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Altering the structure and delivery method of lanthanide nanoparticles for bioimaging 

 

by 

 

Carina Alexa Arboleda 

 

Doctor of Philosophy in NanoEngineering 

 

University of California San Diego, 2020 

 

Professor Adah Almutairi, Chair 
 

 

Lanthanides are a powerful yet versatile family of elements that are pivotal players in an 

array of industries ranging from lasers, lighting, magnets to photovoltaics. The prevalence of 

lanthanides is due to highly desirable properties including the unique ability to upconvert lower 

energy light into higher energy emissions; long luminescent lifetimes; minimal autofluorescence; 

no photobleaching and photoblinking; and the highest number of unpaired electrons which result 

in record-high relaxivities. However, despite their great potential, the overall translatability of 

lanthanides for biomedical imaging modalities such as photoluminescence imaging (PL) and 
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magnetic resonance imaging (MRI) has greatly suffered from inefficiencies in terms of light 

absorption and specificity of signal.  

This dissertation is dedicated to optimizing the design of colloidal lanthanide nanoparticles 

(NPs) as contrast agents to increase the overall detection sensitivity and target specificity. 

Sensitivity and specificity can be increased in one of two ways: (1) increase the signal; (2) decrease 

the background. The first theme explores the crucial role of strain engineering in the design of 

heavily doped core-shell (CS) upconverting NPs. We achieve an increase in the signal by 

expanding excitation to a more biological friendly wavelength and increasing sensitizer 

concentrations while maintaining uniform, concentric, coherent heteroepitaxial core-shells. The 

second theme investigates the potential of harnessing the high relaxivities of ultrasmall gadolinium 

NPs for spatiotemporal control of MRI contrast. Within this theme, we explore an alternative 

strategy to decrease the background by effective switching “OFF” MRI contrast enhancement 

which are otherwise always “ON.”  

Chapter of introduction commences this journey with the fundamental physics and 

chemistry of lanthanides, discusses the unique features of colloidal lanthanide NPs, provides an 

overview of the various imaging modalities for biomedical imaging, summarizes the state-of-the-

art in lanthanide NP contrast agents, highlights the major challenges in the bioimaging field, and 

justifies the theme for this doctoral dissertation. 

Chapter 1 explores the role of strain engineering in the synthesis of heavily doped CS 

lanthanide-doped NPs. We show a tensile host lattice containing high levels of Neodymium to the 

conventional upconverting core enables shifting excitation to a biobenign wavelength, therefore, 

increasing the overall signal. 
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Chapter 2 develops a pH-activatable probe capable of spatiotemporal control of contrast 

for MRI to decrease background. We show the encapsulation of Gadolinium NPs within a 

bioresponsive polymer matrix as an efficient method of creating an “ON/OFF” signal. We 

introduce a simple yet elegant ligand-less method of targeting for MRI contrast agents. 

Chapter 3 analyzes the current trends in the field and provides an outlook on the future of 

lanthanides for bioimaging applications.



1 

 

Introduction 

0.1 Lanthanides for Bioimaging Applications 

Society’s ability to diagnosis disease and ultimately improve disease prognosis is largely 

dependent on the quality of available biomedical imaging modalities. Before being prescribed a 

diagnosis, patients undergo a series of tests and will be more than likely imaged at least once. 

Often multiple imaging techniques are done in an attempt to combine these pieces of the puzzle to 

formulate a complete, representative image of what is occurring inside the body. Our ability to 

resolve this mystery requires a certain threshold of clarity. One cannot solve a puzzle if they are 

unable to delineate the edges of the puzzle piece and see if the piece in question matches the others. 

Akin to how a physician cannot be confident they have excised all the cancerous tissue without 

first being able to delineate the edges of a tumor with some certainty. Inefficient diagnosis and the 

incorrect therapy associated with improper disease detection lead to unsatisfactory therapeutic 

outcomes and can have serious adverse effects.1 As a result, the robustness of clinical imaging 

modalities is of large importance to improving the collective health of society. 

Multiple imaging modalities are utilized because each technique provides a different yet 

complementary piece of the puzzle- each with its own set of challenges and opportunities. For 

example, magnetic resonance imaging (MRI) has the highest resolution (25-100 μm) compared to 

other common imaging modalities with no limitation of penetration depth, however, the combined 

low sensitivity and high cost per scan severely limit the technique. To overcome the low inherent 

contrast of MRI, contrast-enhanced imaging has become commonplace in the clinic. In contrast-

enhanced imaging, contrast agents (CAs) are employed to help visualize the functional biological 

architecture. This enhanced quality of imaging has the advantage of not requiring new, fancy, often 
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expensive equipment to improve image quality, rather their use requires little to no modifications 

to current clinical setups.  

The penultimate goal of bioimaging is to acquire high resolution, high contrast images to 

achieve accurate yet precise diagnostics.2 And as new material candidates arise, this pipeline dream 

seems more and more attainable. One major potential candidate and the hero of this thesis are 

lanthanides nanoparticles (NPs). 

Lanthanides are well established within the fields of catalysts, lasers, lighting, magnets, 

and solar-energy. The first use of lanthanides dates back to the late 70s, but the field has seen a 

revival as the properties once only seen in bulk carried over to their nano-counterparts and enabled 

new possibilities. Compared to the first lanthanide NP synthesis back in the late 90s, current 

synthetic methods of produce high-quality lanthanide NPs with masterful control over size and 

shape. This has allowed the lanthanide NP field to shift focus towards the exploration of these 

nanomaterials for biomedical applications. The application of nanomaterials in vivo has multiple 

advantages including: (1) small dimensions which match biological length scales; (2) highly 

controllable and modular physicochemical properties; (3) high payload delivery; (4) multiplexing 

capabilities; (5) potential for theranostics.2 

Lanthanides provide some unique opportunities for biomedical imaging. Lanthanides are 

elements whose atomic numbers span from 57 to 71: lanthanum (La, #57), cerium (Ce), 

praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), 

gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), 

ytterbium (Yb), and lutetium (Lu, #71). These fifteen elements found within period six of the 

periodic table along with two chemically similar elements, yttrium (Y, #39) and scandium (Sc, 

#21), are commonly referred together as rare earth elements or rare earth metals (RE). Contrary to 
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the name, RE are not rare. The least abundant RE, Lu, is still more abundant than silver, gold, and 

platinum (200 times more abundant than gold). While the most common RE, Ce, is more abundant 

than copper.  

Lanthanides are key to modern technologies; applications ranging from phosphors (Eu and 

Tb), solid-state lasers (Y), strong permanent magnets (Nd), and MRI CAs (Gd). Their electron 

configurations of [XE] 4fn where n=0-14 produces a variety of energy levels which lends itself to 

the characteristic luminescent and magnetic properties of lanthanides. One-way the versatility of 

lanthanides has been demonstrated is through their use as CAs for multiple imaging modalities as 

shown in Figure 0.1. Lanthanide radionuclides are used for both positron emission tomography, 

PET (86Y and 68Gd), and single-photon emission computerized tomography, SPECT (166Y and 

177Lu). Recently, He et al. was the first to report the use of lutetium as a CA for computed 

Tomography (CT).3 The authors reported a CT Hounsfield Unit gain 70% higher than conventional 

iodine-based agents at the same mass concentration. This contrast enhancement is attributed to the 

high atomic number of lanthanides (#57-71) versus iodine (53).  

 
Figure 0.1 Common contrast agents for various imaging modalities. Lanthanides are 
highlighted in red. 3, 4 
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Herein we aim to highlight the state-of-the-art in RE nanomaterials for photoluminescent 

(PL) imaging and MRI with emphasis on excitation wavelength tuning and pH-activatable MRI 

probes. We begin each tale with the working mechanism behind the imaging modality, common 

CAs for each modality, the current challenges, and potential solutions to these challenges.   

0.2 Lanthanides for Photoluminescent Imaging 

Lanthanides are particularly useful in technologies that take advantage of their reactivity 

to specific wavelengths of light and their other unique photoluminescence properties. 

Photoluminescence (PL) is defined as light emission after photonic absorption. PL imaging 

provides inexpensive, decent resolution (1-5 mm) images in real-time with minimal image 

processing.1 No expensive equipment is required for PL imaging; often requiring merely a laser 

and camera making it a widespread, easily adaptable imaging technology. However, one major 

limitation of PL imaging is the limited penetration depth of both the incident light and the emitted 

light transmitted through tissue. Therefore, the application of PL imaging has been largely limited 

to tumor resection where invasive procedure requires minor penetration depth, and signal 

attenuation through tissue is not an issue. The development of more efficient PL probes could 

expand the potential clinical applications of PL imaging. 

0.2.1 Common Photoluminescent Probes 

The most common PL probes are organic dyes and quantum dots (QDs) which are 

considered to be downshifting luminescent (DSL) probes. Downshifting refers to the 

photophysical process in which the emission spectra is downshifted from the absorption spectra 

i.e. the absorbed energy is higher than the emitted energy (Figure 0.2).  

Most semiconductor and metal NPs –including gold nanorods (AuNRs), silver 

nanoparticles (Ag NPs), and QDs-- possess size- and shape-dependent optical properties which 
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become troublesome for practical applications. The emission wavelength of QDs is not tuned by 

chemical composition, rather QDs rely on quantum confinement. In quantum confinement, the 

wavelength of emission is dependent on the final size of the QD which is dictated by reaction time. 

As a result, significantly different sizes (2-10 nm) must be precisely controlled to obtain PL at 

different wavelengths. Also, other difficulties arise when attempting to collectively process NPs 

with different sizes. Depending on the materials, the tendency to form an oxidative layer on the 

surface of these NPs (QD and Ag NP) can significantly alter their optical properties.  

Therefore, there is a demand to develop new toolsets capable of manipulating light but are 

insensitive to physiochemical parameters such as sizes, shapes, and chemical environment. 

 
Figure 0.2 Comparison of Downshifting luminescent probes and UCNPs. 5 

0.2.2 Photoluminescent Imaging via Upconversion  

Since the discovery of photonic UC in 1966 by Auzel, lanthanide UC in bulk crystals has 

been used in applications such as solid-state lasers and phosphors for television screens.6 The field 

then witnessed a resurgence in the late 1990s when the first lanthanide UCNPs were synthesized.  

The interesting physical and chemical properties of lanthanides is imparted by their unique 

electron configuration. As inner transition metals, the valence electrons of lanthanides are 

distributed amongst the f-orbital meaning a maximum of 14 electrons in the valence shell.  
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Figure 0.3 Orbital filling in lanthanide ions. Electron filling in different orbitals. (a) The order 
of filling in orbitals and (b) the simplified energy level diagrams. 

According to the Aufbau principle, electrons fill lower-energy atomic orbitals before 

higher energy ones. Thus, the 4f orbitals are only occupied after both 5p and 6s have been filled 

(see Figure 0.3). Although the inner orbital (4f) is progressively filled when adding electrons, 

electron loss occurs in the outermost shell. This has interesting implications on the chemical 

properties of lanthanides. As only the s, p, and d orbitals hybridize to form bonding orbitals, the 

outermost f-orbitals are not directly involved in bonding. Also, unlike the 5d orbitals, 4f orbitals 

are weakly influenced by the crystal field splitting. Crystal field theory is a bonding model that 

explains important properties of transition-metal complexes including colors, magnetism, 

structure, stability, and reactivity. Therefore, the optical transitions, including the absorption and 

emission maximum and their colors, are characteristic of a specific lanthanide ion and remains 

constant regardless of the compounds they are bonded to. For example, neodymium acetate will 

be the same color (pink) as neodymium(III) chloride. A complete list of lanthanide electron 

configurations is provided in Table 0.1. Note, La, Gd, and Lu are exceptions as only one electron 

is placed in the 5d orbital. 
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Table 0.1 Electron configurations, ionic radii, and magnetic moments of lanthanide ions 

Atomic 
Numbe

r Element 
Observed electron 

configuration 
Ion electron 

configuration 
Ionic radius 

[Å] 

Magnetic 
Moment 

[B.M] 

57 La [Xe] 4f0 5d1 6s2 [Xe] 4f0  1.045 0 

58 Ce [Xe] 4f2 5d0 6s2 [Xe] 4f1 1.01 2.3-2.5 

59 Pr [Xe] 4f3 5d0 6s2 [Xe] 4f2 0.997 3.4-3.6 

60 Nd `[Xe] 4f4 5d0 6s2 [Xe] 4f3 0.983 3.5-3.6 

61 Pm [Xe] 4f5 5d0 6s2 [Xe] 4f4  0.97 2.7 

62 Sm [Xe] 4f6 5d0 6s2 [Xe] 4f5 0.958 1.5-1.6 

63 Eu [Xe] 4f7 5d0 6s2 [Xe] 4f6 0.947 3.4-3.6 

64 Gd [Xe] 4f7 5d1 6s2 [Xe] 4f7 0.938 7.8-8.0 

65 Tb [Xe] 4f9 5d0 6s2 [Xe] 4f8 0.923 9.4-9.6 

66 Dy [Xe] 4f10 5d0 6s2 [Xe] 4f9 0.912 10.4-10.5 

67 Ho [Xe] 4f11 5d0 6s2 [Xe] 4f10 0.901 10.3-10.5 

68 Er [Xe] 4f12 5d0 6s2 [Xe] 4f11 0.89 9.4-9.6 

69 Tm [Xe] 4f13 5d0 6s2 [Xe] 4f12 0.88 7.1-7.4 

70 Yb [Xe] 4f14 5d0 6s2 [Xe] 4f13 0.868 4.4-4.9 

71 Lu [Xe] 4f14 5d1 6s2 [Xe] 4f14 0.861 0 

In terms of orbital filling, there are numerous possible electron configurations, and they 

can be further split into multiple energy sublevels with the influence of Coulombic interactions, 

spin-orbital coupling, and crystal field perturbation. The electronic structure of lanthanides can be 

derived using the ab initio methodology for the first-principles calculations. This quantum 

mechanical theoretical framework can be used to calculate and understand the correlation between 

the structure and functionality of materials. Following the first principle calculation for all the 

possible 4f energy levels in lanthanide ions, lanthanide ions possess multiple energy levels with 

energy gaps ranging from 0 – 2 × 105 cm-1. This richness in energy levels means lanthanide ions 

can emit across the UV to the NIR spectrum. Although lanthanides have the potential to undergo 

scintillation – the absorption of x-rays and emit visible light- for more relevant and practical use 

the lower part of the energy levels is the most studied. This is  known as the classical Dieke diagram 

(Figure 0.4).  
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Figure 0.4 Free ion 4fN energy levels of trivalent lanthanide ions. Calculated by Dodson and 
Zia.7 

One of the most heavily studied properties of lanthanide-based NPs is upconversion (UC). 

UC is defined as the sequential absorption of low energy photons followed by the emission of a 

higher energy photon. The UC process is permitted within lanthanides due to their meta-stable 4f 

states. The intra-4f optical transitions are parity-forbidden, and therefore the excited electrons have 

a relatively long lifetime (μs to ms) at the excited states. These long-lived intermediary energy 

states give rise to persistent luminescence, multiphoton absorption, and anti-Stokes emission. This 

slow decay to the ground state has made lanthanides suitable for use in lasers as population 

inversion is easier to achieve. In comparison, typical PL materials (organic dyes and QDs) undergo 

stokes shifts. In Stokes shifts, the relaxation of electrons from an excited state to the ground state 

is accompanied by a non-radiative energy transfer usually resulting in a loss of emission energy 

via lattice vibrations, energy that otherwise could have been used to emit a higher photon. 

Typically, large stokes shifts refer to 8000-10000 cm-1. 
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Notably, the multiphoton absorption and anti-Stokes emission of lanthanide UC systems 

are different from other nonlinear optical processes such as second harmonic generation (SHG) 

and two-photon absorption (TPA). In a SHG (also called frequency doubling) process, the 

frequency of irradiated light is doubled without any absorption transitions. SHG materials are 

typically crystals without inversion symmetry including potassium niobite (KNbO3), potassium 

titanyl phosphate (KTP, KTiOPO4), and lithium triborate (LBO, LiB3O5). Other SHG agents 

capable of NIR excitation include filamentous biological proteins with cylindrical symmetry 

(collagen, tubulin, and myosin) and certain carbohydrates (starch and cellulose). In contrast, TPA 

involves the simultaneous absorption of two photons. TPA can be observed in a variety of materials 

with a two-photon absorption cross-section but the property has been mainly exploited in organic 

fluorophores and laser dyes. In SHG and TPA, two photons need to be absorbed simultaneously 

to reach the higher energy, and therefore these processes require extremely high excitation 

irradiation from expensive ultra-short pulse lasers (usually femtosecond pulsing lasers). In 

contrast, UCNPs can be excited with low-cost continuous-wave lasers, requiring a much lower 

excitation irradiation.  
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Figure 0.5 Two main mechanisms for emission quenching in UCNP systems. a) Increasing 
dopant concentration enhances emission intensity to a certain threshold. After that threshold 
there is 2 methods of emission quenching. b) Illustrates emission energy draining by surface 
quenchers. c) Illustrates emission energy draining by cross-relaxation. Reprinted (adapted) with 
permission from ref 8. Copyright 2020 American Chemical Society. 
 

UC has previously been observed in bulk lanthanide materials (bulk crystal and thin films) 

and for the most part, is like the UC photophysical processes observed for NPs and molecular 

clusters; however, some of their aspects subtly differ. In particular, UCNPs and lanthanide 

molecular clusters are more susceptible to processes occurring on and near the surface including 

ligand and solvent quenching (Figure 0.5). This is attributed to the larger surface to volume ratio 

(S/V) of NPs. 

Despite extensive research, UCNPs still suffer from a low quantum yield (QY <1%), which 

is currently the major bottleneck towards their commercialization. Uniquely, QYs of lanthanides 

are dependent on laser power density which is not the case for DSL probes. Also, UCNPs have 

lower QY compared to their bulk counterparts due to surface quenching. This makes it difficult to 

compare multiple reported results in the field as there is no standard excitation power density/laser 

source used. Therefore, pursuing a high QY for UC luminescence (UCL) becomes a goal of general 
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concern. QY is the ratio of the number of emitted photons to the number of absorbed photons and 

is often used as a metric to gauge UC efficiency.  

0.2.3 Advantages of UCNPs over common photoluminescent materials 

Lanthanides are abundant with energy levels of 4f configurations that are ladder-like in 

structure. Compared to other PL materials, lanthanides emit via 4f -4f intra-orbital transitions while 

other materials undergo inter-orbital transitions. It is this ability to exist in an in-between state and 

the numerous ladder-like energy levels which allows for just enough time for sequential photon 

absorption of two or more photons and convert the absorbed energy into one high energy photon. 

As a result, UCNPs may substitute traditional dyes for PL applications.  

One pitfall of organic fluorophores is photobleaching. Photobleaching refers to the 

destruction and permanent loss of light-emitting capabilities due to continuous high-intensity light 

irradiation. In photobleaching, covalent bonds are cleaved and there are a series of non-specific 

reactions either between the fluorophores and surrounding molecules or within the fluorophores 

themselves. This permanent, irreversible change causes the light-emitter to go from a singlet state 

to a triplet state and prevents them from fluorescing. Photobleaching is a major hurdle for long-

term imaging with green fluorescence proteins (GFPs) or typical organic fluorophores. However, 

in lanthanide UCNPs, lanthanide ions are good quenchers to the triplet states. Therefore, the 

detrimental triplet states can be eliminated, and photobleaching is significantly suppressed when 

under high-intensity light irradiation. Therefore, lanthanide-based optical probes possess great 

potential long-term monitoring of various targets with high accuracy and reliability. 

Another advantage of lanthanides is the lack of competition with autofluorescence. Most 

plant and animal tissues show some autofluorescence with UV light excitation (around 365 nm). 

Autofluorescence often conceals specific fluorescence signal and makes it difficult to distinguish 
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nonspecific vs specific fluorescence. Therefore, the use of conventional, steady-state fluorescence 

severely limits assay sensitivity. Lanthanides manage to avoid autofluorescence all together by 

shifting the excitation wavelength to the Vis-NIR light. 

