
or more temperature sensors with different physics to address the recent controversy over large
inaccuracies in local temperature measurements inside living cells reported in [94]. Additionally,
the background-free fluorescence of UCNPs is important for relatively large specimens [27,28].
Our study focused on newly fertilized bovine embryos prior to the first cell division as examples
of large (1mm average diameter) cells of commercial value. In this work, we show proof-of-
principle by injecting fixed bovine embryos with both FNDs and UCNPs and measured changes in

local temperature inside the embryo induced by laser heating.
6.2 Experimental methods

Fluorescent nanodiamonds with average size (100 nm) were cleaned in nitric and sulfuric acids
at ratio (1:1) and annealed at 550 °C' for 10 mins in air to maximize the density of negativity
charged carboxylic groups (at typical cellular pH) on their surface to avoid agglomeration in so-
lution. For the UCNPs, we synthesized water-tolerant core-shell YVO4:Yb,Er@Nd upconversion
nanoparticles with average size (25nm) for optical temperature sensing which is discussed in de-
tails in our previous work [167]. In short, we designed the core/shell nanoparticles by preparing
the core nanoparticles YV O, : Yb*3, Ert3 (20%, 2%), and then Nd*3 was introduced by over-
growing a shell layer (3-4 nm) of YV O, : Y3, Nd™ at (Y13 10%, Nd*310%) doping ratio on
the core NPs following a hydrothermal synthesis routes reported in [19,20]. The main advantage
of core/shell UCNPs design is to extend the NIR excitation band to a biocompatible excitation
wavelength (808 nm) which significantly minimized the overheating issues associated with typical
980 nm illumination wavelength for UCNPs [29, 153,164, 167].

High magnification transmission electron microscope (TEM) images were performed for FNDs

and UCNPs as shown in Figure 6.1(a and c). The high magnification images reveal well crystal-
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lized UCNPs which are expected to exhibit high optical luminescence, and well dispersed FINDs
and UCNPs. The average size of both nanoprobes were further confirmed using dynamic light

scattering as shown in Figure 6.1(b and d).
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Figure 6.1: (a and c) High magnification TEM image of the fluorescent nanodiamonds (FNDs) and
UCNPs dispersed in water and dropped onto a microgrid. The TEM images show well dispersed
and nonagglomerated FNDs with average size (100nm) and well crystalline UCNPs with average
size (25nm). (b and d) Average size distributions of the FNDs and UCNPs recorded by DLS.

Optical characterizations of FNDs and UCNPs, both inside and outside embryos, were per-
formed using a home-built confocal scanning microscope equipped with variety of laser wave-

lengths ranging from visible (VIS) to near infrared (NIR). The excitation lasers are focused through
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a long working distance VIS/NIR corrected microscope objective with NA = 0.8 (Olympus) with
magnification 100x. The fluorescence was collected, filtered from reflected laser light by optical
notch filters for each illumination wavelength, and analyzed by a photon counter and homebuilt
spectrometer. Also a microwave excitation system was installed on the confocal microscope to

perform optically detected magnetic resonance (ODMR) spectroscopy of the NV center in FNDs.
6.3 Results and discussion

For initial optical characterization, a thin layer of nanocrystals of each sample was spin-coated
over a quartz coverslip and mounted on a microwave electronics board. The samples were exam-
ined under excitation by two laser diodes, 532nm for FNDs at laser intensity of 900 W/ em?, and
808 nm for UCNPs at intensity of 750 7/ /cm?. Under green (532nm) illumination, FNDs showed
a clear nitrogen-vacancy photoluminescence with neutral nitrogen-vacancy (NV?) and negatively
charged nitrogen-vacancy (INV ~) zero-phonon lines peaked at 575nm, and 638nm respectively as
shown in Figure 6.2(a). ODMR spectroscopy of the NVs was then performed as shown in Figure
6.2(b). Briefly ODMR is possible in the NV because optical pumping polarizes the NV center into
the m, = 0 spin sublevel (80% populated). Additionally, when a resonant microwave field induces
a magnetic transition between the my = 0 spin sublevel and the m, = =1 levels, a significant
decrease of NV fluorescence results which is called optically-detected magnetic spin resonance
(ODMR) [39,50]. At zero magnetic field the S = 1 spin ground state which is split into two spin
sublevels,(two fold degenerate) and with zero-field splitting D = 2.87 GHz (temperature dependent
D(T)) due to spin-orbit interactions and the diamond crystal field as shown in Figure 6.3(a) [53].