Lanthanide-based NPs are an interesting alternative to quantum dots (QDs). Unlike QD, 

lanthanide NPs have NIR excitation, resistance to photodegradation, and emission output that can 

be tailored by merely varying the type and concentration of dopants. The constituents of lanthanide 

UCNPs have inherently lower toxicity than the II-VI elements (cadmium, lead, selenide, tellurium) 

found in most commercial QDs. Unlike QDs, the emission wavelength of lanthanide UCNPs is 

determined by the characteristic energy levels of the lanthanide ion, not by quantum confinement. 

Both the optical excitation and emission of these materials are composition-dependent not size. 

This allows for lanthanides NPs of various sizes but similar composition to maintain similar optical 

properties.  

The large anti-stokes shifts and narrow emission spectra allow the easy separation of PL 

from excitation wavelength which for organic dyes with small stokes shifts separation is difficult. 

Generally, the spectral overlap in organic dyes occurs between higher wavelengths of the 

excitation spectrum and the lower wavelengths of the emission spectrum. The ability to 

differentiate excitation from emission spectra is essential because this reduces self-quenching from 

molecular self-absorption. This is important for applications such as fluorescence microscopy 

where the overlap must be eliminated using excitation and emission filter selection. Failure to do 

so would result in the much brighter excitation light overwhelming the weaker emitted 

fluorescence light and significantly diminishing specimen contrast. This spectral overlap means 

the recycled, reabsorbed radiation does not reach the detector. Also, the excitation and emission 

spectral envelopes for dyes are broad.  
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In contrast, lanthanide UCNPs have a high signal to noise ratio. Narrow emission 

bandwidths allow for multiplexing which has potential applications in anti-counterfeiting, optical 

data storage, and personalized medicine assays. The spectral overlap and background interference 

greatly limit the use of conventional organic dyes for these purposes. 

0.2.4 Composition & Synthesis of Lanthanide UCNPs 

Lanthanide UCNPs can be simplified into two major components which allow the colloid 

to display upconverting properties: 

(1). Lanthanide UCNPs are usually composed of an optically inert host matrix mainly of 

ions such as La, Lu, Gd, Sc, and Y. In general, host materials do not actively participate in the 

photophysical processes. The efficiency of UC relies heavily on long-lived metastable states which 

facilitate sequential energy absorption. Therefore, the inorganic host lattice must act as a conductor 

with little resistance. The general criteria for host material selection include lack of unpaired 4f 

electrons so no energy levels (like Y and Sc) or lack intermediate states (like Gd) along with low 

host phonon energy to the lower probability of nonradiative emission.  

One of the most frequently used host matrices is sodium yttrium tetrafluoride (NaYF4) 

because of the composition’s relatively low phonon energy and low non-radiative energy loss. 

NaYF4 has remained the most efficient host lattice for UC since its discovery in the mid-’70s. 

There are two different crystalline phases for NaYF4, cubic (α) and hexagonal (β). The 

hexagonal phase promotes the lanthanide luminescence efficiency more than the cubic phase under 

the same doping conditions. This is because the hexagonal phase NaYF4 is a more asymmetric 

host. Symmetry in the host is unfavorable as asymmetry enhances the parity-forbidden intra-4f 

transitions in the lanthanide dopants which are responsible for UC.  
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(2) Optically active dopants are doped into the host lattice at different doping 

concentrations and are responsible for the UC process. There are two major types of optically 

active dopants involved in PL—sensitizers and activators. Sensitizers such as Nd3+ and Yb3+, have 

relatively higher absorption cross-sections. 

The second type of optically active dopant introduced into Lanthanide upconverting 

nanostructures is commonly referred to as activators. Activators such as Eu3+, Tb3+, Ho3+, Er3+, 

Tm3+ have well-spaced energy levels that are suitable for sequential photon absorption. The 

selection of activators is fully customizable and is often selected based on the desired readout 

color. The emission color tunability through different choices and combinations of emitters offers 

great versatility for various in vivo applications. Emissions with strong NIR components allow for 

optical detection of deeper tissues, while emissions with a strong green component are potentially 

useful for surgical interventions since it is sensitive to the naked eye and Si-based optical detectors.  

The efficacy of a sensitizer-activator pair to generate bright PL is mainly based on energy 

levels matching. Mismatch of energy levels leads to inefficient or even zero energy transfer. In 

cases where sensitizer and activator feature multiple energy levels or when a sensitizer/activator 

rich with energy levels is doped in high concentrations, cross-relaxation (CR) occurs.  

CR is defined as the original system loses energy by obtaining the lower state and another 

system acquires the energy by going to a higher state. CR may take place between the same 

lanthanide, termed self-quenching, (a major mechanism for quenching at higher concentration in 

a given material) or between two different elements which happen to have pairs of matching energy 

levels. CR is also known as concentration quenching and is one of the two main mechanisms of 

emission quenching in UCNPs.  
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The wet-chemical synthesis of inorganic NPs provides a reliable way to effectively control 

the nucleation and the following growth process. Several general synthetic approaches have been 

developed for the synthesis of uniform inorganic NPs with different compositions, sizes, and 

shapes. One of the most well-developed, versatile, and reliable approaches is the thermal 

decomposition method which was proposed by Hyeon et al. in 2004.9 Thermal decomposition or 

thermolysis entails a chemical decomposition caused by heat. In this approach, the metal 

precursors are mixed with a mixture of high-boiling point solvents such as 1-octadecane (ODE), 

oleic acid (OA), and oleylamine (OM), then heated to a high temperature (~300 oC) to generate 

colloidal NPs under supersaturation condition. This method was later adapted for the use of 

lanthanide trifluoroacetate, acetate or chloride as the metal precursors, and have enabled a broad 

family of lanthanide-based NPs with various lanthanide dopants.  

In 2006, Yan et al. systematically investigated the growth behavior of both cubic and 

hexagonal phase sodium lanthanide tetrafluoride (NaLnF4) NPs. This study provided the first 

comprehensive synthesis protocol in the field.10 In this tutorial, Yan et al. varied multiple 

parameters (coordinating solvent/ligands, reaction temperature, and reaction time) and determined 

how these parameters affected the resultant NP crystal phase. The study examined how different 

phases NPs formed and progressed by overcoming multiple energy barriers in the solution. The 

study revealed that the light lanthanides (Pr and Nd) tended to directly form as β-phase while the 

heavy lanthanides (Dy, Ho, Er, Tm, Yb, Lu) firstly form as α phase and transform to β-phase with 

prolonged heating. Also, Liu et al. found doping Gd help to promote the formation of β-phase 

while also decreasing the overall size of the resultant NP.  

To date, the epitaxial growth behavior of lanthanide NPs can be controlled much more 

precisely and conveniently, thus allowing for the development of multilayer heteroepitaxial NPs 
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with distinctly defined structures composed of different dopants. Often core-shell (CS) designs are 

introduced to separate various lanthanide ions to prevent CR or surface quenching but overall done 

to introduce new functionality to the core. One method of growing concentric epitaxial shell on 

pre-synthesized cores is via self-focusing based on Ostwald ripening. This technique was 

introduced by Johnson et al.in 2012 and entailed small sacrificial cubic phase (α) NPs of the desired 

composition to act as shell precursors.11 The shell precursors are injected into the core mixture 

under reaction conditions where these kinetically stable (α) NPs rapidly dissolve and deposit onto 

the thermodynamically stable (β) cores layer by layer, yielding CS nanostructures as illustrated in 

Figure 0.6. 

 

Figure 0.6 Ostwald Ripening mechanism for epitaxially growing CS nanostructures 

0.2.5 Challenges with UCNPs for Photoluminescent Imaging In Vivo 

Despite tremendous progress in emission tuning, the excitation wavelength of lanthanide 

UCNPs has been restricted to 980 nm. To date, the most comprehensive combinatorial efforts used 

to study UCNPs have centered on optimizing the UC spectral parameters at 980 nm excitation, the 

wavelength used to excite Yb sensitizers (Figure 0.7b). The prevalence of Yb as the go-to sensitizer 

is mainly contributed to 3 advantages: 

(1) Yb has a relatively large absorption cross-section. 
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(2) Yb undergoes an efficient energy transfer with the activator, Er. Surprisingly, the 

experimental discovery of photon UC by Auzel et al. in the 1960s was with the Yb-Er system. This 

pair remains the most studied and widely used UC system as shown in Figure 0.7a. The Jablonski 

diagram is shown in Figure 0.7b. 

(3) Yb has a simple energy level scheme contrary to its ladder-like energy level lanthanide 

brethren. Unlike activators, the sensitizer Yb ion has a simple energy level structure, and thus is 

barely affected by CR; but luminescence quenching induced by energy migration from Yb3+ to the 

impurities, defects or surface ligands increases with the Yb concentration. To maximize 

absorption, Yb is often heavily doped. For example, the dopant concentrations of Er and Yb in 

NaYF4 UCNPs are optimized to be 2 mol% and 20 mol%, respectively. 

 
Figure 0.7 Yb-Er activator-sensitizer pair prevalence and energy transfer mechanism.21 

The only issue is the simple energy level diagram of Yb is centered around 980 nm, which 

greatly suffers from a spectral overlap with water (Figure 0.8a). This overlap with water leads to 

a multitude of issues including signal attenuation and significant heat generation (Figure 0.8b-c). 

Water is the major component of biological systems and comprises more than 70% of soft tissue. 

As a result, the application of 980 nm technology is limited. These concerns greatly motivate the 

manipulation of UC excitations beyond 980 nm. Tuning the excitation wavelength would 

drastically improve the prospect of UCNP in fields such as bioimaging and biodetection. 
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Figure 0.8 Benefits of 800 nm. a) Absorption spectra of water and other biologically relevant 
molecules.12 b) Better  penetrability.44 c) Better biocompatibility13 

 
To avoid detrimental sample heating caused by the absorption of 980 nm excitation, recent 

studies have developed UCNPs sensitized at alternate wavelengths, such as 800 nm. 800 nm light 

falls within the first NIR “optical window” of biological tissue (Figure 0.8a). This means 

photophysical processes within 700-900 nm have minimal absorbance for all biomolecules, 

including hemoglobin and deoxyhemoglobin. A low photothermal effect is observed at 800 nm 

the absorption coefficient of water shifts from 0.48 cm-1 at 980 nm to 0.02 cm-1 at 800 nm. The 

lower absorption coefficient of water directly translates to negligible heating effects at 800 nm. 

Zhong et al. reported an increase of 20o C followed by irradiation at 980 nm (10W/cm2) for 5 min 

versus an increase of 4.6o C followed by irradiation at 800 nm at the same power density (Figure 

0.8c). Thus, shifting excitation to 800 nm allows for deeper tissue penetration of the excitation 

light and reaps the benefits of lower background noise for in vivo PL imaging. 



 

19 
 

0.2.6 Advances in 800 nm sensitization 

0.2.6.1 Dye Sensitization 

Earlier attempts to shift the excitation of Yb-Er based UC systems to 800 nm maintained 

the classic core and opted for post-synthesis modification. These NPs garnered the ability to absorb 

800 nm through the introduction of organic dyes onto the surface. This technique is termed dye-

sensitization. Dye-sensitization relies largely on the mechanism of Forster Resonance Energy 

Transfer (FRET). During FRET, the excited donor chromophore transfers energy to acceptor 

chromophore through a non-radiative dipole-dipole coupling. Due to energy emission and energy 

transfer between long-living lanthanide ion excited states and long, up to 100 A, Forster distance, 

the lanthanide NPs are capable of FRET energy transfer to bound fluorophores.  

Hummelen et. al, was the first reported dye-sensitized UC emission back in 2012. This was 

also the first to overcome traditional limits of absorption of lanthanide-based UCNPs as shown in 

Figure 0.9.  

 

Figure 0.9 Dye-sensitized UCNPs for absorption at 800 nm. 14, 15, 16 
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Dye-sensitized UCNPs have 3 major advantages.  

(1) Surface functionalization avoids the need to troubleshoot the synthetic schemes for new 

lanthanide UCNP compositions and instead utilized already known chemical methods of attaching 

small molecules to the surface. 

(2) Another advantage of this technique is the broad, tunable excitation band. As previously 

mentioned, organic chromophores feature large absorption peak envelopes meaning these probes 

are excitable by a wider range of excitation wavelengths rather than the sharp, narrow absorption 

bands of lanthanides. Unlike lanthanide UCNPs, fluorophores can be excited using lamps while 

the nonlinear optics of lanthanide UCNPs requires high pump power density. UC is classified as a 

non-linear optical effect because it is considered a frequency-mixing process. The application of 

organic dyes expands the potential light sources used for excitation to not just CW lasers but LEDs 

and lamps making for a more versatile UC system. 

(3) Also, dye-sensitized UCNPs have larger absorption efficiencies than typical UCNP 

systems. The absorption efficiency of a fluorochrome is known as the molar absorption coefficient 

or molar extinction coefficient, ε. According to the Beer-Lambert Law, the molar absorptivity is a 

constant value that is material dependent while the absorbance is defined as being proportional to 

concentration. The greater the value of ε, the greater the possibility of absorption in a particular 

wavelength region (a prerequisite for fluorescence emission). The ε of UCNPs is less than 10 M-

1cm-1 compared to Fluorescein-5-isothiocyanate (FITC) whose molar absorption coefficient is 

73,000 M-1cm-1). In comparison, the ε of PL AuNRs is on the order of 106 to 109 varying depending 

on size and capping ligands. The relatively low value of ε for UCNPs is attributed to the forbidden 

nature of 4f transitions based on the Laporte rule which severely limits their practical usage. 
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Despite these advantages, dye-sensitized UCNPs shift to lower excitation wavelengths 

major limitation is stability- in terms of photostability of the dye and the stability of the 

nanoplatform during application. Unfortunately, dye-sensitized UCNPs are unable to harness the 

most valuable aspect of lanthanide UCNPs- their stability. Although the UCNP can consistently 

upconvert light despite constant irradiation, organic dyes suffer from photobleaching. Eventually, 

these organic dyes attached to the surface will degrade chemically, therefore limiting their 

application. Also, questions have arisen in the stability of the nanoplatform during application. 

The method in which the organic dye is introduced to the surface of the UCNPs is vital. The entire 

nanoplatform must be able to withstand the arduous forces post-injection to stay intact until 

reaching the desired region of interest (ROI).  

0.2.6.2 Neodymium sensitization 

An alternative method to achieve 800 nm excitation is to refocus attention to the UCNP 

itself. As lanthanide ions have a similar atomic size and chemical properties, lanthanides are a 

powerful research tool because of their interchangeable nature. Just as the activator of a UCNP 

system is easily swapped to get the desired emission, the sensitizer ion can also be changed. More 

specifically the UCNP field has focused on utilizing Neodymium, Nd, as the sensitizing agent. 

Along with being well-known for its application in neodymium-doped yttrium aluminum garnet 

(Nd: YAG) lasers and powerful Nd magnets, Nd ions are capable of the highly sought-after 

absorption at 800 nm. The Jablonski diagram of Nd features NIR excitation bands at 730, 808, and 

865 nm which all fall within the first NIR window of biological tissue (Figure 0.10).  
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Figure 0.10 Jablonski Diagram of Nd-sensitized UC. Proposed energy transfer mechanism 
between Nd-Yb-Er or Tm systems. 17, 47 

Han et al. was the first group to report 800 nm by co-doping low doping concentrations of 

Nd into the classic Yb-Er UC system. The group coined the concept of “cascade-sensitization” in 

the UCNP field in which Nd ions harvest the 808 nm NIR light and Yb serves as an intermediate 

“bridge” to transfer energy from Nd to Er activators. The proposed energy transfer mechanism for 

the tri-doped core is shown in Figure 0.10. This was the first study to show strong UC emission 

without photobleaching as previous dye-sensitized designs. The authors also introduced a passive 

shell around the tri-doped core which addresses potential surface quenching effects. The study 

tested limited Nd dopant concentrations of 0.5-5% and concluded the optimal Nd doping 

concentration to be between 0.5-1%. Typically, low dopant concentrations of Nd were consciously 

chosen to avoid CR between Nd ions. As shown in Figure 0.11, Nd is rich with energy levels which 

means energy can easily be transferred between Nd ions. Although Nd levels were kept low, the 

tri-doped core design still suffered from CR between Nd and Er within the same layer. This study 

revealed the necessity of spatial separation of lanthanide ions with ladder-like energy levels.  
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Figure 0.11 Cross-relaxation in Nd-Yb-Er systems. The dashed-dotted, dashed, dotted and full 
arrows represent photon excitation, energy transfer, multi-phonon relaxation, and the emission 
process, respectively. 18 

Yan et al. proposed another strategy to tune the excitation of UCNPs in CS 

nanostructures.19 This was the first example of spatially separating Nd in the core from Er in the 

shell. This CS design successfully increased the interatomic distance thus suppressing quenching 

interaction for efficient PL. This physical separation of Nd and Er ions allowed for what is known 

as directional energy migration. Another important finding by the same authors is the resultant UC 

excitation efficiency of 808 nm was comparable to 980 nm due to the large absorption cross-

section of Nd at 808 nm. Shifting excitation to 808 nm improved the system two-fold, first by 

increasing the absorption of excitation energy and two by avoiding the dreaded absorption overlap 

with water at 980 nm. However, this design suffers from luminescence quenching of surface Yb3+ 

and like previous designs limited itself to low doping concentrations of Nd (0-10%). 

Liu et al., aimed to introduce more Nd then previously reported (up to total 41% Nd) and 

achieved not only the highest reported Nd doping at the time but also managed to enhance UC 

emission.20 In this study, Liu et al. introduced the concept of an active core and active shell. This 

CS design featured conventional cores doped with a small amount of Nd (NaYF4: Yb 18%/Er 

2%/Nd 1%) with “active” shells, shells doped with varying concentrations of Nd (@NaYF4: Nd 
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0-40%). The concept relies largely on the belief that a small amount of Nd in the core will minimize 

concentration quenching and doping higher percentages in the shell for effective harvesting of 

light. This study was an improvement compared to previous Nd designs as  it allowed for spatially 

confined Nd for optimal efficiency.  

One of the only other systematic studies which test various doping concentrations of Nd in 

the shell is a study by Chen et al which tested 0-50% Nd. Interestingly, the authors found between 

30-50% Nd in the shell, the CSs displayed faceting (shown in Figure 0.12e).46  This observed 

compressive shell is derived from the relatively large ionic radii of Nd which becomes dominate 

at higher dopant concentrations. As shells are generally epitaxially grown onto the core, the shell 

attempts to conform to the underlying crystal lattice of the core. However, if the ionic radii of the 

shell material are too large than the shell will be compressive in nature which only becomes more 

and more exaggerated as thicker shells are grown. In this study, the authors found the optimal 

dopant concentration for highest UC emission intensity to be 30% Nd. This is in part due to the 

nonconcentric CS at higher Nd dopant concentrations.  

In an attempt to further reduce CR and back energy transfer from activators to Nd, Zhong 

et al. reported a quenching shield sandwich structure in a valiant effort to eliminate the quenching 

interactions between Nd ions and activators.13 In this onion-layered design NaYF4: Yb, 

Er@NaYF4:Yb@NaNdF4: Yb, the intermediate NaYF4: Yb shell serves as an additional barrier to 

prevent interfacial CR. Pushing the dopant concentration of Nd to 90% produced 8 times more UC 

emission intensity, compared to NaYF4: Yb, Er@NaYF4: Nd. This study was a perfect example of 

the advantage of increased sensitizer concentrations to improve overall UC emission. However, 

the quenching shield layer makes energy transfer to the core more difficult. Also, increasing the 

number of layers increases the difficulty and number of potential failure points in the synthesis.  
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Adding to the complexity of design, rather than decreasing it, a follow-up study reports the 

previous design by Zhong et al. with additional shells of NaYF4:Yb and NaErF4. Lin et al. show 

increased UC emission intensity (x12.8 enhancement relative to Yb/Er@Y/Yb@Nd/Yb@Y/Yb) 

and greater QY with the additional shell.45 However, TEM shows clear evidence of highly 

anisotropic structure in the Nd shell which can greatly decrease UC emission efficiency (Figure 

0.12a-d). They also observed weaker UC emission with the 4th shell of Er and lower QY due to the 

completely linked surface from an active shell design that provides multiple quenching centers. 

Inspired by these main pieces of work, multiple follow-up studies were published on Nd-

sensitized UC with no conclusive optimal doping of Nd identified. In part, comparison of these 

studies is difficult due to a lack of a consistent control between studies and varying laser power 

densities. Up until now most strategies to build 800 nm sensitized UCNPs are increasingly more 

complex onion-layered structures, in which Nd3+ is confined within the inorganic crystal structure 

of at least one layer. These efforts are summarized in Table 0.2.  

 
Figure 0.12 Heavily doped Nd CS structures. 45 Reprinted (adapted) with permission from ref 
46. Copyright 2015 American Chemical Society. 
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Table 0.2 Summary of efforts in 800 nm sensitization in UCNPs 
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0.3 Lanthanides for Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) is a widely used imaging modality in clinical settings. 

Although the modality suffers from low sensitivities and high cost, it remains a viable tool for 

healthcare workers due to the high resolution and unlimited penetration depth. Benefits of MRI as 

a non-invasive, non-ionizing radiation diagnostic tool includes excellent soft-tissue contrast, 

limitless penetration depth, high spatial resolution, and eliminates the necessity of ionizing 

radiation. However, the imaging modality has been plagued by one major pitfall – relatively low 

sensitivity.22 Low sensitivity translates to long acquisition times for high-quality images which are 

uncomfortable for patients.  

To date, the low sensitivity of MRI has overcome with the aid of exogenous CAs. These 

commercially available and highly pervasive CAs have low toxicity and high sensitivity. In total, 

40% of MRI scans administered involve the administration of a CA before imaging. While 60% 

of all neurological MRI exams involve the CA administration. Approximately 40 million enhanced 

MRI scans are done annually worldwide which equates to approximately 50 tons administered into 

the population.23 The MRI CA industry is extremely profitable with total gross sales from the 

largest regions including Europe, the United States, and Japan, totaling around half a billion 

dollars. The prevalent use of CAs is attributed to an increased sensitivity which greatly decreases 

the amount of time to scan a region of interest (ROI) therefore minimize cost and increasing 

clinical throughput.22 Also, the usage of CAs has made the technique less sensitive to artifacts 

from motion translating to better quality images.  

Despite the success of MRI CAs, there remains room for improvement of these CAs. More 

sophisticated, “smart” MRI CAs designs featuring higher relaxivities with spatiotemporal control 

of signal would further empower, this already powerful imaging modality.  
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0.3.1 How MRI works and mechanism behind contrast 

An MRI machine is essentially a large, powerful circular magnet. ranging from 1.5-3T in 

field strength which translates to relatively low energy electromagnetic waves with wavelength 

∼2.5 m (3 T) to 5 m (1.5 T).24 Under normal circumstances, water protons within the body spin 

around randomly aligned axes but when placed within the MRI scanner, the water protons become 

aligned with the external magnetic field, B0. This alignment creates a homogenous field which is 

used as a baseline for measurement. Upon release of a radio frequency (RF) pulse sequence, all 

the protons are flipped at the same time, out of alignment from the scanners magnetic field. After 

the RF pulse sequence has subsided, the water protons in the body are allowed to relax back to 

their initial state. The water protons' ability to relax back down produces the bright or dark features 

in the resultant MRI scan. The rates of relaxation are extremely sensitive to the immediate 

microenvironments of the water protons. In general, these relaxation times are long and can vary 

in different tissues due to water interaction with macromolecules and endogenous paramagnetic 

species like ferritin. Note, increasing field strength from 1.5 to 7T will increase sensitivity by an 

order magnitude and increase resolution.  

There are two major types of MRI scans: longitudinal relaxation time, T1 and transverse 

relaxation time, T2. T1 is based on the rate of water protons returning to their original position, 

while T2 is based on the rate of water proton dephasing. In T1-weighted images, fat appears dark 

(long T1) and bone appears bright (short T1). T1-shortening CAs generally make the signal bright. 

T2-weighted scans show tissue with long T2 as being bright, so T2-shortening CAs result in a 

reduced signal. The extent to which a CA can change the T1 or T2 is termed relaxivity r1 or r2, 

respectively.  
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0.3.2 Common MRI Contrast Agents 

Current clinically used MRI CAs can be divided into two categories: T1 and T2 CAs. T1 

CAs are usually gadolinium (Gd) chelates, while T2 CAs are mainly iron oxide particles, including 

superparamagnetic iron oxide nanoparticle (SPIONs).  

Gd chelates have been praised as one of the most successful examples of inorganic drugs 

because of their heavy usage in MRI. Since the Food and Drug Administration (FDA) approved 

the first Gd-chelate, Gd-DTPA (diethylenetriaminepentaacetic acid) for use as a T1 CA in 1987, 

Gd-DTPA has remained the gold standard of the industry. T1 CAs work by shortening the 

relaxation time, this contrast enhancement is observed as an increase in signal at accumulation 

areas, i.e. increased brightness. To date, there have been 12 FDA approved MRI CAs, 8 of which 

are commercially available in the US and all are small-molecule Gd chelates.  

Due to their f-orbitals, lanthanide ions dramatically respond to an external magnetic field 

hence their prevalent use in magnets (Nd) and MRI CAs (Gd, Dy). This susceptibility of materials 

to an external magnetic field is known as paramagnetism. These unpaired electrons behave like 

free electrons which create a collective orbital and spin angular momentum. all of which contribute 

to the significantly higher magnetic moment of lanthanides. The magnetic moments of all 

lanthanides can be found in Table 0.1. And although Gd has only a modest magnetic moment (7.8 

B.M) relative to Dy (10.4 B.M), it is the symmetry of Gd and the higher number of unpaired 

electrons which bestow Gd with the highest paramagnetism. Gd is located half-way through the 

lanthanide 4f series and the trivalent Gd ion can organize its seven 4f electrons in a half-filled shell 

with all spins parallel. This gives Gd ions the largest possible total spin S = 7/2. 

Also, as these 7 unpaired electrons are contained within the 4f shell and inner electrons are 

not directly involved with bonding, the paramagnetism of Gd is maintained regardless of the 

formulation of Gd. For the design of Gd chelates, a ligand group occupies 8 of the 9 available 
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coordination sites on the Gd ion. The 9th coordination site is available for transient bonding to 

water molecules. For contrast enhancement, the water molecules merely need to come close to the 

Gd ion to induce a magnetic interaction between water and the Gd ion (mean distance ~0.25 nm).  

The two of the four remaining FDA approved MRI CAs that are no longer available are 

composed of superparamagnetic iron oxide NPs (SPIONs).22 Unlike Gd chelates, SPIONs are 

classified as T2 CAs. Superparamagnetic CAs are colloidal materials generally ranging from 5-

200 nm in diameter composed of smaller crystallites approximately 1-10 nm in size. These smaller 

crystallites contain thousands of magnetic ions, usually iron, that are randomly oriented. In the 

presence of an external magnetic field, the crystallites become aligned with the field which leads 

to a super spin, rendering the material magnetic. The total spin of the particle is much larger than 

the sum of the individual metal ion spins which results in a high relaxivity. In the absence of the 

external magnetic field, the small metal ions no longer act as a magnet. SPIONs are of considerable 

interest as CAs because of their low toxicity. 

Note, both Gd chelates and SPIONs are usually administered in µM concentrations. Also, 

often MR CA can be used as both a T1 and T2 weighted CA.  

0.3.3 Challenges with MRI Contrast Agents 

Despite their widespread use in clinics, Gd chelates suffer from 4 major drawbacks.  

(1) Gd chelates have a short half-life (1.47 ± 0.45 h). Due to their small size, Gd 

chelates distribute throughout the intravascular and interstitial space undergoing rapid clearance 

via renal filtration. Their low molecular weight impedes their accumulation for a sufficiently long 

time. As a result, imaging windows are limited. Unlike their single-molecule counterparts, 

incorporation of Gd into a larger, nanostructure has been shown to increase half-life.  
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(2) Gd chelates suffer from low relaxivities (3-6 mM-1s-1 at 1.5 T) thus requiring large 

dosages (15 mg/kg) for noticeable contrast. CAs with higher relaxivity could provide greater tissue 

enhancement for better detection of small lesions or to decrease the required dosage. The ability 

of an MRI CA to provide contrast enhancement is characterized by its relaxivity, the measure of 

the change in the relaxation property of water per concentration of CA. Relaxivity is given by the 

following equation:  
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where r1 corresponds to the longitudinal relaxivity, T1(initial) refers to the inherent contrast of the 

tissue, and [ion] corresponds to the concentration of the ions of the CA. 

 
 

 

 

 

 

 

 

 

 

Figure 0.13 Basics of MRI Contrast and the relaxivity of ultrasmall Gd NPs. Reprinted 
(adapted) with permission from ref 26 and 29. Copyright 2011 and 2016 American Chemical 
Society. 

Figure 0.13a shows the basics mechanics behind how MRI CA relax water protons. The 

limiting relaxivity of current Gd chelates is attributed to fast tumbling frequency due to the 

chelates' low molecular-weight and the maximum number of coordinated water molecules is 
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restricted to 1 (q=1). Incorporating Gd ions to larger structures could potentially increase rotational 

correlation time (τR) and increase the hydration number (q), therefore increasing the overall r1 

value. Gd NPs have been developed as an alternative to “bare” Gd CAs (Gd chelates). Several 

studies have shown Gd NPs outperform Gd-chelates in terms of r1 per Gd ion. 

(3) Safety concerns over Gd leakage due to Gd-chelating instability. Despite their 

widespread use in clinics, the concern shrouding Gd-chelates is the potential risk of patients with 

impaired kidney function developing Nephrogenic Systemic Fibrosis (NSF). In patients with 

kidney dysfunction, the reduced renal clearance leads to prolonged tissue exposure which increases 

the probability of Gd release and deposit into tissues. Hence, safer alternatives(more stable and 

faster renal clearance) to Gd chelates are currently in demand, especially for patients with renal 

diseases. NSF involves the formation of fibrotic tissue in multiple organs. Often NSF is developed 

days to months following exposure to Gd containing CAs. The proposed mechanism of NSF is 

transmetallation in which Gd from the chelate is replaced thus forming a free Gd ion. These free 

Gd ions may then deposit in different tissues, resulting in inflammation and fibrosis. Low stability 

gadolinium contrast media have been shown to have the strongest association with NSF. These 

toxicological risks can be bypassed by incorporating paramagnetic Gd ions into a larger, more 

stable NP.  Nanomaterials incorporating Gd ions display much lower leaching compared to Gd 

chelates. Also, the known higher relaxivity of Gd NPs compared to Gd-chelates means less CA 

dosages are required to achieve similar contrast, therefore, minimizing risks to patients. The value 

of preparing Gd nanoplatforms is the large collective number of Gd ions in a single location, the 

ease of tuning physicochemical properties, and the potential for surface functionalization.  

(4) Gd chelates work in a nonspecific manner. These Gd chelates rely heavily on the 

altered anatomy of pathological tissue and therefore differential uptake for T1 differentiation. 
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Many designs rely on the enhanced permeation and retention (EPR) effect which is based on the 

characteristic “leaky” vasculature associated with disease states. However, there is great potential 

to move beyond passive distribution and create targeted CAs more specific to the disease. 

0.3.4 Synthesis and surface functionalization of Gadolinium NPs 

Gadolinium oxides (Gd2O3) are the most utilized alternatives to Gd chelates for MRI CAs. 

Multiple methods have been optimized to generate small Gd2O3 NPs (d=1 to 15 nm) including 

polyol synthesis, thermal decomposition, bio-mineralization, and hydrothermal. NaGdF4 NPs are 

another Gd NP form used for MRI contrast. These are synthesized using similar wet chemistry 

methods to their lanthanide UCNP counterparts. NaGdF4 has the advantage of potentially enabling 

a bimodal probe capable of UC with additional dopants. Thermal decomposition is the most 

common synthesis method due to high size control and tendency to form monodisperse colloids.  

Johnson et al. showed evidence of decreasing NP diameter results in a progressive trend 

towards higher relaxivities (see Figure 0.13b).26 The study showed the correlation between the 

increased surface area of Gd NPs and an increase in r1. The observed increase in r1 is attributed to 

a large number of Gd ions on the surface. In the study, paramagnetic NaGdF4 NPs of four different 

sizes (d=2.5–8.0 nm) were coated with polyvinylpyrrolidone (PVP) and characterized each 

group’s r1 values at 1.5 T. The ionic relaxivity (unit Gd3+ concentration) values increased from 3.0 

mM–1 s–1 to 7.2 mM–1 s–1 with decreasing NP size, and the relaxivity of the 2.5-nm NP was almost 

twice that of clinically used Gd-DTPA relaxivity. The relaxivity per CA (i.e., per NP) for these 

NPs is 200–3000 times larger than the clinical agent. The rate of increase in ionic relaxivity with 

decreasing NP size was similar to the rate of increase in the NP S/V ratio, giving a direct indication 

that the surface Gd ions are the major contributors to the relaxivity enhancement. The authors 

concluded ultra-small Gd NPs are the most desirable for MRI CA as they afford the largest S/V 
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ratio. Ultra-small generally refers to less than 5 nm core diameters (not necessarily HD). Other 

studies have made similar reports of ultrasmall Gd2O3 NPs with high r1 values ranging from 2 to 

40 mM-1s-1, with smaller particles showing higher r1 values. Multiple studies have reported 1-3 nm 

ultrasmall Gd2O3 NPs exhibited r1 values of 26 to 38 mM-1s-1 at 1.5 T. 

The synthesis of ultra-small Gd NPs via thermal decomposition has subtle differences 

including decreased reaction time/reaction temperature to control size. In the case of Gd CAs, the 

quality of the crystal (α or β) does not matter as much as for UC applications. In UC applications, 

radiative emission can easily result from hitting a defect in the crystal lattice during the photon 

migration process. While in MRI, only the surface Gd ions are contributing to the relaxation of 

water thus making the surface of the NP most important.  

Surface coating dictates how the CA can interact and relax water protons therefore 

determining the efficacy of the CA. As-synthesized lanthanide NPs have no intrinsic aqueous 

dispersibility and lack functional moieties for subsequent biological functionalization due to the 

hydrophobic oleate capping ligand. Despite their initial hydrophobic attribute, inorganic NPs have 

been rendered water-soluble either by introducing hydrophilic ligands to the surface (most 

commonly PEG but have included polysiloxane, D-glucuronic acid, PVP, and polysiloxane 

coating) or by growing a physical biocompatible shell (often CaF2 or silica). Physical 

biocompatible shells are not as useful for MRI applications as this creates a physical barrier for 

water to reach the Gd ions.  

Studies have reported maintaining OA on the NP surface keeps limits water accessibility 

to the Gd core and thus seriously affects the Gd ions ability to relax water protons.27 

Fang et al., developed a bilayer approach in which another surfactant layer of Cetyl 

trimethylammonium bromide (CTAB) – a common stabilizing ligand commonly applied in AuNR 
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synthesis- was added to OA capped Gd2O3 NPs.28 The CTAB molecules were oriented with the 

ammonium groups outwards, rendering the hydrophilic NPs. Although in terms of r1, only modest 

r1 was achieved. The low r1 expected due to the bi-layer long hydrophobic chains blocking water 

accessibility. Also, the potential toxicity of CTAB at high enough concentrations remains a 

concern. In the same study, Fang et al., demonstrate another method to render NPs water-

dispersible through ligand exchange. In the study OA is replaced by a hydrophilic polymer like 

PVP, this method produced higher r1 values compared to NPs prepared by the bilayer method.  

Recently, Johnson et. al. reported the highest r1 80 mM-1 s-1 per Gd3+ at 1.41 T with 

PEGylated ultrasmall Gd NPs. The optimal Gd NP hydrodynamic size (HD) was determined to be 

less than 5 nm. The systematic study also showed the importance of PEG: NP ratio to optimize the 

r1 value. Increasing the ratio of DSPE-PEG to NPs during micellization decreases the size of NP-

micelles, enhancing the proximity of water to the NP surface while changing PEG length appeared 

to have little effect on r1. The results are summarized in Figure 0.13c-d.  

Removal of the coordinating ligands on the NP surface is a unique, yet simple way to 

disperse NPs into an aqueous phase. Capobianco et al. developed a method to prepare water-

soluble and ligand-free NaYF4: Yb, Er UCNPs by removing the surface oleate ligand (OA) via 

acid treatment (pH = 4).30 The carboxylate groups of the oleate ligand were gradually protonated 

to yield oleic acid. The small amount of liberated oleic acid in water is removed by diethyl ether 

extraction. The purified NPs were found to form a stable and transparent solution. It has also been 

shown the removal of OA can be achieved through excess ethanol treatment with the assistance of 

sonication. this surface modification technique has yet to be explored for other applications, for 

example, MRI.  
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0.3.5 Advances towards Gd-based pH-activatable MRI Contrast Agents 

sensitivity and specificity dramatically. Noise is a ubiquitous problem in science and 

engineering,” stated Burgess, A.E., in, “Rose Model Revisited” (1999).31 The Rose model is used 

to assess the detectability of signals i.e. what signal to noise ratio (SNR) is required to detect a 

signal. According to this model, a signal can be reliably detected above some threshold of SNR. 

Rose’s SNR approach is used to evaluate image quality. Good SNR is especially important for 

MRI because the signal is very weak, and the data acquisition times are limited due to cost and 

patient comfort. The T1 and T2 relaxation rates affect the resultant SNR of an image. Also, 

activatable CAs would allow for the detection of lower concentration targets. 

Overall, the goal of activatable contrast is to increase accumulation, increase half-life, 

increase specificity at the target site either to increase image contrast or to reduce total injected 

CA to maximize the benefits of contrast-enhanced imaging. In particular, activatable CAs allow 

for spatiotemporal control of signal enhancement rather than the always “ON” signal enhancement 

from conventional CAs. Activatable CAs have been designed to respond to a variety of 

endogenous as well as exogenous stimuli.  

One highly studied endogenous stimuli characteristic of disease states is pH. Decreased 

extracellular pH values have been associated with cancer and various other ischemic diseases due 

to the increased localized cellular metabolism. In addition, pH-sensitivity would allow for 

intracellular delivery. The ability to differentiate acidic microenvironments and produce pH-

dependent relaxivity profiles has major implications for early identification of disease. Efforts to 

develop pH-activatable Gd-based MRI CAs are summarized in Table 0.3. Note multiple studies 

did not achieve pH-sensitive relaxivity rather the probes relaxivity remained constant and the pH-

sensitive feature allowed for drug delivery. 
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Table 0.3 Summary of pH-responsive Gd based MRI CAs 

Type of Gd Design pH consequence Effect observed Application Ref 

“OFF” Signal “ON” Signal Overall 
Change  

Field 
Strength 

Gd-chelate Gd-DOTA- G5 
PAMAM 
dendrimer 

Protonation of 
dendrimer alters 
proton exchange 
with Gd 

7.91 mM-1 s -1 @ 
pH < 8.84 

9.65 mM-1 s -1 

@ pH < 6.35 
+Δ 1.74 
mM-1s-1 

3T Proof of concept in 
solution 

32 

 Gd-DTPA Rapidly degrade 
by hydrolysis to 
facilitating renal 
clearance 

8.16 ± 0.25 mM-

1s-1 @ pH 10 
-Δ r1 @ pH 7.4 

and 6 
-Δ 60% @ 

pH 7.4 and 6 
1.4T In vivo murine model 33 

 Gd-DOTA-
linker-Fe2O3 

Reversible 
conformation 
change  

-Δ r1 @ pH 6 +Δ r1 @ pH 8 
 

+ΔR1 [s-1] = 
1 

3T In vitro and in vivo 
cancer model 
(xenografted tumor) 

34 

 Fe2O3 -PAA-Gd-
DTPA 

Swelling of PAA  50.2 ± 1.8 mM-

1s-1 
97.0 ± 2.5 mM-1 s 

-1 
+Δ93% @ 

pH 4 
0.47T Proof of concept in 

solution 

35 

Gd ions 
embedded into 
a NP 

Gd ions in SiO2 
NPs @ 
poly(MAA- co -
MBAAm) 

Polymer shrinkage 
at lower pH 

2-3 mM-1 s -1 2-3 mM-1 s -1 
+Δ r2 at pH < 7 

0 0.47T Proof of concept in 
solution 

36 

Gd 
Metallofulle-
rene(GMF) 

GMF @ PEG-
PDPA-DEA-
NHS 

Hydrophilicity 
switch  
DOX release 

5.7 mM−1s−1 @ 
pH 7.4 

17.8 mm−1 s−1 
@ pH 6.6 

3-fold 
increase 

7T In vitro and in vivo 

cancer model 

37 

 PEGylated GMF 
polypyrrole NP 
(PEG-GMF-PPy 
NP) 

Hydrophilicity 
switch 

3.99 mM−1 s−1 
@ >pH 6.8 

11.86 mM−1 s−1 
@ < pH 6.8 

3-fold 
increase 

7T In vitro and in vivo 

cancer model 

38 
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Gd NPs PEG-b-
PDPAEMA 
grafted to Gd 
MOFs  

Conformational 
change in 
polymers  

6.7 mM-1 s -1 @ 

pH 7.3 
12 mM-1 s -1 @ 

pH 5.9 
+Δ 5.3 mM-

1s-1 
9.4T Proof of concept in 

solution 

39 

 Gd2O3 @ 
PNIPAM + 
PMAA NPs 

Polymer coating 
shrinkage.  
Drug release @ 
pH<7 

6.13 mM-1 s -1 6.13 mM-1 s -1 0 3T In vivo tumor imaging. 40 

 Gd2O3 @ 
polymer NPs 

Polymer coating 
swelling and 
hydrolysis 

1.6 mM-1 s -1 @ 
pH >7 

6.72 mM-1 s -1 
@ pH <7 

4.2-fold 
increase 

1.4T Proof of concept in 
solution 

41 
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Attempts to create pH-sensitive MRI CAs can be summed up into 4 main strategies: (1) 

Combine a superparamagnetic material with the paramagnetic Gd ions to silence their ability to 

relax protons; (2) Degradation; (3) Self-assembly; (4) Create an “OFF” signal by limiting water 

accessibility to the paramagnetic Gd ions. 