The UCNP sample was examined under 808 nm laser excitation, and exhibited two strong
green emission bands (520 nm, and 550 nm), and a weak red emission at 650 nm corresponding to
these transitions Hyq o— “I159, * S5 /20— *115/2 , and *Fy 5 — %1155 of the Er™ ion as shown
in Figure 6.2(c). To verify the two-photon nature of the upconversion process, power-dependent
emission intensities measurements of the UCNPs sample under 808 nm laser excitations were
performed. Figure 6.2(d) shows a slope equal to 1.91 which indicates a two-photon process in

UCNPs.
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The temperature-dependent fluorescence intensity ratio (FIR) in erbium Er ™2 as illustrated in

Figure 6.3(b) is derived in detail in [222].

o 1525 o —AFE

where, I55 is the upconversion luminescence (UCL) of (*Hy1o— *I35/9) transition of the Er+?
doped UCNPs centered at 525 nm and 55 is the UCL *S3/5— %115/, transitions of the Er+?
doped UCNPs centered at 550 nm, respectively; C is a constant can be determined by the degen-
eracy, spontaneous emission rate and photon energies of the emitting states in the host materials;
T is the temperature, and k is the Boltzmann’s constant; AE is the energy gap of two thermally

coupled energy levels.
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Figure 6.2: (a and c) Photoluminescence emission spectra of FNDs and UCNPs. Theses spectra
reveal the NV° and NV~ peaks at (575 nm and 638 nm) in the NV center emission curve and the
two strong green emissions of erbium-doped upconversion nanoparticles.(b) ODMR spectrum of
the NV center . (d) logarithmic scale of the UCNPs green luminescence dependence as a function
of 808 nm excitation power.

Equation (6.1) can be rewritten as follows:

AFE A

In(FIR) = 1In(C) T

where C and A are empirical constants that need to be found experimentally.
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Figure 6.3: (a) Electronic structure and fluorescence emission bands for the NV . The ground state
consist of three sublevels where is separated with temperature dependent zero field splitting D(T).
(b) The energy level diagram and fluorescence emission bands for erbium Er™3. The thermally
coupled levels in the excited state are responsible for temperature sensing in erbium ion.

Prior to embryo injection, bovine embryos were fixed in 3.7% formaldehyde. 10 pL of FNDs
and UCNPs were injected into individual fixed bovine embryos using a picoliter injector. Embryos
were attached to a micromanipulator to hold the embryo during injection as shown in Figure 6.4(a).
Bright field images of several embryos after injection are shown in Figure 6.4(b). An injected
embryo was then placed into a portable incubator attached to a precise heating stage (+0.1 °C')
and microwave wires to perform optical and ODMR spectroscopy for temperature sensing using
FNDs. The injected embryo were scanned with 532 nm at power intensity of 900 W/cm? and
808 nm lasers and 808 nm for UCNPs at intensity of 750 W /cm? after placing the incubator on

the confocal microscope. Figure 6.4(c) shows two-dimensional superimposed image of embryo
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scanned with green (532nm) and NIR (808nm) lasers. To demonstrate that the red and green spots

are the FNDs and UCNPs, the optical spectra of NV FNDs (red spots) and Er+3 UCNPs (green

spots) respectively are shown in Figure 6.4(d and e).

C (e) UCNPs emission
green spots in (¢)

out of

d NV center emission out of
(d) \
red spots in (c)

Fluoresence intensity (a.u)
Fluoresence intensity (a.u)

] L'M.'.

300 400 500 600 700 800 900 1000 450 500 s%0 600 650 700 750
Wavelength (nm)

Wavelength (nm)

Figure 6.4: (a) An illustration of bovine embryo cell injection with FNDs and UCNPs. (b) Bright
field image of some bovine embryo cells after injection (c) Superimposed image of bovine embryo
cell injected with FNDs and UCNPs. The red spots represent FNDs plus some auofluoresence
background induced by the green laser excitation. (d) The NV center luminescence emission curve
recorded by spectrometer out of most of the red spots in (c). (e ) UCNPs fluorescence emission
recorded from all the green spots shown in (c).