 

Figure 0.14 Summary of MRET probes. 34 Reprinted (adapted) with permission from ref 35. 
Copyright 2012 American Chemical Society. 

One strategy towards pH activated MRI contrast utilizes Magnetic Resonance Energy 

Transfer, MRET. MRET is a magnetism-based nanoscale distance-dependent phenomenon 

illustrated in Figure 0.14c. The first MRET based pH-sensitive probe was reported by Santra et 

al.35 The authors coat SPIONs with PAA encapsulating Gd-DTPA. At 0.47T, the probes displayed 

an OFF signal of r1=50.2 ± 1.8 mM-1s-1 at pH7.4 which increased to 72.5 ± 1.3 mM-1 s -1, a 44% 

difference at pH 6. At pH 5 the r1=84.3 ± 1.2 mM-1 s -1 a 68% change in r1 relative to pH 7.4 and 

at pH 4 r1=97.0 ± 2.55 mM-1 s -1which is a 93% change in r1. Although this approach is proven to 

provide a good ON/OFF ratio, there is no real “OFF” signal as the initial signal is relatively high.  

Another MRET probe was reported by Choi et al. which had the additional advantage of 

being reversible (Figure 0.14a and b).34 The study presents a Gd-DOTA molecule connected to a 

12 nm superparamagnetic NP via a pH-sensitive DNA linker. The oligonucleotide linker 

undergoes folding at pH 6 and unfolding at pH 8 via protonation and deprotonation, respectively, 
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of the cytosine imino group. When in the folded conformation the enhancer (Gd DOTA) is closer 

to the quencher and their separation distance is below the critical distance, dc. Therefore, turning 

ON of the T1 MRI signal (ΔR1 =∼1.2 s−1 ) at a pH 8 and turning OFF (ΔR1 =∼0.3 s−1 ) at a pH 6 

occur reversibly. Folding/unfolding motion was also demonstrated using oligonucleotides with 

multiple thymine groups. This new method of achieving activatable CA is promising but to date 

has only shown modest ON/OFF ratios. However, most MRET studies up until this point have 

featured Gd-chelates who possess only modest relaxivities thus severely limiting their “ON” 

signals.  

A novel approach to activatable MRI CAs is triggered self-assembly. Although the concept 

has yet to be applied to a pH-sensitive probe, the concept has been proven effective in detecting a 

reducing microenvironment. In the study by Ye et al., upon disulfide reduction at physiological 

conditions, the acyclic CA consisting of two Gd-chelates undergoes intramolecular 

macrocyclization.42 This forms rigid, hydrophobic macrocycles, which self-assemble into Gd NPs 

(d=100–300 nm).  The authors report r1 up to 34.2 mM–1 s–1 per molecule at 0.5 T upon activation 

(60% increase). The observed increase in r1 is due to an increase in the tumbling frequency (τR). 

The study was mainly tested in cuvette and still remains to be proven in vivo; however, some 

concerns arise due to potential issues with clearance and controlling NP size.  

One unique strategy to introduce pH-sensitivity is through tumor-microenvironment-

induced degradation. Unlike the previous example of assembly, in situ degradation avoids probes 

“getting stuck” in tissue aiding with overall clearance. Also, controlled degradation of the probe 

would allow for greater tumor penetration thus improved the overall anti-cancer effectiveness. In 

a study by Wu et al., ultrathin gadolinium oxide nanoscrolls (Gd2O3 NSs) degrade in a pH-

responsive manner while also achieving effective tumor intracellular drug delivery of Doxorubicin 
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(DOX).43 Gd2O3 NSs underwent pH-responsive degradation in vitro at pH 5.0 and pH 6.5, and low 

degradation in pH 7.4 after 24 h. Alamar blue cytotoxicity studies in which NSs incubated with 

murine myoblast C2C12 cells showed similar cell viability to the control (blank) after 24 h. While 

incubation of NSs-DOX with human malignant melanoma cells (A-375) greatly suppressed A-375 

cell viability up to 60% after 24 h and up to 95% after 72 h at the equivalent dose of 1 μg/mL Gd3+. 

All the observed toxicity in cancer cells can be traced back to the DOX.  

An alternative method is the use of pH-sensitive polymers/linkers. pH-sensitive polymers 

can be introduced which either undergo hydrolysis where the bonds in the polymer are cleaved or 

the polymer undergoes a hydrophilicity switch. In the former, the polymer is initially hydrophobic 

which effectively shields the encapsulated Gd ions from exposure to surrounding water molecules. 

In the presence of low pH, acid sensitive bonds in the polymer NP breaks apart creating a “burst 

release” allowing water to coordinate with the payload Gd ions. In the latter, the Gd ions are also 

shielded from water contact via a hydrophobic polymer but when in the presence of low pH, the 

polymer becomes hydrophilic allowing water to coordinate with the Gd ion thus effectively 

activating MR signal. This is often observed as swelling of the polymer.  

The ideal pH activatable MRI CA maximizes signal change between the inactive versus 

activated CA. However, many activatable systems have struggled to achieve good SNR while 

simultaneously suppressing the relaxivity of the inactive form of CA. However as indicated by 

Table 0.3, a majority of studies have not taken full advantage of the benefits of Gd NPs for 

activatable MRI CAs. Most studies still utilize Gd-chelates which greatly limits their maximum 

achievable “ON” signal. 
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There have been a handful of examples of encapsulating Gd NPs inside polymer matrices 

with CA activation derived from controlling water accessibility to the Gd ions. Viger et al. were 

the first to introduce collective activation as shown in Figure 0.15. The authors encapsulated Gd 

oxide NPs into a series of bioresponsive polymer capsules for triggered release of MRI CAs. In 

this proof of concept in solution, achieved a 4.2-fold increase in r1 at pH less than 7.  

 

Figure 0.15 Collective Activation of MRI Contrast Agents. Reprinted (adapted) with 
permission from ref 41. Copyright 2013 American Chemical Society. 

A newly emerging form of Gd for MRI contrast is gadolinium metallofullerene (GMF) or 

gadofullerenes. This Gd chelate alternative features a Gd ion trapped within a fullerene cage and 

generally has the chemical formula Gd@C82, Gd@C60, or Gd3N@C80. Touted as a safer alternative 

to Gd chelates for being better at preventing potential ion leakage and having greater half-life, 

GMF also provides higher relaxivities (up to 40 times greater) than the conventional MR CA. 

However, it is important note that the highest MR relaxivities still belong to Gd NPs.  

Wang et al. has released a series of studies on GMF-based pH activatable MRI CAs.37,38 

The strategy to create pH-responsive MRI CAs with GMFs is similar to designs featuring Gd NPs 

which attempt to silence relaxivity by shielding water interaction. Figure 0.16 shows GMFs alone 

have high r1 values more than 20 mM-1s-1. Encapsulation of GMFs inside a hydrophobic pH 

responsive polymer NP is shown to generate an “OFF” signal of 5.7 mM-1s-1 while a pH of 6.6 
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creates an “ON” signal of 17.8 mm−1 s−1, almost fully recovering GMF r1 value. Figure 0.16 shows 

T1-weighted MRI images of HeLa tumor‐bearing mice injected with responsive NPs. After IV 

injection, the signal intensities at tumor sites gradually increased over time due to tumor 

accumulation. An obvious MR contrast enhancement in tumor was achieved at 24 h post injection 

with a signal‐to‐noise ratio (SNRpost/SNRpre) of ≈1.8, which was much higher than the non-

responsive control group (Figure 0.16b and c). Due to the similar NP size and surface coating, the 

higher SNRpost/SNRpre value of the pH-Responsive NP treated group was attributed solely to the 

pH‐activated signal‐amplification of the pH‐Responsive NPs. Wang et al. further demonstrates 

their design versatility by either introducing a photothermal therapy/photoacoustic imaging or 

Doxorubicin (DOX) drug delivery functionality to their already pH-activatable MRI CAs. 

  

Figure 0.16 pH-activatable Gadolinium Metallofullerene-based MRI CAs. 37 

0.4 Scope of This Thesis 

In this thesis, with the understanding of the current state-of-the-art and major challenges in 

the field, I will focus on optimizing the physicochemical properties of lanthanide nanomaterials 

for the specific imaging modality to maximize absorption of incoming excitation energy and 

maximize the generation of the reporter signal.  
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Sensitivity can be increased in one of two ways:  

(1) Increase signal. 

(2) Decrease background.  

Therefore, effective manipulation of the structure and delivery method of lanthanide 

bioimaging probes is a viable strategy to increase the overall sensitivity of the imaging technique.  

In Chapter 1, we aim to increase PL signal from UCNPs by enhancing the UC luminescence 

in one of the most widely studied systems—Yb-Er co-doped β-NaYF4 NPs by introducing heavily 

doped Nd shells. These Nd shells not only afforded greater absorption than the conventional core 

but also successfully shifted UC excitation to a more biologically friendly wavelength. Through 

strain engineering, we conduct a systematic study to determine the optimal doping concentration 

of Nd for enhanced UC emission. We show the use of a tensile strained shell allows for higher Nd 

doping concentrations while preserving their structural integrity in terms of forming concentric 

and coherent heteroepitaxial CS nanostructures.  

In Chapter 2, we aim to decrease background signal in enhanced MRI by encapsulating 

NCs that are known to have high relaxivity inside a bioresponsive polymer to create MR signal 

with spatiotemporal control with an ON/OFF signal. We show the encapsulation of Gd NCs within 

a bioresponsive polymer matrix is an efficient method of creating an “ON/OFF” signal, therefore, 

introducing a simple yet elegant ligand-less method of targeting for MRI CAs.  

In Chapter 3, we assess the current landscape of lanthanide research and analyze current 

trends in the field of lanthanide NPs for bioimaging. We also provide our perspective on the major 

remaining challenges remaining in the field, how to best address these challenges, and provide an 
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outlook on the future. In addition, we provide an overview of research on the biosafety of 

lanthanide NPs and how to address material toxicity concerns.  

Chapter of introduction is unpublished work. Carina Arboleda and Adah Almutairi. The 

dissertation author was the primary investigator and author of this material. 
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Chapter 1 

High Nd(III)-sensitizer concentrations for 800 nm wavelength excitation using isotropic core-

shell upconversion nanoparticles 

 

1.1 Abstract 

Upconverting nanoparticles (UCNPs) are potentially useful for biological applications, if 

they are capable of high-intensity emission. This requires the highest absorption efficiencies of 

wavelengths not absorbed or scattered by tissues. 800 nm is considered to be a “biobenign” 

wavelength because it effectively minimizes signal attenuation and reduces detrimental 

overheating, while maintaining deep tissue penetration. Neodymium (Nd3+) substitution for 

ytterbium (Yb3+) in lanthanide-based UCNPs successfully shifts absorption from 980 nm to 800 

nm, where water does not show absorption. High Nd3+concentrations are desired because the more 

the sensitizer ions, the higher the absorption and thus the upconversion (UC) emission. However, 

high Nd3+-sensitized UCNPs, above 30 mol% Nd3+, have been limited because of lattice distortions 

observed in heavily doped core-shell nanoparticles (CS NPs). Here, we overcome this hurdle by 

introducing a tensile-strained NaLuF4 shell while still ensuring a complete and thicker isotropic 

shell. We report 50 mol% Nd3+-sensitized CS NPs that effectively release lattice strain between 

the core and shell. The doping concentration of 50 mol% Nd3+ provided 13-fold UC enhancement 

compared to CS NPs without Nd3+ in the shell, independent of the activators examined in this 

study. This exceptional enhancement in UC emission is due to the maintenance of structural 

uniformity. We demonstrate cell tolerability by PEGylating CS NPs and incubating the NPs with 

several cell types to show the potential for biological applications. 
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1.2  Introduction 

Lanthanide-based upconverting nanoparticles (UCNPs) efficiently convert lower energy 

near-infrared (NIR) excitation into higher energy visible emissions through sequential photon 

absorption.[1-4] NIR excitation permits deep penetration into biological tissues translating to the 

potential of UCNPs for biological imaging and sensing.[5-13] Compared to conventional biomarkers 

like quantum dots, organic dyes, and fluorescent proteins, UCNPs provide the advantage of large 

stokes and anti-stokes shifts with superior photostability and minimal autofluorescence 

interference.[14-20] 

UCNPs generally consist of co-doped trivalent lanthanide ions housed within a crystalline 

host lattice. The two classifications of dopant ions are: (i) sensitizers which absorb, and (ii) 

activators which emit light.[8] Ytterbium (Yb3+) is historically the most prevalent sensitizer due to 

the excellent absorption characteristics of Yb3+ in the NIR region (900-1100 nm regime). Unlike 

other lanthanide ions, Yb3+ possesses a simple energy level with a single excitation band centered 

at 980 nm. Along with being the most studied sensitizer system, Yb3+ -based systems undergo the 

most efficient energy transfer between the sensitizer and activators and are therefore the most 

efficient UC materials known to date. 

However, 980 nm excitation overlaps with water absorption. Because water is the most 

abundant molecule in biological systems it absorbs most of the excitation photons. Aside from 

signal attenuation, this spectral overlap leads to damaging heat generation.[21, 22] As a result, the 

versatility of lanthanide-based UCNPs for bioimaging is extremely limited. To bypass harmful 

overheating, previous studies have focused on 800 nm excitation.[23-29] At 800 nm, the absorption 

coefficient of water is effectively minimized 24-fold, from 0.02 cm-1 to 0.48 cm-1 at 980 nm.[30] By 
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avoiding direct competition with water absorption, 800 nm is considered a more biologically 

friendly or “biobenign” wavelength. 

A biobenign wavelength excitation can be achieved by introducing neodymium (Nd3+) into 

Yb/Er or Yb/Tm systems. Early Nd3+-doped UCNPs successfully shifted excitation from 980 to 

800 nm but were constrained to low Nd3+ doping concentrations of 1-30 mol%. The majority of 

the previously published work was limited to less than 10 mol% Nd3+ with some reports of 30 

mol% Nd3+.[31-34] These restricted concentrations were in part due to lattice strain leading to 

anisotropic shell growth caused by elevating the percentage of Nd. Anisotropy results from a 

combination of multiple factors including lattice mismatch between core and shell components.[35] 

As Nd3+ has a relatively large ionic radius compared to other lanthanides, it introduces a 

compressive lattice strain in the shell layer and thus produces anisotropic core-shell (CS) 

nanoparticles (NPs). A compressive strain is unfavorable for the optical properties of CS NPs 

because compressive strain at large enough shell thicknesses leads to faceting and this faceting 

decreases emission. 

Nevertheless, this strain can be overcome by careful host lattice selection.[36, 37] Lutetium 

(Lu3+) shells provide structural superiority amongst possible host lattice compositions by ensuring 

isotropic and centrosymmetric epitaxial growth.[38] Typically, shells are introduced via epitaxial 

growth where the shell crystal lattice adapts to the underlying core lattice.[39-43] Although 

lanthanides exhibit similar chemistry within the series, the poor nuclear charge shielding of the 4f 

electrons leads to the increased attraction of 6s electrons to the nucleus resulting in a gradual 

contraction as the atomic number increases.[44] This lanthanide contraction produces strain within 

heteroepitaxial nanostructures between the core and shell.[36] The relatively small ionic radius of 

Lu3+ effectively reduces the compressive deformation caused by heavily-doped Nd3+. Featuring 
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Lu3+ in the shell host lattice allows more Nd3+ content in the shell by mitigating the compressive 

strain induced by Nd3+. 

 

Scheme 1.1 Schematic design of Nd3+-sensitized core-shell nanoparticles for photon 
upconversion under 800 nm excitation. The activator ions can either be Er3+ or Tm3+. To the 
right is the proposed energy transfer mechanism for Er3+-doped UCNPs. The bottom shows the 
ionic radii of lanthanides and the type of strain-induced. 

We hypothesized that the mitigation of lattice strain could address the long-existing 

limitation of low sensitizer ion doping concentrations, resulting in improved UCNP absorption and 

therefore efficiency in overall upconversion emission Herein we synthesize NaYF4: Yb/Gd/Er and 

NaYF4: Yb/Gd/Tm cores via thermal decomposition with NaLuF4 shells of varied Nd3+ 

concentrations (0, 5, 20, 50, 60, 75, and 100 mol%) (Scheme 1).[45, 46] We chose NaYF4 as the core 

host lattice material because of the documented high UC efficiency.[47-50] Utilizing a 

heteroepitaxial, tensile-strained shell of NaLuF4 allowed uniform shell growth with highly 

controllable thickness except for Nd3+ doping concentrations greater than 50 mol%.  

In Nd3+-sensitized CS NPs, Nd3+ acts as the main absorber (Scheme 1). Yb3+ is required to 

effectively bridge energy transfer from Nd3+ to Er(Tm)3+ while avoiding deleterious cross-
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relaxation.[ 25, 30, 51-53] Cross-relaxation, with its potential emission energy dissipation via non-

radiative transfer to neighboring ions can also be overcome by doping lanthanide ions in separate 

layers of a CS nanostructure.[51, 52, 54] Incorporating Nd3+ and Yb3+/Er(Tm)3+ into separate regions 

successfully overcomes potential multiphoton cross-relaxation and thereby increasing UC 

emission intensity. 

 

1.3 Results and Discussion 

We synthesized NaYF4: Yb/Gd/Er @ NaLuF4: X mol% Nd, in which Nd3+ concentration 

in the shell was precisely modulated (X= 0, 5, 20, 50, 60, 75, and 100 mol%). The size increases 

observed via transmission electron microscopy (TEM) corroborates the formation of conformal, 

monodispersed CS NPs from cores. As shell thickness is important for UC emission properties, 

shell thicknesses were controlled amongst the various groups by injecting the same amount (1 

mmol) of alpha phase shell material and allowed Ostwald ripening of the shell for 36 min total per 

group. Final CS NPs maintained their quasi-spherical shape with minimal faceting even at heavier 

Nd3+ doping concentrations (Figure 1.1a-c), except for 60, 75, and 100 mol% (Figure 1.6a). 

Histograms reveal narrow size distributions for all groups (Figure 1.1c). All Er3+-doped cores and 

CS NPs had similar diameters of 18.3 ± 0.55 and 24.5 ± 2.4 nm, respectively. The diameters of 

Tm3+-doped cores and CS NPs averaged 21.1 ± 0.88 and 31.0 ± 2.9 nm, respectively (Figure 1.2a-

c).  
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Figure 1.1 Characterization of core-shell nanoparticle morphology. TEM images of Er3+-
doped cores and epitaxially grown shells. (a) As-synthesized NaYF4: Yb/Gd/Er cores (left) and 
NaLuF4 shell grown onto the core (right). (b) As-synthesized NaYF4: Yb/Gd/Er cores (left) and 
NaLuF4: 50 mol% Nd shell grown onto the core (right). (c) Histogram displaying size distribution. 
 

 

Figure 1.2 TEM images of Tm3+-doped core and epitaxially grown shell. (a) On left, 100kx 
TEM image of as-synthesized NaYF4: Yb/Gd/Tm cores. On right, 100kx TEM image of NaLuF4 
shell grown onto the core (b) 100kx TEM image of NaYF4: Yb/Gd/Tm cores and NaLuF4: 50% 
Nd shell grown onto the core. (c) TEM Analysis of NC size distribution for each group. From top 
to bottom is the increasing Nd3+ concentration in the shell.  
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The slightly larger core diameter size of the Tm3+-doped CS NPs compared to their Er3+-

doped counterparts is attributed to lower Gd3+ concentration in the Tm3+-systems (5 mol%) versus 

Er3+-systems (10 mol%). Gd3+ is doped into the core to help facilitate the formation of the 

hexagonal phase. A small amount (10 mol% Gd) was doped into the core in place of Y3+ in the 

host lattice to ensure the formation of hexagonal rather than the cubic phase. The hexagonal phase 

has been shown to have relatively greater UC efficiency.[47] Previous studies have shown that an 

increase in Gd3+ composition correlates with a decrease in size but is not anticipated to participate 

in the UC emission process.[47] Furthermore, Gd is considered to be optically inert due to a large 

gap between Gd energy levels.[2, 3, 55] 

In addition to size measurements, CS composition was confirmed via inductively coupled 

plasma optical emission spectrometry (ICP-OES) and Energy-dispersive X-ray spectroscopy 

(EDS). ICP-OES revealed Lu3+ and Nd3+ doping levels were consistent with the calculated 

concentrations (Table 1.1). Not only were we able to synthesize ideal CS structures with uniform 

shell thickness but also maintained high control of Nd3+ doping within the shell. EDS was used to 

further confirm the theoretical elemental doping (Figure 1.3). The core line scan revealed 

characteristic peaks of Yb, thus confirming the presence of Yb in the core. Yb confinement within 

the core was verified by the absence of Yb peaks in both the 0 and 50 mol% Nd CS spectra. Line 

scans of 0 mol% Nd CS showed no peaks associated with Nd from 4-7 keV. The spectrum for 50 

mol% Nd CS showed both characteristic peaks of Nd and Lu.  
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Table 1.1 ICP-OES Elemental Analysis of core-shell nanoparticles.  

 
 
 
 
 
 
 
 
Initial 
Digestion: 
10 µl NP 
Solution 
990 µl 70% 
Nitric Acid 
 
 
 
Final 
Dilution: 
300 µl 
Digested 
Solution 
2700 µl 3% 
Nitric Acid 
 

Group Concentration 
[ppb] 

Actual mol% of Nd 

NaYF4:Yb0.18Gd0.1Er0.02 
@NaLuF4 

Nd    0  0% 
Lu    1356.67 

NaYF4:Yb0.18Gd0.1Er0.02 
@NaLuF4:Nd0.05 

Nd 60.27 3.24% 

Lu 2183.3 

NaYF4:Yb0.18Gd0.1Er0.02 
@NaLuF4:Nd0.25 

Nd    508.17 18.29% 
Lu    2753.3 

NaYF4:Yb0.18Gd0.1Er0.02 
@NaLuF4:Nd0.5 

Nd    1860 52.89% 
Lu    2010 

NaYF4:Yb0.18Gd0.1Er0.02 
@NaLuF4:Nd0.6 

Lu    1323.36       60.01% 
Nd    1069.88 

NaYF4:Yb0.18Gd0.1Er0.02 
@NaLuF4:Nd0.75 

Nd    691.94 76.52% 
Lu    257.58 

NaYF4:Yb0.18Gd0.1Er0.02 
@NaNdF4 

Nd    2019 100% 
Lu    0 

NaYF4:Yb0.2Gd0.05Tm0.005 
@NaLuF4 

Nd    15.23 0.91% 
Lu    2020 

NaYF4:Yb0.2Gd0.05Tm0.005 
@ NaLuF4:Nd0.05 

Nd    102.3 4.13% 
Lu    2376.67 

NaYF4:Yb0.2Gd0.05Tm0.005 
@ NaLuF4:Nd0.25 

Nd    257.3 20.42% 
Lu    1216.67 

NaYF4:Yb0.2Gd0.05Tm0.005 
@ NaLuF4:Nd0.5 

Nd    993.5 45.39 % 
Lu    1450  
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Figure 1.3 Elemental analysis of core and core-shells. Top panel: EDS line scan of NaYF4: 
Yb/Gd/Er cores. Middle panel: EDS line scan of Lu CS (NaYF4: Yb/Gd/Er @ NaLuF4). Bottom 
panel: EDS line scan of 50 mol% Nd CS (NaYF4: Yb/Gd/Er @ NaLuF4: 50 mol% Nd). EDS scans 
were obtained using an FEI Quanta. 
 

However, progressively increasing from 50 to 100 mol% Nd CS NPs exhibited significant 

shell distortion with an incomplete shell enclosure (Figure 1.6a). 60 mol% Nd CS exhibited an 

irregular, non-spherical conformation while increasing the Nd concentration slightly to 75 mol% 

formed an elongated, ellipsoidal morphology. An entirely Nd shell (100 mol% Nd) created poly-
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dispersed, dumbbell-like shapes. This is as predicted as the magnitude and sign of lattice mismatch 

between the core and shell have been reported to produce oblong CS structures. [10, 35, 36, 56, 57] This 

is attributed to the overwhelming compressive lattice strain from the large ionic radii of Nd3+. 

The high crystallinity of the CS NPs is reflected by the visible lattice fringes under high-

resolution TEM (HR-TEM) (Figure 1.4a). The distance between lattice fringes measured 

approximately 5.7 Å, corresponding to the (100) lattice plane (Figure 1.4a inset). The crystallinity 

of UCNPs is key as poor crystallinity produces multiple defects that can potentially act as 

quenching centers for emission. 

 

 

Figure 1.4 Highly crystalline CS NPs. (a) Low magnification TEM image of NaYF4: Yb/Gd/Er 
@ NaLuF4: 50 mol% Nd. Inset is a high magnification TEM image showing lattice spacing 
corresponding to (100) lattice plane. (b) Crystallographic information obtained via XRD for Er3+ 
doped CS NPs. 

 

X-ray diffraction (XRD) further confirmed CS crystallinity. Peak shifts toward lower 

diffraction angles to the core were observed, indicating compressive-strained shells. Coherent 

epitaxial growth on the core results in matched XRD patterns of the core and resulting CS. The 

diffraction patterns of 0 and 50 mol% Nd CS NPs matched the reference hexagonal NaYF4 XRD 

profile (Figure 1.4b). Hexagonal-phase NaYF4: Yb/Er NPs have been demonstrated to be 
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unparalleled in terms of NIR-to visible UC materials. All XRD peaks can be indexed to a pure 

hexagonal phase. This is in good agreement with the Joint Committee on Powder Diffraction 

Standards (JCPDS) data, thus confirming conformal epitaxial shell growth. The XRD pattern for 

a pure Lu3+ shell features a noticeable right shoulder, an indication of a tensile-strained shell. A 

slight left shoulder on the 50 mol% Nd CS NP peaks suggests a marginally compressive shell. This 

is to be expected as Nd3+ relatively large ionic radius creates a compressive strain. This effect is 

counterbalanced by the Lu3+ shell tensile contribution. These results demonstrate the importance 

of Lu3+ to minimize the compressive contribution of Nd3+ as more Nd3+ is doped to increase 800 

nm absorption.  

The smaller crystal lattice of NaLuF4 relative to NaYF4 core produces favorable tensile-

strained shell growth. Therefore thick, uniform epitaxial shells can be successfully grown onto the 

cores. We demonstrate the versatility of our CS design by creating thick shells on various activator 

doped cores, such as erbium (Er3+) and thulium (Tm3+) feature a wealth of ladder-like energy levels 

that facilitate successive photon absorptions and energy transfers. These photophysical processes 

translate to efficient visible emissions, where shell thickness is a key factor determining UC 

emission. Lu3+ enabled uniform shells of controllable thickness with spatially confined Nd3+. 

Next, we characterized the absorption properties of the as-synthesized CS to assess the 

effect of increased Nd3+ doping. Traditionally, sensitizer dopant levels are kept at low 

concentrations of less than 30 mol%. Dopant concentrations determine the UC emission behavior 

by altering the energy transfer distance which in turn affects energy transfer efficiency and energy 

transfer pathways such as multiphoton cross-relaxation. 

Also, UCNPs are inherently weak absorbers to light/optical energy. The molar absorption 

coefficient, ε, of UCNPs is less than 10 M-1cm-1 compared to Fluorescein-5-isothiocyanate (FITC) 
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whose molar absorption coefficient is 73,000 M-1cm-1) due to the forbidden nature of 4f transitions 

based on the Laporte rule which severely limits their practical usage.[58, 59] To circumvent these 

low molar extinction coefficients for bioimaging applications, higher sensitizer concentrations are 

crucial. 

 

Figure 1.5 Absorption and Emission of Er3+ and Tm3+-doped core-shell nanoparticles with 
varying concentrations of Nd3+ in the shell. Absorption spectra of Er3+-doped CS NPs (a) and 
Tm3+-doped CS NPs (b) obtained via UV-Vis. (c) Emission spectra of Er3+-doped CS NPs obtained 
via fluorimeter equipped with a continuous wave laser at 800 nm and 0.6 W/cm2. (d) Quantification 
of the area under the curve. Green emission includes peaks at 522 and 545 nm. Red emission peaks 
at 645 nm. (e) Emission spectra of Tm3+-doped CS NPs. (f) Quantification of the area under the 
curve. Blue emission includes peaks at 450 and 474 nm. Red emission peaks at 650 nm. 

 

First, the absorption at 980 nm was characterized which corresponds to the Yb3+ transition 

from 2F7/2 → 2F5/2. Absorption spectra obtained by UV-Vis showed constant absorption intensity 

at 980 nm regardless of the activator or shell composition (Figure 1.5a-b). The ability to absorb 

980 nm light was predicted and confirmed to be consistent between groups because the amount of 

Yb3+ remained the same. Absorption intensity increased as the concentration of Nd3+ increased for 

the following characteristic Nd3+ transitions: 4I9/2→ 4G7/2; 4I9/2 → 2F3/2; 4I9/2 → 4F9/2; 4I9/2 → 2F3/2; 



 

63 

4I9/2 → 2F3/2; and 4I9/2 → 2F3/2. Nd3+ has an additional advantage over Yb3+ as the sensitizing 

component as the absorption cross-section of Nd3+ (1.2 x 10-19 cm2 @ 800 nm) is ten-times higher 

compared to Yb3+ (1.2 x 10-20 cm2 @ 980 nm).[51] Nd3+ has the innate ability to absorb more 

photons than the traditional sensitizer, Yb3+. 

Higher photon absorption should lead to increased emissions with a similar construction of 

emitters within one nanostructure. Therefore, we investigated whether the increased photon 

absorption achieved at higher Nd3+ doping concentrations directly correlate to increased UC 

emission. 

The emission spectra of the various groups were recorded under 800 nm continuous-wave 

laser at 0.6 W/cm2 power irradiation. CS NPs without Nd3+ doping in the shell (0 mol% Nd) 

showed virtually zero-emission upon 800 nm excitation. Emission intensity initially increased as 

the concentration of Nd3+ was elevated. The highest emission intensity was observed at 50 mol% 

Nd with either Er3+ or Tm3+ as the activator (Figure 1.5c-f). An 11.6-fold increase was observed 

for Er3+-doped systems (Figures 1.5c-d) and a 13.3-fold increase was observed for Tm3+-doped 

systems for 50 mol% Nd compared to 0 mol% Nd in the shell (Figures 1.5e-f). The UV and blue 

emission of Tm3+ require the absorption of 4 or 5 low-energy photons, while only 2 photons are 

necessary to induce the green and red emission of Er3+. Often requiring higher excitation power 

densities to selectively increase the UV and blue luminescence relative to the green and red 

emission. Greater enhancement observed in the Tm3+-doped system is a testament to the CS 

design’s improved UC efficiency.[60]  

The absorption and emission of higher Nd3+ doping concentrations up to 100 mol% Nd CS 

NPs were also characterized (Figure 1.6, 1.7b, and 1.7c). Although the absorption of 100 mol% 

Nd CS NPs was substantially higher than the other groups, the poor shelling diminishes emission 
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relative to the 50 mol% Nd concentration in the shell decreases UC emission. In fact, after 50 

mol% Nd, increasing Nd3+ doping concentration in the shell decreases UC emission. Regions of 

thin shells become weak spots for excitation energy to be lost via nonradiative transfer to the 

surface defects and/or solvent.  

 
Figure 1.6 Absorption spectra for high Nd concentrations. Absorption spectra of Er3+-doped 
CS NPs of high Nd doping concentrations via UV-Vis with 1 nm increments. 

 

Figure 1.7 Effects of high Nd3+ shell concentrations. (a) TEM image of NaYF4:Yb/Gd/Er @ 
NaLuF4:60%Nd (left), @ NaLuF4:75%Nd (middle), and @ NaNdF4 (right). (b) Emission spectra 
of Er3+-doped core-shell NPs of high Nd concentrations obtained via fluorimeter with excitation 
source set at 0.6 W/cm2at 800 nm. (c) Quantification of area under the curve. Green emission 
includes peaks at 522 and 545 nm. Red emission peak at 645 nm
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Figure 1.8 Emission spectra for varying shell thicknesses. (a) Emission spectra of Er-doped 
core-shell NCs of higher Nd doping concentrations obtained via fluorimeter with excitation source 
set at 0.5 mW at 800 nm. (b) Quantification of the area under the curve. Green emission includes 
peaks at 522 and 545 nm. Red emission is at 645 nm. 

To demonstrate the importance of shell thickness for overall optical performance, shells 

were grown to twice the thickness used in previous studies (2 mmol versus 1 mmol alpha phase). 

Thicker 50 mol% Nd shells exhibited greater UC emission compared to thinner 50 mol% Nd shells 

(Figure 1.8).  

To confirm the structural superiority of Lu3+ shell host lattice, we synthesized CS NPs with 

different shell host lattice compositions. Matching core and shell host lattice (NaYF4) resulted in 

non-uniform CS (Figure 1.9a). The combination of high Nd3+ doping (50 mol%) and the relatively 

large ionic radii of Y3+ (1.159 Å) resulted in some faceting which indicates compressively strained 

shells. In conjunction with this visible morphology difference compared to Lu/Nd CS NPs, Y/Nd 

CS NPs had a lower ability to absorb 800 nm light (Figure 1.9c) and exhibited lower UC emission 

(Figure 1.9b and d).  

An alternative host lattice is NaYbF4. Yb3+ has a comparable ionic radii Lu3+ (1.125 Å 

versus 1.117 Å, respectively). Thus, it was hypothesized that Yb3+ in the shell should provide a 

similar tensile strain as Lu3+. TEMs revealed quasi-spherical Yb/Nd CS NPs (Figure 1.9a). 

However, Yb/Nd CS NPs performed significantly lower in terms of 800 nm absorbance and UC 
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emission (Figure 1.9b and d). The extremely low emission of Yb/Nd CS NPs may be attributed to 

complete linkage to the surface therefore effectively quenching UC emission. 

 

Figure 1.9 Effects of varying host shell lattices. (a)TEM of NaYF4: Yb/Gd/Er @ NaLuF4: 50 
mol% Nd (left), @ NaYF4: 50 mol% Nd (middle), @ NaYbF4: 50 mol% Nd (right). (b) 
Quantification of the area under the curve. Green emission includes peaks at 522 and 545 nm. Red 
emission peak at 645 nm. (c) Absorption spectra of Er3+-doped core-shell NPs of varying shell 
host lattices obtained via UV-Vis. (d) Emission spectra of Er3+-doped core-shell NPs of varying 
shell host lattices obtained via fluorimeter with excitation source set at 0.6 W/cm2 at 800 nm. 

To assess the potential in biological systems, we characterized the biocompatibility of the 

CS NPs through viability studies in various cell lines. Endothelial cells were used as they will 

come into contact with NPs during circulation; cancer cells due to cancer being a common disease 

model for imaging with UCNPs; and macrophages as they play a key role in the immune response. 

For UCNPs to serve as reporters in biological environments they must be rendered water-

dispersible and made biocompatible via micellization with DSPE-PEG.[61] The UCNPS showed a 

minimal effect on cell viability up to concentrations of 60 μg/ml after 24 h and 48 h (Figure 1.10). 

These results demonstrate the potential for the CS NPs as a viable option for bioimaging 

applications. 
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Fig 1.10 In vitro results. (a-c) 24-hour incubation (d-f) 48-hour incubation. 

 

1.4 Conclusions 

In conclusion, our strategy to overcome tensile-strained shells by using NaLuF4 lattices 

allowed for better homogeneous mixing of Lu3+ with Nd3+. This made it possible to significantly 

increase Nd3+ doping in the shell yet maintain thicker uniform shells—both features enhance the 

UC emission in our design. Tensile-strained shells meant we are no longer restrained by the 

conventional limit of Nd3+ doping concentration and enabled higher Nd3+-doping concentrations 

than previously reported. Contrary to these reports, we observed UC emission enhancement at 50 

mol % Nd rather than previously reported. We observed an 11.6-fold increase for Er3+-doped 

systems and a 13.3-fold increase for Tm3+-doped systems for 50 mol % Nd shells. 

We expect UC emission can be further enhanced by introducing an additional optically 

silent NaLuF4 shell to prevent surface quenching. These findings can be used as a guide for future 

CS design. Careful shell host lattice selection can lead to increased sensitizer doping 
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concentrations while maintaining the structural integrity of CS, thus overall increasing the 

absorption of lanthanide UCNPs. The enhanced UC emission from the CS NPs presented in this 

work greatly expands the horizons of lanthanide-based UCNPs for bioimaging applications. 

 

1.5 Materials and Methods 

Chemicals 

All lanthanide acetate hydrates: (Y(CH3CO2)3·xH2O, Yb(CH3CO2)3·xH2O, 

Gd(CH3CO2)3·xH2O, Er(CH3CO2)3·xH2O, Tm(CH3CO2)3·xH2O) (>99.9%), lanthanide oxides 

(Lu2O3, Y2O3, Yb2O3, Nd2O3) (>99.9%), tech grade oleic acid (90%), tech grade 1-octadecene 

(90%), tech grade oleylamine (≥70%), ammonium fluoride (NH4F (99.99%), sodium hydroxide 

(NaOH) (≥97.0%), trifluoroacetic acid (99%), ethanol, methanol, and hexanes were purchased 

from Sigma-Aldrich. All chemicals were used as received. 200 square mesh copper TEM grids 

were acquired from Electron Microscopy Sciences. 