Temperature-sensing inside embryos was done, first, using NV centers in FNDs under green

(532nm) laser excitation, to perform optically detected electron spin resonance (ODMR).The NV
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center in FNDs is calibrated for temperature over the biological temperature range (25°C' to 40°C")
using a precise heating stage. It is well known that a 980 nm laser wavelength overlaps with water
molecule absorption, resulting in biological tissues heating [167]. So we used 980 nm laser (with
power varing from 1 to 10 mW) as a heating source inside the embryo in this study. Figure 6.5(a)
shows ODMR spectral shifts as a function of temperature changes of over a 24°C' to 40°C range.
As the temperature of nanodiamonds increases in the embryo, the spectrum of the ODMR is shifted
toward lower microwave frequencies. After fitting the experimental data, Figure 6.5(b) illustrates

the linear dependence between the frequency shift of the ODMR spectra and temperature with

kHZ

dM _
a slope <7=-72.3 =

of a linear equation which provides a good calibration for temperature
measurements using FNDs. The sensitivity of the NV color center nano-thermometer based on
this data is 270 mK/v/H 2.

Second, the embryo’s temperature was sensed using the core/shell UCNPs under NIR (808nm)
laser excitation which is calibrated for temperature measurement using a precise heating stage
over the biological range (25°C to 40°C). Here, temperature changes by laser heating (980nm)
were detected using the fluorescence intensity ratio (FIR) of the transitions from the ( 2H;; /2
and *Ss 2 ) Erbium excited states to the 15 /2 ground state which is controlled by Boltzmann
populations as shown in Figure 6.5(c). Fitting the experimental data shown in Figure 6.5(d) to
equation (6.2) shows linear dependence between the FIR and temperature which reveals good
temperature calibration for sensing temperature using UCNPs.The sensitivity of the UCNPs nano-
thermometer based on this data is 320 mK/v/H z.

To demonstrate a direct correlation of temperature measurements with two modalities, we per-
formed temperature measurements by injecting another embryo with a mixture of FNDs and UC-
NPs such that they were homogeneously dispersed inside the embryo. These were then excited
simultaneously with three lasers, 532nm green laser for FNDs, 808nm NIR laser for UCNPs, and
980nm for laser heating and optical and ODMR spectra were acquired simultaneously. Analyzing
these data gave very close temperature readings for both modalities at different laser heating pow-

ers. For instance, at 1.5mW of laser heating power, we found the temperature inside the embryo is
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25.4°C using NV centers in FNDs while the temperature is 25.6°C' using UCNPs. After increas-
ing the power of laser heating to 2.5 mW, we recorded a higher temperature of 27.5°C' measured
by FNDs and 27.8°C' measured by UCNPs. The small difference in temperature measurements is

within the sensitivity limit of the two modalities.
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Figure 6.5: (a) ODMR spectra of NV color center in nanodiamonds inside emberyos under 532
nm illumination recorded at different temperatures induced by 980 nm laser; (25°C' black), (33°C
red), (37°C' green), and (41°C' blue). (b) Linear fitting of the central frequency of the ODMR
spectrum of NV centers in FNDs as a function of temperatures. (c) The upconversion emission
spectra inside the embryos under 808nm laser recorded over a small range of temperature (25°C-
40°C) induced by 980 nm laser. (d ) Linear fitting of the fluorescence intensity ratio (FIR) of the
UCNPs dependence as a function of temperature.
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6.4 Conclusion

In conclusion, in this work, we have succeeded in measuring temperature changes at the sub-
cellular level simultaneously using fluorescent nanodiamonds and upconversion nanoparticles in
bovine embryos. The use of two modalities make theses results far less sensitive to confusers for
nanothermometers in complex systems like living cells [94]. It is anticipated that these results will
lead to further investigations of temperature changes in live cells during fertilization and embry-
onic development. Furthermore, we will investigate the use of other color centers in FNDs and
other ions doped onto UCNPs that will permit further examination of biological activity within the

tissue transparency window.
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7. SUMMARY AND CONCLUSIONS