Synthesis 

Core Synthesis 

β-NaYF4:18%Yb/10%Gd/2%Er and NaYF4:20%Yb/5%Gd/0.05%Tm cores were 

synthesized via thermal decomposition of lanthanide oleate precursors. Yttrium acetate hydrate, 

ytterbium acetate hydrate, gadolinium acetate hydrate, and erbium acetate hydrate (calculated 

amounts for a total of 1 mmol) were added to a 100 mL three-neck round-bottom flask containing 

oleic acid (6 mL) and 1-octadecene (15 mL). The flask was heated to 120 °C and maintained at 

this temperature for 45 min under mild vacuum and then cooled to room temperature. A sonicated 
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mixture of NaOH (2.5 mmol) and NH4F (4 mmol) in methanol (10 mL) was added to the flask, 

and the contents of the flask were stirred for 1 h. The resulting mixture was gradually heated to 

70 °C to facilitate methanol evaporation and subsequently heated to 300 °C under argon flow. The 

temperature was held at 300 °C for 1 h and then cooled to room temperature. Ethanol (29 mL) was 

added to precipitate the cores out of the solution. This solution was then centrifuged at 1900 rpm 

and 25 °C for 5 min. The resulting supernatant was disposed of, and the pellet was resuspended in 

5 mL of hexane. The NP solution was then reprecipitated with 45 mL of ethanol and centrifuged 

under similar parameters as previously described. The removal of the supernatant was followed by 

resuspension of the pellet in 5 mL of chloroform. Final samples were stored in a parafilmed glass 

vial at room temperature. Cores for Figures 1.3 and 1.4 were synthesized with 15% Gd to help 

facilitate the hexagonal phase.  

CS Synthesis 

Concentric shells were grown epitaxially on the β-NaYF4:18%Yb/10%Gd/2%Er and 

NaYF4:20%Yb/5%Gd/0.05%Tm cores via self-focusing based on Ostwald ripening. 

Small sacrificial cubic phase (α) NPs of the desired composition were used as shell 

precursors. When injected into the core mixture, these kinetically stable (α) NPs rapidly dissolve 

and deposit onto the thermodynamically stable (β) cores layer by layer, yielding CS structures. 

α-NaLuF4:X% Nd Synthesis 

Lu2O3 and Nd2O3 (calculated amounts for a total of 1.125 mmol) were added to a flask 

containing 20 mL of deionized water. CF3COOH (6 mL) was pipetted into the flask. The solution 

was stirred at 400 rpm and set to 95 °C. A water condenser was attached, and the solution was 
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refluxed overnight. The condenser was then removed, and the temperature was lowered to 70 °C. 

Once the content of the flask dried into a powder, the flask was removed and stored in a dry box. 

NaCF3COO (2 mmol), oleic acid (6 mL), oleylamine (6 mL), and 1-octadecene (12 mL) 

were added to the flask containing the resulting lanthanide trifluoroacetate, RE(CF3COO)3. The 

flask was heated to 120 °C under a mild vacuum and held at 120 °C for 30 min. Subsequently, the 

flask was heated to 300 °C under an argon flow and held at 300 °C for 24 min. The mixture was 

then cooled to room temperature. NPs were centrifuged and washed as previously described. 

However, the pellet was resuspended in hexane (10 mL) and then stored in a parafilmed glass vial 

in an incubator set to 37.4 °C and 60 rpm. 

α-NaYF4:X% Nd and α-NaYbF4:X% Nd Synthesis 

α-NaYF4:X% Nd and α-NaYbF4:X% Nd were synthesized similar to the previously 

described method using either Y2O3 or Yb2O3 instead of Lu2O3. 

CS NP Synthesis 

The resulting α-phase solution was split into three vials, and 1-octadecene (1 mL) was 

added to each vial. The vials were vortexed and placed under argon flow to evaporate out the 

hexane. To the cores synthesized as described above after 1 h at 300 °C, one vial of α-phase in 

octadecene was injected into the reaction mixture and allowed to undergo ripening for 12 min. The 

rest of the α-phase in octadecene was injected at 12 min intervals. After the final injection and 

ripening cycle, the solution was cooled to room temperature. NPs were centrifuged and washed as 

previously described. The pellet was resuspended in chloroform (5 mL) and then stored in a glass 

vial at room temperature. 
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Characterization 

Transmission Electron Microscopy 

NPs suspended in chloroform (30 μL) were diluted with hexane (4 mL). The resulting 

solution was drop-cast onto carbon-coated copper grids and allowed to dry. Cross-sectional images 

of as-synthesized NPs were taken with an FEI Tecnai G2 Sphera microscope operated at 120 kV. 

All NP size analysis was conducted by measuring the diameter of 50 NPs under 100k× 

magnification in Adobe Reader. Measurement values were exported to Excel to calculate the 

average and standard deviation. 

X-ray Diffraction 

Crystallographic data were obtained using a Siemens KFL Cu 2K diffractometer with a 

resolution of 0.02° and a scanning speed of 1° per min. 

Absorption Spectra 

For optical measurements, all samples were prepared similarly. The stock solution of as-

synthesized NPs suspended in CHCl3 (200 μL) was added to toluene (2 mL) and vortexed. Diluted 

NP solutions were placed in a quartz cuvette for optical analysis. Absorption spectra were obtained 

using a UV–Vis spectrophotometer (UV-3600, Shimadzu). 

Emission Spectra 

Emission spectra were collected with a HORIBA Fluorolog modular spectrofluorimeter 

with continuous-wave laser sources of 800 and 980 nm equipped with a tunable power controller 

(Thorlabs). Measurements were taken at 500 mW. For analysis, the following wavelength ranges 
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were used to quantify emission intensity: green 510–570 nm; red 640–680 nm; and blue 440–500 

nm. The emission intensities within these ranges were summed. 

Inductively Coupled Plasma Optical Emission Spectrometry 

CS NPs (10 μL) were digested in 70% nitric acid (990 μL) for 72 h. The digested solution 

(100 μL) was added to 3% nitric acid (9.9 mL) in a 15 ml centrifuge tube. The tube was vortexed, 

and the contents were split into three tubes. Samples were analyzed via PerkinElmer Optima 3000 

DV ICP (optical emission spectrometer). All groups were analyzed in triplicate, and each element 

was analyzed under three wavelengths. The data were reprocessed to ensure correct peak fitting, 

and the concentrations of each element were averaged. 

Cytotoxicity 

PEGylation of CS NPs 

Using CS NP concentrations calculated from ICP–OES, Tm3+-doped CS NPs suspended 

in chloroform and 18:0 PEG-2000 PE in chloroform were combined in a 20 ml glass vial at a ratio 

of 1:4 (CS NPs to PEG) based on mass. The solution was vortexed and allowed to dry in a vacuum 

desiccator overnight. The vial was placed on a rotary evaporator for 1 h to evaporate any remaining 

chloroform. Hyclone HyPure Cell Culture Grade water (12 mL) was pipetted into the vial. The 

vial was sonicated for 5 min and then filtered through a 0.22 μm PES membrane three times. The 

solution was then centrifuged in a Vivaspin 5000 MWCO PES tube at 3000g, 25 °C for 30 min. 

The final solution was stored in the refrigerator. 
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Cytotoxicity Studies 

C166 endothelial cells or HeLa cells (American Type Culture Collection, ATCC CRL-

2581 and TIB-71) were placed in a 96-well plate (Corning) at a density of 20 000 cells per well in 

phosphate-free Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine 

serum (Omega Scientific), 2 mM l-glutamine (Thermo Fisher), and 1% penicillin/streptomycin 

(Thermo Fisher) 24 h before NP addition. PEGylated Tm3+-doped CS NPs of varying 

concentrations (0–100 μM CS NPs) in cell culture media were added to the cells and incubated for 

24 or 48 h at 37 °C in 5% CO2 (4 wells per condition). Cells were washed twice with cell culture 

media, and metabolic activity was measured after a 4 h incubation using the alamarBlue assay 

(Thermo Fisher) according to kit instructions. To quantify cell viability, fluorescence (λex = 560 

nm, λem = 585 nm) of each well was measured using a plate reader (SpectraMax M5, Molecular 

Devices). 

RAW264.7 macrophages (American Type Culture Collection, ATCC CCL-2) were seeded 

as described above, except metabolic activity was measured according to CCK-8 assay kit 

instructions (Dojindo Molecular Tech). Phosphate-free DMEM (100 μL) with 10% CCK-8 was 

added to each well for 3 h incubation. Absorbance at 450 nm was then measured using a plate 

reader. 

Chapter 1 in full, is a reprint of the material as it appears in Chem. Mat. 2019. Carina Arboleda, 

Sha He, Alexandra Stubelius, Noah J. J. Johnson, and Adah Almutairi, American Chemical Society 

Press, 2019. The dissertation author was the primary investigator and author of this paper. 
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Chapter 2 

Effective Silencing of Collective Activatable MR Contrast Agent via Oleate Removal of 

NaGdF4 Nanocrystals in Acidic Microenvironments 

2.1 Abstract 

We designed a pH-activatable MRI probe featuring hydrophobic, oleate-capped Gd 

nanocrystals which effectively silences relaxivity (0.24 mM-1s-1). Nanocrystal encapsulation 

within a hydrophobic polymer matrix limited water interaction and permitted delivery for 

otherwise undeliverable, hydrophobic nanocrystals. Under acidic pH, the polymer degrades and 

NCs’ oleates shed improving relaxivity by 30 times. 

2.2 Introduction 

Gadolinium (Gd)-based magnetic resonance imaging (MRI) contrast agents (CAs) can 

stand to benefit from becoming smarter or in other words, know when to turn “ON” their signal 

to indicate the presence of abnormal biochemical milieu in the body. Current Gd-based MRI 

CAs are always “ON” thus generating a significant volume of the nonspecific signal, which leads 

to a poor signal-to-noise ratio (SNR). If these probes can be turned “OFF” initially and then 

“ON” in a specific location, we would have a powerful tool for radiologists to diagnose diseases 

such as cancer, vulnerable atherosclerotic plaque, and arthritis. The challenges, however, to this 

seemingly simple idea are two-fold. 

A big issue with all activatable CAs of any modality is dilution in vivo. A recent approach, 

collective activation, has proven to overcome this challenge by encapsulating multiple Gd ions to 

increase local concentrations upon release in target microenvironments. An activatable MRI signal 

in response to specific, endogenous biological stimuli would maximize target signal and minimize 

background signal, therefore improving overall sensitivity and specificity.1, 2 However according 
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to the Rose criterion, for these tools to become a viable and valuable tool for radiologist then 

activation or SNR has to be greater than 5.3 Previously we’ve shown how electrospray (ESP) 

formulations enabled high loading concentrations of Gd nanocrystals (NCs) (diethylene glycol-

coated Gd2O3) into polymeric carriers.4 This proven strategy effectively silences both inner and 

outer sphere contributions then activates a collective longitudinal (T1) relaxation in response to 

specific biological events. This strategy resulted in OFF/ON ratios greater than 5. To further 

increase the overall SNR, we have to bring the relaxivity (r1) as close to zero as possible. Water is 

the main culprit that plagues any efforts to turn “OFF” Gd-based MRI CAs. 

Herein we present the first study to utilize the pre-existing surface oleates on as-synthesized 

Gd NCs to minimize Gd-water relaxation to effectively silence the Gd CA. The surface oleates on 

NaGdF4 NCs protect Gd ions interacting with the body’s aqueous environment and subsequently 

quenches T1-weighted signal enhancement. Upon entering the local acidic microenvironment, the 

Gd NCs undergo in situ acid treatment thus removing the oleates and efficiently switching MR 

signal from “OFF” to “ON”. We encapsulated Gd NCs inside polymer nanoparticles (NPs) of 

Acetalated Dextran (AcDex), a pH-responsive, biodegradable polymer.5 The role of the 

bioresponsive polymer matrix is to serve as a delivery vehicle. Upon exposure to the targeted 

acidic microenvironment, AcDex undergoes a hydrophilicity switch causing the NPs to 

disassemble and uncover the Gd NCs. The now exposed Gd NCs are stripped of their surface OAs 

by the local acidic microenvironment thus permitting NC water dispersion and an overall 

improvement in relaxation (Scheme 2.1). 
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Scheme 2.1 pH-activatable MRI probe composed of NaGdF4 NCs loaded into AcDex NPs for 
effective silencing. The bioresponsive polymer matrix carries and shields NaGdF4 NCs from the 
aqueous environment. Inside the polymer matrix, the hydrophobic oleate-capped NaGdF4 NCs 
have limited water interaction thus have a low r1. Under acidic conditions, the polymer NP 
degrades and the NaGdF4 NCs release oleic acid from their surface thus enhancing their r1. 

 

2.3 Results and Discussion  

Thermal decomposition is a common synthetic route to generate high quality, 

monodisperse inorganic NCs including lanthanide-based, iron oxide, and quantum dots. Thermal 

decomposition is done in the presence of OA where OA serves as the passivating ligand to direct 

crystal growth on certain crystal lattice planes and prevent agglomeration during synthesis. The 

result is OA-capped NPs. As-synthesized, OA-capped NaGdF4 NCs lack an intrinsic aqueous 

solubility and require post-synthesis modification to be water-dispersible.6 Previous studies report 

water-dispersible, ligand-free lanthanide NCs via post-synthesis acid treatment.7, 8 In acidic 

conditions, the OA ligand is protonated and has been shown to have minimal effects on the NC’s 

initial morphology and size. 
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Following synthesis, we characterized the morphology of OA-capped NaGdF4 NCs. 

Combining Gd3+ into a larger, heavier stable NC increases the number of Gd3+ bound water and 

the rotational correlation time, therefore increasing the overall MRI contrast.9 The primary 

advantage of ultra-small NaGdF4 NCs is the localization of 60–80 surface-confined Gd3+ versus 

the single Gd3+ found in clinical complexes. Transmission Electron Microscopy (TEM) revealed 

monodisperse, quasi-spherical NCs 4 nm in diameter (Figure 2.1). 

 

Figure 2.1 TEMs of NaGdF4. TEM of as-synthesized NaGdF4 NCs. Low magnification, 62kx, 
on left. High magnification, 200 kx, on right.  

First, we characterized r1 as a function of pH via a relaxometer. At pH 7.4, OA-capped 

NaGdF4 NCs exhibited virtually zero r1 (0.097 mM-1s-1). We hypothesize the observed low r1 is 

due to the inability of surface Gd ions to relax water protons due to aggregation and the presence 

of hydrophobic oleates which repel water thus preventing water from interreacting with surface 

Gd ions. In contrast, decreasing pH increased r1 values, reaching a maximum value of 10.45 mM-

1s-1 (Figure 2.2 a). This could be due to the acid in solution deprotonating the surface OA. The 

release of OA frees up the Gd surface ions to relax the surrounding water protons.  
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Figure. 2.2 Change of surface chemistry of oleate capped NaGdF4 NCs from pH 7.4 to 5. A) 
Variation of relaxivity, r1, (red), and zeta potential (black) as a function of pH after 3 hours of 
incubation at 37°C. The increase of r1 as a function of pH is directly correlated with an increase of 
hydrophilicity and the release of oleic acid from the NaGdF4 surface. B) Photographs of NaGdF4 

at pH 7.4 (left) and 5 (right), C) DLS measurements of NaGdF4 at pH 5 (red) and 7.4 (green). 

To test our hypothesis, we then measured zeta potential. Determining the surface charge of 

the NCs would indicate if a chemical change on the surface of the Gd NCs occurred. Overlaying 

r1 and zeta potential plots revealed an increase in NC surface charge correlated with an increase in 

r1 (Figure 2.2 a). This observed change in zeta potential following Gd NC acid treatment is a clear 

indication of a change in the Gd NC surface chemistry. This change in surface chemistry permits 

water ions to interact more freely with the Gd ions on the surface of the Gd NCs.  

To further elucidate this phenomenon, the NC water-dispersibility under various pH was 

characterized through hydrodynamic size, HD, measured by dynamic light scattering (DLS). At 

physiologically relevant pH (pH 7.4), a visible pellet settled at the bottom of the test tube (Figure 

2.2 b, left). Under these neutral conditions, NaGdF4 NCs remain OA-capped thus are still 

hydrophobic. To minimize the exposed surface area to the surrounding aqueous environment, 

NaGdF4 NCs aggregate, which is further verified by hydrodynamic size, HD = 432±54.8 nm (Fig 

2.2 c, green curve). This observed increase in h hydrodynamic size accompanied by a relatively 

large standard deviation correlates with NC aggregation. Under acidic conditions (pH 5), NCs 
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showed no signs of aggregation following OA removal and instead rendered a homogenous, turbid 

solution (Figure 2.2 b, right). Solution turbidity indicates a high concentration of NaGdF4 NCs in 

solution. Following protonation induced removal of OA from NaGdF4 NCs, the hydrodynamic 

size measured 3.8±0.516 nm.  

Successful OA removal was confirmed via 1H Nuclear Magnetic Resonance (NMR) 

analysis (Figure 2.3). Following incubation in either pH 5 or 7.4, diethyl ether was used to extract 

free OA in the solution. Comparing 1H NMR spectra of the organic layers at different pHs to the 

OA reference spectrum, the peaks at pH 5 matched the known OA peaks. However, in the pH 7.4 

organic layer spectrum, there were no OA peaks. Thus, confirming OA release from the surface of 

the NaGdF4 NCs at pH 5 and no OA release at pH 7.4. 

 

 

Figure 2.3 1H NMR spectra. 1H NMR spectra of the organic layers after 3 h at different pH 
values. Organic layer after oleate removal for pH 5 (black) and pH 7.4 (red) compared to 1H NMR 
spectrum of free oleic acid.  

Previous activatable MRI CAs attempted to utilize disease-specific endogenous stimuli 

such as enzymatic activity, pH, redox potential, and the presence of metal ions to achieve modest 

changes in r1 upon activation but ultimately were unable to achieve effective silencing. In this 
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study, hydrophobic OA- capped NaGdF4 NCs were encapsulated within electrosprayed pH-

sensitive polymer NPs. A dextran functionalized with acetal groups was chosen as naturally 

occurring polysaccharides are appealing for their biocompatibility, biodegradability, low toxicity, 

high abundance, and low cost. A one-step synthesis renders dextran hydrophobic enabling NP 

formulation. TEM revealed AcDex NPs were approximately 500 nm in diameter (Figure 2.4 a, 

left). 

 

Figure 2.4 AcDex NP degradation. A) TEMs of AcDex NP degradation at pH 5. t = 0 h (left), 1 
h (middle), 3 h (right). B) Micro BCA assay of dextran release. 

Figure 2.5 TEM of NaGdF4 loaded AcDex NPs at pH 7.4 after 3 h incubation.  

Encapsulation of hydrophobic Gd NCs combined with ESP formulation permitted greater 

loading efficiencies, ensured minimal premature leakage, and effectively removed water from the 

formulation. Hydrophobic as opposed to hydrophilic Gd NCs seen in prior studies were 
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encapsulated. This strategy allows us to utilize payload particulate size for retention within the 

polymeric NPs but also take advantage of the hydrophobicity.  

Stimulus-triggered NP disassembly over time was monitored via TEM. At physiological 

conditions (pH 7.4), no noticeable NP degradation was observed up to 3 h incubation (Figure 2.5). 

Under acidic conditions (pH 5), TEM revealed full disassembly after 3 h (Figure 2.5 a right). This 

was further verified qualitatively via visual inspection (Figure 2.4 b). At pH 7.4, the NaGdF4 

loaded AcDex NP solution was turbid. The visual turbidity alluded to the presence of AcDex NPs 

in solution as large polymer NPs in solution scatter light. At pH 5, these NPs degraded creating a 

transparent solution. It is important to note the absence of a precipitate which is an indication of 

hydrophilic, bare NaGdF4. 

The degree of AcDex degradation was determined quantitatively by detecting soluble 

polysaccharides via microplate reductometric bicinchoninic acid (Micro BCA) assay.5 Dextran 

release was monitored for 24 h under various pH values (pH = 7.4, 7, 6.5, and 5). Nearly 100% of 

the dextran was released after 24 h under pH 5. Under moderately acid conditions (pH 6.5), 70% 

dextran was released after 24 h, while under neutral conditions (pH 7.4 and 7), a small amount of 

dextran was released (<10%). The mechanism of degradation of AcDex can be found in Figure 

2.6. 

 
Figure 2.6 Degradation Scheme for AcDex 
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To assess the potential as an activatable MRI CA, we characterized r1 as a function of pH. 

Control NPs were formulated from poly (lactic‐co‐glycolic acid) (PLGA), a non‐ bioresponsive 

polymer. NaGdF4 loaded PLGA NPs showed no change in r1 even under the most acidic conditions 

tested (pH 5) and incubation times up to 72 h (Figure 2.7 and 2.8). The highest observed r1 of 

NaGdF4 loaded PLGA NPs was 0.49 MM-1S-1. In comparison, the “OFF” signal for NaGdF4 loaded 

AcDex measured 0.24 mM-1s-1. The lower “OFF” signal compared to PLGA can be attributed to 

the higher hydrophobicity of AcDex. Higher hydrophobic character makes the NPs less permeable 

to water thus lower “OFF” signal. At pH 7.4, the r1 of NaGdF4 loaded AcDex NPs remained at 

0.32 mM-1s-1 for up to 72 h. The low relaxivity proves that even if water entered the AcDex 

particles, there is no activation due to the oleates still protecting and preventing water access. In 

contrast to pH 5, the “ON” signal for NaGdF4 loaded AcDex NPs measured as high as 7.2 mM-1s-

1. Comparison of the “OFF” to “ON” signal ratio, r1 increased 30 times. 

 

Figure 2.7 Activatable MRI Signal as a function of pH. A) Relaxivity after 3 h at 37°C. B) T1 
weighted 7T MRI phantom images of OA-capped NaGdF4 NCs, NaGdF4 loaded AcDex NPs, and 
NaGdF4 loaded PLGA NPs after 3 h at 37oC([Gd3+] = 0.234 mM]). The kinetics of AcDex 
degradation can be tuned to achieve the desired release profile based on the ratio of cyclization, a 
testament to the versatility of the platform.11 
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The MRI phantoms reveal significant MRI signal enhancement starting at pH 6.5 from 

NaGdF4 loaded AcDex (Figure 2.7 b). This visible MRI signal enhancement at slightly acidic 

conditions indicate complete degradation of the AcDex surrounding matrix is not necessary to get 

complete collective activation.  

The standalone NaGdF4 NCs have higher relaxivity enhancement compared to when they 

are in the AcDex probably because of polymer interaction which prevents full hydration of the 

NCs. Although standalone NaGdF4 NCs have higher overall r1 (11 mM-1s-1), the MRI contrast 

enhancement remains constant over time failing to address the poor SNR of just NaGdF4 NCs. 

Therefore, despite standalone NCs having a higher r1, the activatable MRI contrast of NaGdF4 

loaded AcDex is attractive for certain applications. One potential reason for the higher relaxivity 

enhancement of bare NaGdF4 NCs compared to the encapsulation of NaGdF4 NCs in AcDex is 

unintended interaction between NCs and polymer which prevents full hydration of the NCs. As 

not all the hydrophobic AcDex is converted to hydrophilic Dextran after incubation in pH 5 (Fig 

2.7 b), the remaining hydrophobic AcDex will partially shield the NaGdF4 NCs thus leading to 

lower relaxivity. 

We show MRI activation kinetics for NaGdF4 loaded AcDex NPs up to 72 h (Figure 2.8). 

The r1 of NaGdF4 loaded AcDex NPs plateaus within 2 h of incubation. Previous studies 

demonstrated instantaneous signal activation (within a minute of inducing low pH). However, 

slower kinetics of activation can be attributed to the two-step activation process. Our system 

requires AcDex hydrolysis upon protonation, then secondary activation via the release of OA from 

the NC surface.  
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Figure 2.8 Long-term observation of activatable MRI Enhancement with NaGdF4 loaded 
bioresponsive polymeric NPs over 72 h. A) Relaxivity of NaGdF4-loaded PLGA NPs as a 
function of time at different pH values. B) Relaxivity of NaGdF4-loaded AcDex NPs as a function 
of time at different pH values. 

Finally, we characterized the biocompatibility of NaGdF4 loaded AcDex with murine 

macrophages (J774) and fibroblasts(L929). Based on loading calculations from inductively 

coupled plasma optical emission spectrometry (ICP- OES), 5 mg/ml of AcDex NPs contained 40 

µM Gd3+ (Table 2.1). 40 µM Gd3+ was chosen as the upper limit of Gd administration based on 

previous studies.12 Incubation with NaGdF4 loaded AcDex had minimal effect on cell viability, 

well below 30% inhibition (Figure 2.9). OA-free lanthanide NCs showed minimal cytotoxicity as 

previously reported.8,13 1% and 5% DMSO were chosen as controls as DMSO is commonly used 

to dissolve lipophilic drugs; 1% is generally considered to be nontoxic while 5% is toxic.14 A slight 

increase in macrophage viability at higher concentrations could be attributed to cell activation 

resulting in proliferation. 
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Table 2.1 ICP data of ESP NPs. ICP measurements for NaGdF4 loaded Polymer NP formulations. 
NC concentration was calculated from Gd3+ concentration. Measurements were taken for 4mg/ml 
of NPs.  

 Electrospray 

  AcDex PLGA 

[Gd3+] µg/ml 51.04 35.54 

[Gd3+] µM 325 226.4 

[NaGdF4] µg/ml 83.2 56.6 

 

Figure 2.9 Cytotoxicity Studies. The viability of 4T1 cells was determined after incubation with 
either NaGdF4 encapsulated in PLGA or AcDex NPs at various concentrations. 

 

2.4 Conclusions 

In conclusion, we are the first to measure the r1 of OA-free NaGdF4 NCs and the first to 

show in situ OA removal to turn “ON” MRI contrast. Polymer NPs allow for collective activation 

of MRI CAs. The encapsulation of OA-capped NaGdF4 NCs limited water availability and 

provided a delivery method for otherwise undeliverable, hydrophobic Gd NCs. The effectiveness 

of water shielding was demonstrated by an impressively low “OFF” signal (0.24 mM-1s-1) for Gd 
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NC systems. In an acidic microenvironment, first, the outer polymer matrix degrades. Then the 

hydrophobic OA-capped NaGdF4 NCs are protonated at the surface and release OA, rendering the 

NCs hydrophilic. This two-step activation permitted greater water interaction thus increased r1, a 

30 times improvement. To the best of our knowledge, we report the highest MRI OFF/ON ratio to 

date. 

2.5 Materials and Methods 

Materials 

All reagents were from Sigma Aldrich (St. Louis, Missouri, USA) unless otherwise 

stated. 

NaGdF4 Nanocrystal Synthesis 

NaGdF4 NCs were synthesized via thermal decomposition of lanthanide chloride 

precursors. Gadolinium chloride hexahydrate (1.0 mmol), oleic acid (4 mL), and 1-octadecene (15 

ml) were combined in a 100 mL three-neck round-bottom flask. The flask was heated to 140oC 

under a mild vacuum for 1 h then cooled to room temperature. To this solution, a methanol solution 

(10 mL) of ammonium fluoride (4 mmol) and sodium hydroxide (2.5 mmol) was added and stirred 

for 1 h. The resulting mixture was gradually heated to 70oC to facilitate methanol evaporation and 

subsequently heated to 275oC (~10oC/min) under argon. The solution is held at 275oC for 1 h then 

cooled to room temperature. Ethanol (29 mL) was added to precipitate out the NCs and the solution 

is transferred into a 50 ml conical. The NC solution was then centrifuged at 1900xg and 25oC for 

5 min. The resulting supernatant was disposed of, and the pellet was resuspended in hexane (5 

mL). The NC solution was then reprecipitated with ethanol (45 mL) and centrifuged under similar 

parameters as previously described. The removal of the supernatant was followed by resuspension 
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of the pellet in chloroform (5 mL). Final samples were stored in a parafilmed glass vial at room 

temperature.  

Synthesis of Acetalated Dextran (AcDex) 

AcDex was synthesized as previously described.16 Dextran (1 g, 100 µmol) was reacted in 

anhydrous DMSO (10 mL) with 2-methoxypropene (3.4 mL, 37 mmol) and pyridinium p-

toluenesulfonate (6 mg, 24 µmol). After 70 min, the reaction mixture was quenched with 

triethylamine. The acetal content and ratio of cyclic/acyclic were determined by 1H NMR after 

acid degradation of the purified polymer. The methanol (3.34 ppm) and acetone (2.08 ppm) peaks 

in D2O/DCl were used to calculate the cyclic acetal percentage. All AcDex used in these studies 

had a cyclic acetal percentage of 40%.  

NP Formulation 

Polymeric NPs were prepared by an electrospray ionization method. In a glass vial, either 

AcDex or PLGA (20 mg, 7-17 kDa for PLGA), Lutrol F127 (2 mg, 10 % wt/wt), and NaGdF4 NCs 

(0.1 mL, 20 mg/mL) were dispersed in deacidified chloroform (300 μL) and DMSO (150 μL). This 

solution was fed through a 25-gauge needle with an applied voltage of 28 kV at a feeding rate of 

0.2 mL/h. The resulting NPs were collected on glass slides set 30 cm from the needle. Glass slides 

were stored in a dry box till use.  

Relaxivity Measurements 

For T1-inversion recovery measurements, sample (200 µL) was transferred to NMR tubes, 

and longitudinal relaxation times (T1) were acquired with a contrast agent analyzer (Bruker 

Minispec mq60, 1.4 T, 37 °C). The Gd concentration was quantified by linear calibration with 
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standards containing previously determined amounts of Gd by ICP-OES. The measured T1 values 

were then inverted and divided by the calculated Gd concentration to determine the r1 value.  

For NaGdF4 NCs pH-dependent activation studies, NaGdF4 NCs and different pH values 

of buffer (pH = 7.4, 7, 6.5, 6, 5.5, and 5) were placed in an NMR tube. An initial T1 reading was 

taken (t= 0 h) then the tube was incubated in an incubator shaker set to 37oC. After 3 h, the T1 was 

again measured. The T1 of only the buffer was also measured as a reference.  

For NaGdF4 loaded NPs pH-dependent activation studies, NPs were collected by washing 

the slides in 0.1M Tris HCl pH 8 buffer (50 mL) and sonicated to assist with NP detachment. The 

mass of the slide was measured before and after washing to determine the mass of NPs. The NP 

suspension was centrifuged at 20,000 RPM for 20 min at 20oC, and the pellet was resuspended in 

0.1M Tris HCl pH 8 buffer (10 mL). The NP solution (250 µL) was pipetted into a tube and 

centrifuged as described above. After removing the supernatant, the NPs are dispersed in a buffer 

(200 µL, 0.4 mg/mL) and transferred into designated NMR tubes. Initial T1 measurement is taken 

at t=0. In between each time point, the NMR tubes are kept in an incubator shaker set to 37oC. A 

T1 value was acquired every hour for 8 h then periodically for a total of 72 h (''ON'' state). The 

previously described process was repeated for different pH values of buffer (pH = 7.4, 7, 6.5, 6, 

5.5, and 5). 

For phantom imaging, aliquots of composite NP suspensions (200 µL) in PBS (0.4 mg/mL) 

were placed in 700 µL microcentrifuge tubes in a 7T Bruker Biospec 70/20 MR scanner. FLASH 

scan parameters: TR = 100 ms, TE = 6 ms, number of excitations: 5. RARE VTR scan parameters: 

TR = 1000 ms, TE = 12.6 ms, number of excitations: 3. Degradation of the polymer NPs was 

performed as previously described in this section.  
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1H NMR Study 

NaGdF4 loaded AcDex NPs were prepared and incubated at different pHs as described 

above. The aqueous solution was then washed with diethyl ether three times. The organic phases 

were combined, evaporated, and dissolved in CDCl3 for 1H NMR measurement. The 1H NMR 

spectrum of oleic acid, organic layer of oleate-capped NaGdF4 at a pH 7.4, and organic layer of 

oleate-free NaGdF4 at pH 5 were recorded on a Varian 600 MHz spectrometer. Chemical shifts 

(δ) are reported in parts per million (ppm).  

Zeta Potential Measurements 

The different pH buffers were created by adjusting the pH of deionized water with HCl or 

KOH 0.1M (pH 5, 5.5, 6, 6.5, 7, 7.4). NaGdF4 NCs were combined with the different buffer and 

stirred for 3 h. Following 3 h, diethyl ether was added to extract oleic acid, 3 times. NaGdF4 NCs 

were precipitated using acetone twice then resuspend in deionized water. In a cuvette NaGdF4 

NCs (0.5 mL) was combined with PBS 0.1x (1.5 mL). Zeta Potential measurements were taken 

using a Malvern Zetasizer.  

TEM  

NCs (10 µl) and hexane (3 ml) were combined. The diluted NC solution (10 µl) was 

dropcasted onto 200 square mesh copper TEM grids (Electron Microscopy Sciences).  

TEM of NP degradation was dome by polymer NPs (approximately 2 mg) were collected 

in 0.1 M Tris-HCl pH 8 buffer. NPs were centrifuged at 20,000 rpm for 20 min at 20oC. The pellet 

was dispersed in Tris-HCl pH 8 to make a final concentration of 1 mg/ml. To study the kinetics of 

degradation using TEM, 0.25 ml aliquots of polymer NPs were centrifuged as previously described 

and dispersed in 0.25 ml buffer (either Tris-HCl pH 7.4 or Citrate buffer pH 5.0). NPs were 
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incubated at 37oC. At various time points (t = 0, 1, 3 and 8 h), NP solutions were centrifuged and 

dispersed in either 0.01% Triethylamine pH 8.0 or Hyclone deionized water. Final solutions were 

dropcasted onto TEM grids and allowed to dry overnight under vacuum.  

Nanoparticle Degradation and Detection of Soluble Polysaccharides Study 

The presence of reducing polysaccharides was analyzed by using a microplate 

reductometric bicinchoninic acid (Micro BCA) assay kit as previously described.16 Empty AcDex 

NPs were dispersed in 0.1M Tris HCl pH 8 buffer and incubated at 37oC for 30 min. The NP 

solution was then centrifuged at 20,000 rpm for 20 min at 20oC. The supernatant was disposed of, 

and the pellet was resuspended in 6 ml of 0.1M Tris HCl pH 8 for washing. The NP solution was 

then divided into 4 tubes and centrifuged again as previously described. The pellet was 

resuspended in pH buffer (pH = 5, 6, 7, and 7.4) to make the final concentration 2 mg/ml. Various 

time points were collected at t = 0, 1, 2, 4, 6, 8, and 24 h. Samples were incubated at 37oC until 

the desired time point and then frozen at -20oC.  

Cytotoxicity Study 

J774 macrophages or L929 fibroblasts (American Type Culture Collection, ATCC® TIB-

67™, and CCL-1™) in a 96-well plate (Corning) at a density of 20,000 cells per well in phosphate-

free DMEM supplemented with 10% fetal bovine serum (Omega Scientific), 10% sodium pyruvate 

(Thermo Fisher), 10% GlutaMAX (Thermo Fisher), and 1% penicillin/streptomycin (Thermo 

Fisher) 24 h before NP addition. NaGdF4 loaded AcDex NPs of varying concentrations (0−5 mg/ml 

AcDex NPs) in cell culture media were added to the cells and incubated for 24 h at 37 °C, in 5% 

CO (3 wells per condition). Cells were washed twice with cell culture media, and metabolic 

activity was measured after a 3 h incubation using the AlamarBlue assay (Thermo Fisher) 
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according to kit instructions. To quantify cell viability, fluorescence (λex = 560 nm, λem = 585 nm) 

of each well was measured using a plate reader (SpectraMax M5, Molecular Devices). 
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Chapter 3 

Perspective on the future of lanthanide nanoparticles for bioimaging applications 

 

3.1 Introduction  

In the past five years, we have witnessed several iterations of designs and biological 

applications of lanthanide nanoparticles (NPs) . Since our group’s inception in the field in 2014, 

we have observed a trend in shifting focus away from the basic understanding of the relationship 

between lanthanide NP structure and the observed properties We chose to test our hypothesis by 

analyzing the date of filed patents. Patents are a good indication of the quality of innovation in the 

work. The drive to innovate in the lanthanide field is evident by the high number of patents filed 

in 2018 (319). However, this drive for novelty and to capitalize on the technology has seemed to 

subside based on the significant drop in the total number of patents filed in 2019 to 167, a 48% 

drop. Despite this drop, the increased popularity of CS designs as indicated by the increase of 

market share of CS (10%) from 2018 to 2019, alluding to a shift to more complex 

nanoarchitectures. In terms of publications although the pinnacle of core-shell work in lanthanide 

NPs occurred in 2015 with 517 publications in a single year. The number of lanthanide CS NP 

publications per year has held steady at an average of 480 for the past five years. A good indication 

that the field has not yet reached its full maturity. 

If this observed drop in the number of patents is not attributed to the field “dying out” per 

se as indicated by the number of publications, then what could be the reason? We have observed 

a recent paradigm shift of becoming more application-centric. For example, 2 Small Business 

Innovation Research (SBIR) Phase 1 grants were awarded to UCNP proposals all within the last 

two years, when there were previously none. This trend is also exhibited by the kind of studies 



 

101 

being published in the field; this is reflected by a jump in UC in vivo studies of approximately 19% 

from 2018 to 2019. The trend of bioimaging applications is evident by the number of reviews 

published in the last 5 years. A spike in lanthanide NP bioimaging reviews occurred from 2016 to 

2017 when the number of reviews quintupled. Since 2017 the number of bioimaging reviews has 

remained steady every year and is even staged to be superseded in 2020 with 5 lanthanide NP 

bioimaging reviews already published. 

 It is clear from this analysis that the field of lanthanide NPs is staged to harness our 

understanding of lanthanide NP design and synthesis and apply this knowledge for improved 

bioimaging performance. Herein we address the current challenges remaining that prevent the 

successful application of lanthanide NPs for bioimaging, our perspective on how to best address 

these challenges, and an outlook on future directions of the field. In addition, we also address 

toxicity concerns shrouding the adoption of lanthanide NPs.  

3.2 Current Challenges 

With all the synthesis, characterization, and applications shown above for lanthanide NPs, 

the major challenges still lie in the precise control of well-defined structures of NPs in the colloidal 

synthesis and understanding of the photophysical processes taking place between different 

dopants. Several representative challenges are listed as follows: 

(1) Better absorption. Previously, we described the need to shift excitation of lanthanide 

UCNPs to a more biobenign wavelength and in Chapter 1 we demonstrate an effective method of 

shifting excitation to 800 nm.  

And although lanthanides pose multiple desirable optical properties, the crux of lanthanides 

remains to be their relatively low absorption. The molar absorption coefficient, ε, of UCNPs is less 

than 10 M-1cm-1 which is 4 orders of magnitude smaller than organics dyes and 5-8 orders 
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magnitude smaller than AuNRs. As a result, the applications of lanthanides have been severely 

limited by their inability to absorb. In order for lanthanide NPs to remain competitive even as 

inherently low absorbers, it would be ideal to simply overcome this limitation by doping more thus 

creating heavily doped NPs capable of emitting under low power excitation.  

(2) Uniform, concentric, and quasi-isotropic lanthanide-doped CS NPs. Uniform epitaxial 

shells grown on core NPs are important in tuning the optical properties and irregular shell 

structures increase the complexity and unpredictability of the system. A failure to do so results in 

excitation energy draining easily to surface quenchers through the thinner sections of irregular 

shell structures.  

 In addition, the ability to control CS NP morphology concisely is important from a 

commercialization standpoint. If these materials are to be mass-manufactured and ultimately 

injected into the body, batch-to-batch variation would need to be minimized as differences would 

lead to differences in optical performance. To an even larger extent, polydisperse CS NPs would 

also alter the biodistribution patterns in vivo (to be further discussed in Section 3.5)  

3.3 Addressing these Challenges 

(1) The low and narrow absorption of lanthanides is typically diluted in an inorganic host 

lattice. This limitation poses the strongest restriction on the brightness of UCNPs, thus holding 

back the technology transfer from bench to market. The potentially easiest way to improve UC 

QY is the optimization of the dopant concentrations. The underlying mechanism involves control 

over the distance-dependent energy transfer and CR as well as the concentration-dependent photon 

absorption. The fear of concentration quenching dictated how dopant concentrations in these 

systems were optimized. Concentration quenching was attributed to lanthanide dopants with rich 

energy levels (e.g., Tm, Er, Nd, and Pr). CR at high doping concentrations, resulting in 
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nonradiative depopulation of the excited activator ions, ultimately diminishing the UC emission. 

As a result, the UC QY and lifetime decreased with increasing dopant concentrations even though 

the dopant concentrations increased. As a result, the doping level of activators is typically kept 

low (typically below 2 mol%) to minimize the loss of excitation energy by CR. However heavily 

doped systems have recently been of interest to increase the overall UC emission and thus increase 

the overall clinical translatability.  