In this dissertation, we discussed the most interesting fluorescent markers for biological appli-
cations. Here, we investigated fluorescent nanodiamonds (FNDs) and upconversion nanoparticles
(UCNPs) from growth/synthesis to application in high contrast bio-imaging and optical temper-
ature sensing in living organisim. This work was conducted over several chapters which can be
summarized as follows:

In chapter 1, first, we discussed that FNDs are promising fluorescent markers for most of
biomedical applications. Compared to colloidal quantum dots and organic dyes, they have the
advantage of better photostability, lower toxicity. They exhibit a variety of emission wavelengths
from visible to near infrared, with narrow or broad bandwidths depending on the color centers in
FNDs. The optical properties and new color centers in FNDs were discussed in detail in this chap-
ter. Also, we reviewed in detail their biocompatibility and exceptional applications in bio-imaging
and biosensing, especially, in temperature sensing, super-resolution, and MRI imaging. Second,
we discussed that upconversion nanoparticles (UCNPs) are of interest because they allow suppres-
sion of tissue autofluorescence and are therefore visible deep inside biological tissue. Compared to
upconversion dyes, UCNPs have a lower pump intensity threshold, better photostability, and less
toxicity. We reviewed their early developments, upconversion mechanisms, and their applications
in bio-imaging and biosensing.

In chapter 2, we conducted controlled diamond growth around diamond-like seed molecules at
much lower temperatures than typical HPHT nanodiamond growth. We performed different exper-
iments to confirm success of the seeded growth approach. In particular, we observed two different
color centers in nanodiamonds grown from two different diamond-like organic seed molecules.
Furthermore, we observed no nanodiamonds in the absence of diamond-like seed in a control ex-
periment. These results strongly support our claim that our nanodiamond seeded growth approach
is successfully working. This success will open the door for many interesting applications using

ultrasmall nanodiamonds with stable fluorescence.

111



In chapter 3, we reported temperature sensing with NV and Ni diamond color centers excited
in the biological transparency window in FNDs crystals. For NV we show good ODMR signal
at laser intensity well below the biological tissues damage threshold. Importantly, optical tem-
perature sensing using NV and Ni color centers can be performed simultaneously using different
physical mechanisms. This is a promising approach to avoid sensor confusion and provide accu-
rate temperature measurements within living biological systems. In chapter 4, we synthesized high
quality YV O, : Er*t3, Yb*3 upconversion nanoparticles for bio-imaging in living organism. We
imaged these UCNPs inside red imported fire ants (Solenopsis invicta) which have small and spe-
cial body geometry that behaves as a spherical lens. Imaging a small and spherical body like an ant
is a very difficult and challenging task using a confocal microscope. To overcome this problem,
we designed a homemade wide field side illumination microscopy setup. We detected a strong
up-conversion luminescence (UCL) with high signal-to-noise ratio, and photostable UCL for a
long exposure time without damaging the ants’s bodies under NIR laser excitation. This work has
shown that UCNPs can used as a high contrast imaging agents in living organisms. In chapter 5,
we have developed water-based, biocompatible, high efficiency upconversion fluorescent markers
YVO, : Ert3 Ybt3QNd"™ core/shell UCNPs. Implementing Nd*? into the core/shell UCNPs
combination has extended the NIR excitation band to a biocompatible excitation wavelength (808
nm) and also significantly minimized the overheating issues associated with typical 980 nm illu-
mination wavelength. Optical temperature sensing with high thermal sensitivity 1.01%K ! was
achieved using these UCNPs. Furthermore, laser heating minimization in water with the conven-
tional UCNPs excitation (980 nm) wavelength and the new biocompatible illumination (808 nm)
wavelength was evaluated. This work shows that YV O, : Er™3 Y 3@QNd*3 core/shell UCNPs
have a great potential for optical temperature sensing in biological applications.

In chapter 6, we have succeeded in measuring temperature changes at the subcellular level
simultaneously using FNDs and UCNPs in bovine embryos. The use of two modalities make these
results far less sensitive to confusers for nanothermometers in complex systems like living cells

[94]. It is anticipated that these results will lead to further investigations of temperature changes
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in live cells during fertilization and embryonic development. Furthermore, we will investigate
the use of other color centers in FNDs and other ions doped onto UCNPs that will permit further

examination of biological activity within the tissue transparency window.
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