Recently our group has reported direct evidence of the absence of concentration quenching, 

one of the two majorly accepted quenching pathways in the field.1 Johnson and He et al. 

concentration and surface quenching are the same quenching mechanism. In this study, Johnson 

and He et al. report all quenching within UC systems is tied to the surface (Figure 3.1). The paper 

claims the greater quenching observed at high doping concentrations is in fact due to decreased 

interatomic distance between ions which bridges energy transfer to the surface. In light of this new 

evidence disproving concentration quenching, high dopant concentrations are no longer to be 

feared and is a viable route to increase UC emission. Therefore, to achieve better absorption and 

thus optimal UCL emissions a thick and uniform protective shell around the core NP is essential 

to effectively regulate energy exchange interaction between dopant ions and their surroundings. 

 
Figure 3.1 Elimination of Concentration Quenching. Reprinted (adapted) with permission 
from ref 1. Copyright 2017 American Chemical Society 
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(2) One hypothesis for the relatively low UC emission of heavily doped CS systems is the 

resultant compressive shells which interfere with the coherent and concentric CS morphology. In 

2014, Johnson et al. introduced the concept of strain engineering for lanthanide CS NPs.2 In this 

study, the authors suggest the careful selection of the host lattice is key to achieving symmetric 

CS NPs as shown in Figure 3.2. One consequence of lanthanide’s 4f valence electrons is lanthanide 

contraction. In lanthanide contraction, the decrease in atomic size is accompanied by an irregular 

increasing atomic number amongst the lanthanide series. Generally, inner-shell electrons provide 

enough shielding of the outer-shell electrons so that the valence electrons remain unaffected by 

nuclear charge. However, this is not the case along with the lanthanide series. The 4f orbitals of 

lanthanides are shielded by 5p and 6s orbitals, this poor shielding of the 4f electrons towards 

nuclear charge causes 6s electrons to move closer to the nucleus, therefore creating a smaller ionic 

radius. Overall, coherent, and concentric CS are important as the energy transfer process within 

UCNPs is isotropic. As the S/V is higher for NPs, defects on the surface can act as emission 

quenching centers. Thus, the fewer defects on the surface provided by a tensile shell host lattice 

translate to higher UC emission efficiencies. 

 In the same study Johnson et al., provide a framework for the selection of host shell 

material based not just on the magnitude of lattice mismatch but the sign and magnitude of lattice 

mismatch between the core host lattice and the shell host lattice.  

Using this framework, we designed Nd-sensitized CS NPs which introduced a tensile 

strained shell of Lu to facilitate higher dopant concentrations of Nd while maintaining uniform, 

concentric, coherent CS NPs.3 In this systematic study, we use conventional cores to grow Lu 

shells of varying concentrations of Nd. We show a 13 times enhancement in UC emission with an 

optimal concentration Nd of 50% in the shell. We also demonstrate a correlation between 
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increasingly compressive shells and a decrease in UC emission intensity. In the same study, we 

explore using various host lattices to house 50 % Nd and show Lu as the superior shell host lattice.  

This work and chapter 1 of this thesis are testaments to the importance of creating tensile 

strained shells. 

 

Figure 3.2 Strain engineering in lanthanide core-shell NPs.4, 5 Reprinted (adapted) with 
permission from ref 2. Copyright 2014 American Chemical Society. 

Recently our understanding and the importance of strain engineering lanthanide 

heteroepitaxial CS NPs improved with more studies being released on the topic. Zhao et al. has 

recently published a set of studies that elucidate the importance of strain management for 

heteroepitaxial CS NPs. Their findings are summarized in Figure 3.2.4,5 While Johnson et al. 

provided more of qualitative study, Zhao et al. quantitatively address the correlations between the 

observed epitaxial habits and the interfacial strains (Figure 3.2a). Furthermore, this anisotropic 

growth can be regulated by doping Ca2+ and modulating precursor concentration. In another study, 

the authors report the effects of core NP size, morphology, and reaction temperature on controlling 

the epitaxial growth of compressive NaGdF4 shells on NaYbF4 (Figure 3.2b). These studies 
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advance the understanding of the underlying cause of this strain at the CS interface and can help 

to determine a solution on how to mitigate the strain.  

The number of publications on CS strain engineering for all material types has increased 

steadily over the past 5 years. However, the lanthanide field in particular has been slow in 

recognizing the importance of strain engineering for heteroepitaxial CS NPs and as a result, little 

reports adopt strain considerations into their CS designs.  An understanding of strain engineering 

can greatly influence the design of more efficient lanthanide CS NPs.  

3.4 Outlook 

3.4.1 Strain mitigation for Better Multimodal and Nanotheranostic Agents 

 In nanomedicine a major driver of research is innovation. A consequence of this endeavor 

for novelty has been no shortage of multifunctional lanthanide NP platforms with numerous 

capabilities. Because the similar chemistry of lanthanides allows for facile integration of multiple 

Ln ions into separate layers while preserving the unique optical and magnetic properties of 

individual lanthanides, new functionalities are introduced merely by adding a new CS layer. 

However, the previous shotgun approach to designing multimodal and nanotheranostic agents 

sacrificed efficiency and utility for novelty, often with no particular application in mind. As a 

result, additional functionalities often compromised other features. Thus, culminating in sub-par 

all-in-one agents with multiple capabilities but not exceptionally better than the clinical solutions 

already out there.  

 We predict a paradigm shift away from this “everything but the kitchen sink” mindset 

towards smarter and more purposeful designs that consider both structure and functionality. He et 

al. provides an example of an elegant, synergistic multimodal agent design better than clinical CAs 
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(Figure 3.3).6 The lanthanide NP design features a thick Lu intermediate shell which serves two 

functions: (1) acts as a passive shell to prevent emission energy absorbed by the core from leaking 

to the surface (2) effectively block x-rays thus providing CT contrast due to the intermediate shell 

material’s large atomic number (3) provide a large surface area for the thin Gd outer shell. Figure 

3.3 demonstrates how a larger intermediate layer is better for all modalities PL, CT, and MR 

contrast enhancement.  

 

Figure 3.3 Synergistic multimodal contrast agent for CT/MRI/PL. Reprinted (adapted) with 
permission from ref 6. Copyright 2017 American Chemical Society. 

3.4.2 Increased Absorption-enabled Applications: Photoacoustics 

 As the overall absorption of lanthanide NPs are improved and the excitation wavelengths 

are shifted to more biologically friendly wavelengths, this newfound ability to absorb more 

incident light enables new applications. One application of great promise is Photoacoustic imaging 

(PAI).  
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PAI is relatively new, yet rapidly emerging imaging modality capable of highly sensitive, 

low cost, non-ionizing, non-invasive, real-time imaging. Integration of near-infrared optical 

excitation with ultrasonic wave emission, PAI combines the penetration depth and spatiotemporal 

resolution of ultrasound (US) with the high contrast and multiplex detection of optical imaging. 

The implementation of PAI into clinics merely requires a light source — laser — and an ultrasound 

transducer to receive the signal. A recent report even reported the potential of replacing the NIR 

pulse laser with a more economic and portable LED-based excitation source.7 However, to achieve 

the desired specificity and resolution from PAI, a third component is needed – a contrast agent to 

optimize the photoacoustic effect. However, current photoacoustic contrast agents such as gold 

nanorods (AuNRs) and single-walled carbon nanotubes (SWNTs) exhibit considerable laser 

damage after irradiation, greatly diminishing their performance.8, 9, 10 Years ago, a handful of 

studies explored lanthanide NPs as potential PAI CAs. Compared to AuNRs and SWNTs, 

lanthanides have superior photostability and can withstand laser irradiation without deformation, 

degradation, photobleaching or blinking. 

To date, little research has been done on Ln NPs for PAI application. However, as PAI 

becomes increasingly pervasive in a clinical setting and the field looks for potential exogenous CA 

candidates, this application deserves to be revisited.  

Maji et al. reported that the conventional UCNP core (NaYF4:Yb/Er) coated with α-

cyclodextrin produces an enhanced PA signal after 980 nm excitation with a nanosecond pulsed 

laser (see Figure 3.4a-c).11 The α-cyclodextrin serves to quench the UC luminescence. 35 min post-

injection, a clear contrast enhancement localized on the kidney was observed in seven-week-old 

severe combined immunodeficiency female mouse. The authors claim the before and after mouse 

kidney images are solid evidence of the excellent PAI generation capability of UC-α-CD through 
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the heat capacity and a fluorescence quenching effect. In comparison to previously reported 

contrast agents, lanthanide NPs possess several advantages for PAI including easy preparation, 

sharp emission bandwidth, high photostability, and more importantly less background 

autofluorescence.  

However, as previously described 980 nm excitation is largely flawed due to absorption 

overlap with water. An absorption overlap also produces a localized heating effect. Lanthanide 

NPs application in PAI can greatly improve by also shifting excitation to a more biologically 

friendly wavelength – 800 nm. Nd is also an innately better sensitizer than Yb as Nd has an order 

magnitude higher molar absorption coefficient relative to Yb.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Lanthanide NPs for photoacoustic imaging and photothermal therapy. a-c) 
UCNPs as a contrast agent for photoacoustic imaging.11 d-f) Neodymium-Based Nanoparticles 
for multifunctional deep-tissue photothermal therapy.12 
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Rosal et. al. reported ultrasmall (d=2.4 nm) NdVO4 NPs capable of in vivo localized heating 

under 808 nm excitation.12 Figure 3.4f shows thermal images of Nd NPs subcutaneous injected in 

2 mm into chicken tissue at different power densities with arrows indicating injection location. 

Figure 3.4f also shows maximum tissue surface temperature as a function of the 808 nm laser 

intensity. Although the study focused on exploring the use of Nd as a photothermal therapy agent, 

this study is a testament to the heat generation capacity of Nd. These translatable photothermal 

properties have great potential for PAI applications.  

3.5 Biosafety of Lanthanides 

Lanthanide NPs possess great potential as novel luminescent probes for numerous 

bioimaging applications. Prized for their excellent photostability, ability to multiplex, and provide 

background-free detection at prolonged observation times, this particular class of nanomaterials 

has many useful attributes from a biomedical perspective. Despite their numerous advantages over 

conventional luminescent probes, concerns over toxicity plague lanthanide NP practical usage for 

in vivo and in vitro applications. Lanthanides are not known to naturally form part of many 

biological molecules. As a result, some key issues like biocompatibility, stability, and the long-

term toxicity of NPs need to be thoroughly investigated before use in humans.  

To date, the majority of published toxicity data is from in vitro studies and a far smaller 

number of in vivo toxicity studies have been reported. Even more so, data on the impact of 

lanthanide NPs at the cellular or subcellular levels are also very scarce. 

3.5.1 Ion Toxicity and In situ Degradation 

One major concern is the leaching of superficial RE ions “passivated” RE NPs. NPs possess 

large surface areas with a majority of atoms located on the surface. Lanthanides are generally 
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considered to be relatively non-toxic elements.13 Hirano et al. determined the lethal dose (LD50) of 

lanthanide chlorides (LnCl3) and lanthanide nitrates (Ln(NO3)3) after intravenous (IV), 

intraperitoneal (IP) and oral administration in mice to be higher than 10, 450, and 1100 mg/kg 

body weight respectively.14  

Like other inorganic NPs, lanthanide NPs are not easily prone to biodegradation. Within 

these nanoconstructs, lanthanide ions are tightly bound and embedded within an inorganic crystal 

host lattice which reduces their likelihood of leaching out. This is unless the NP undergoes 

decomposition in situ which remains highly debated and has shown to vary on a case by case basis. 

Despite their excellent photostability, there have been some reports of lanthanide NP 

decomposing in situ. Yan et. al, conducted a dissociation study of ligand-free cubic NaYF4: Yb, 

Er @ NaYF4 NPs (d=13 nm). The study found the total released lanthanide ions was less than 20 

nmol/mL after 96 h of incubation.15 The same study showed the addition of a CaF2 shell minimizes 

the release of lanthanide ions up to < 2 nmol/mL, alluding to the effectiveness of introducing a 

shell to suppress RE ion leakage. In general, coatings have been shown to also improve the 

clearance of lanthanide NPs. Zhang and Jalil et al. reported initially high concentrations of silica-

coated lanthanide NPs 24 h post-injection and complete clearance 7 days post-injection.16  

Another report by Cheng et al. showed a larger extent of NP degradation. The authors 

tested PAA and PEG-coated NaYF4: Yb, Tm UCNPs with no signs of organ damage and no 

abnormal findings with serum biochemistry, hematology, and hepatic enzyme levels following a 

20 mg/kg dose.17 However, NP aggregation was detected in the liver and characterized via TEM 

and ICP-MS 7 days post-injection. There was no detectable UC emission in the excised liver 

suggesting UCNPs may have been partially decomposed inside macrophage cells. Regardless of 
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coating, similar levels of liver uptake were observed. There was lower signs of accumulation in 

the spleen and lungs from PEGylated NPs.  

Similar reports show minor Gd ion leakage from Gd NPs. Studies have characterized Gd3+ 

ion leakage from NPs using the DTPA ligand.18 Based on the known dissociation rate constant of 

Gd-DTPA, the amount of free Gd3+ ions released by NaGdF4 particles was calculated to be 

approximately 6 nmol/mL. According to the acute lethal toxicity of GdCl3 for rats, the amount of 

LD50 of GdCl3 is approximately 0.5 mmol/kg body weight.19 Based on this calculation, NaGdF4 

should have minimal toxicity as the amount of free Gd3+ ions leached is lower than the LD50. It is 

also worth mentioning, only patients with renal disease are subjected to risks of severe 

complications like Nephrogenic Systemic Fibrosis (NSF) making NSF quite rare. 

3.5.2 NP biodistribution 

Although the small size of NPs allows these probes to bypass biological barriers for deep 

tissue penetration and accumulation in multiple organs, concerns over their clearance compared to 

small molecules arise. Small molecule RE chelates exhibit quick renal clearance from IV injection. 

The challenge of assessing the potential toxicity of any NP is its complexity. These nanomaterials 

demonstrate vastly different behavior depending on the combined interaction between the 

chemical composition of the NP, surface chemistry, physical attributes of the colloid solution, and 

the local chemical and physical microenvironment.  

Biodistribution patterns and elimination pathways are strongly associated with NP size, 

shape, and surface chemistry. To better elucidate the effect of NP size, Gao et al. prepared two 

spherical PEGylated NP groups of different sizes:18.5 ± 1.3 nm (NaGdF4: Yb/Er) and 5.1 ± 0.4 

nm (NaGdF4).20 Similar ligand exchange methodologies ensured the results reflect the effect of 

NP size on pharmacokinetic behavior. Both groups presented similar biodistributions. Smaller NPs 
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exhibited longer blood half-life (178 vs. 66 min), but a shorter biological half time (1.4 vs. 7.0 

days) which suggests size dependent elimination pathways. The major elimination pathway of 

small NPs was renal, while fecal analysis revealed the biliary clearance pathway as the major 

elimination pathway for larger NPs. More than 87% of large NPs were excreted after 30 days post-

injection. Fecal analysis at different time points presents no difference in NP size, size distribution, 

and shape compared to pre-injected NPs. This promising result suggests NaGdF4 NPs remain intact 

in vivo and ease concerns of in situ decomposition. 

Some reports show NPs (HD >20 nm) are not quickly excreted renally and may circulate 

in the body for over a week or longer. Larger NPs (HD >40 nm) are uptaken by cells much less 

efficiently than smaller ones, which may reduce potential toxicity on cells. Nam et al. tracked 

PEGylated NaYF4: Yb, Er (d=40 nm) in HeLa cells over real-time and showed NPs were 

internalized by cells via nonspecific endocytosis, more specifically pinocytosis.21  

Despite the relatively low number of in vivo studies to date, a study from 2016 evaluated 

the safety of Gd NPs in both atherosclerosis bearing and healthy nonhuman primates. The NPs 

used in this study were gadolinium (Gd)-chelating DOTAGA (1,4,7,10-tetra-azacyclododecane-

1-glutaric anhydride-4,7,10-triacetic acid) coupled to a polysiloxane network (HD = 3.5 nm). After 

high-dose repeated IV administration, NPs were well tolerated. In similar dosages the NPs 

exhibited a similar half-life in rodents, but nonhuman primates did not display similar signs of 

transient and minimal vacuolations of the proximal convoluted tubules in the kidneys observed in 

rodents. In addition, H&S staining indicated a safe renal elimination of Gd-NPs.22 

3.5.3 Long-term toxicity 

Currently, long-term toxicity data for RE NPs is scarce. Only a handful of long-term 

toxicity studies of RE NPs have monitored weight fluctuation, histology, and biochemical 
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analyses.23, 24 In these studies, the condition of mice was monitored up to approximately 5 months 

post-injection. Lanthanide NPs are usually quickly removed from circulation and deposited in the 

liver and spleen where they persist for a longer time. The study ultimately concluded no adverse 

effects up to 150 days after exposure with no change in indicators like body weight and histology. 

It is important to note the spleen presented slight 30 days post-injection but appeared to eventually 

normalize over time. There is still a need to characterize the effect of these materials over longer 

durations (including multi-generational). 

Numerous cytotoxicity tests based on cellular morphology and mitochondrial function 

suggest that RE NPs have low cytotoxicity to a broad range of cell lines under certain thresholds 

of NP concentration and incubation time. The low toxicity of RE elements provides great potential 

for in vivo applications covering both imaging and therapy, yet the toxicity of RE NPs is heavily 

dependent on NP size, morphology, composition, and surface functionalization. Generally, 

lanthanide NPs are usually quickly removed from circulation and deposited in the liver and spleen 

where they persist for a longer time. However, no obvious adverse health effects could be detected 

at doses and experiment times studied. Therefore, no general statement of the biosafety of RE NPs 

as a whole can be made. Rather the toxicity of these materials must be closely monitored and 

evaluated on a case by case basis for in vivo applications.  

3.6 Addressing toxicity concerns 

To date there have been over 40 FDA-approved nanoformulations which is a testament to 

the potential of the nanomedicine field. However, the lack of lanthanide NP translatability is 

evident by the non-existent number of clinical trials (0 UCNPs, 3 Gd NPs). This hints towards a 

disconnect between advances in academic settings and clinical need. The limited clinical outcomes 



 

115 

in the entire field of nanomedicine have been attributed to two major issues: reproducibility and a 

lack of need met by these technologies.  

To address reproducibility issues, we suggest a regulation the way in vitro and in vivo 

studies are designed, and the results reported. Standards for cytotoxicity studies are needed as the 

field continues to branch off into various biomedical applications and to grow tremendously every 

year. The current variation in parameters (time of exposure, NP concentration, cell lines) makes a 

comparison of cytotoxicity results for lanthanide NPs from current literature difficult. It is 

imperative to first garner a complete understanding of lanthanide NP and cell interactions as in 

vivo experimental parameters are dependent on the in vitro data such as dosage.  

Recently a correspondence in Nature Nanotechnology was published in an attempt to 

address the issue of transparency and reproducibility in the field of nanomedicine. The 

correspondence aims to highlight the viewpoint of prominent nanomedicine researchers about 

standardization practices for nanomaterials.25 The paper accurately captures the difficulty of 

generating a rigid “one-size-fits-all” international standard in such a complex, rapidly evolving 

field. Although the Correspondence did not conclude with a definitive checklist, multiple authors 

suggest implementing the Minimum Information Reporting in Bio-Nano Experimental Literature 

(MIRIBEL) principles proposed by Caruso et al. and Good laboratory practices (GLP) studies 

which are common in industry labs. The MIRIBEL checklist is a minimum information standard 

which for any investigation of bio-nano interactions and includes material characterization, 

biological (system) characterization and details of experimental protocols.26 

Before the adoption of these lanthanide-based nanotechnologies, we must assess if the 

potential risks outweigh the potential diagnostic benefit to society. CAs are used for diagnostic 

purposes and to actively track disease prognosis in patients who are not necessarily terminally ill. 
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As these materials are used to screen healthy populations, the bar of safety is set higher. However, 

lanthanide nanoparticles stand to revolutionize the field of bioimaging if we can as scientist can 

learn to harness their unique optical and magnetic properties.  
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