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Abstract 

Nanotechnology has allowed the fabrication of multifunctional nanoplatforms 

by integrating various components into a single nanoformulation. Their size 

compatibility with the biological systems and the development of efficient and 

flexible approaches that afford control to tailor the physical and chemical 

properties of these nanostructures with the ability to thoroughly characterize them 

facilitated a rapid rise in the use of nanoparticles as unique tools for many 

biological applications. In the clinic, these engineered nanoparticles, capable of 

diverse functionalities, hold great promise to a more individualized approach to 

management and therapies of various diseases. Combining contrasts for different 

imaging modalities in a single agent can give more accurate and detailed 

information on the physiological and anatomical characteristics of the disease 

pathology. Integration of imaging into the delivery of therapeutic agents offers a 

safer and more effective approach by ensuring sufficient accumulation in target 

tissues and by monitoring the effects both on the target and the surrounding 

healthy tissues. 

Most fluorescent nanomaterials including quantum dots and dye-doped 

silica/ gold nanomaterials are generally excited by ultraviolet (UV) or visible light 

that have limited penetration depth, induces autofluorescence and causes 

photodamage to cells with prolonged exposure. The remarkable property of the 
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upconverting lanthanide-based nanoparticles to efficiently convert near infrared 

light (NIR) to shorter wavelengths circumvents these challenges. In addition, 

judicious choice of lanthanide composition allows the integration of several 

imaging modalities such as MRI and CT with added therapeutic modality. 

The central theme of this thesis is design and development of lanthanide-based 

nanoparticles to yield multifunctional platforms advancing their suitability for 

research and clinical applications. A systematic approach to produce highly 

controlled hexagonal sodium lanthanide fluorides (NaLnF4) and the strategies 

used to fine tune the optical properties for high-contrast NIR in vivo optical 

imaging, and to serve as photon nanotransformer for precise control of light 

activated cellular functions are presented. The developed nanoformulation for 

optogenetics offers unprecedented opportunities for noninvasive control over 

neuronal circuitry of live animals by allowing localized emission of blue activating 

light through excitation of NIR light. This is a great advancement in optogenetics 

technology, which is severely hampered by the poor penetration of visible light in 

the deep brain regions, thus, requiring blue laser inserted into the brain of the 

animal. 

Food and Drug Administration requires complete clearance of metal

containing nanoparticles in a reasonable amount of time to minimize the 

likelihood of potential toxicity. The large size of the nanoparticles and how it 

relates to normal physiology hinders their clinical translation. In general, 

nanoparticles with hydrodynamic diameter > 8 nm is rapidly captured by the 
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macrophages of the reticuloendothelial system, resulting in a limited circulation 

time and inefficient clearance from the body. Here, ultrasmall, sub-5nm 

nanoparticles were developed to realize the promise of this nanoparticles for 

clinical use in image-guided radiotherapy. The combination of Gd and Yb in the 

nanocrystal yielded a bimodal probe for MRI and CT imaging with properties 

comparable to existing commercial agents (e.g. Magnevist®, iohexol). These high-Z 

lanthanides can also act as radiosensitizers by emitting low energy Auger electrons 

following radiotherapy by X-ray. Reducing the size of the nanoparticles allowed 

complete elimination from the body within days (i .e., 4 days) through hepatic and 

renal clearance as revealed from I CP-MS analysis of Gd3+. 
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Chapter 1 

General Introduction 

Nanoparticles are materials with at least one dimension in the 1-100 nm size 

range (Figure 1) [1-3]. This size dimension gives rise to a large surface-to-volume 

ratio to yield size-dependent physical and chemical properties of the materials [ 4]. 

In the realm of biology, the size compatibility of nanoparticles to serve as 

biological tools to probe structures and processes down to cellular and sub-cellular 

levels has been a great motivation to pursue the development of nanotechnology 

for biological applications [5, 6]. The surface of the nanoparticles can 

accommodate targeting biomaterials, therapeutic agents, and can conveniently 

combine different imaging modalities into a single unit and deliver to specific 

organ, tissue or cells [7, 8]. 

The rapid rise in the use of nanoparticles as platform for many biomedical 

applications, such as high sensitive biosensors, bioimaging probes, drug delivery 

carrier, and emerging therapy approaches combining diagnosis and therapy, is 

facilitated by the advent of successful methods that afford control over the size, 

morphology and composition, the ability to tailor the physical and chemical 

properties, and to thoroughly characterize the nanoparticles [9]. A typical design 

of a nanoparticle as a biological platform consists of an inorganic core with its 

unique property (i.e. optical or magnetic), coated with a biocompatible layer. This 
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biocompatible layer can be inert material such as silica; polymers; organic 

molecules that can adsorb or chemisorb on the surface. For active targeting, the 

biocompatible layer can have a reactive group, or a linker may be attached to the 

nanoparticle surface to bind target moieties through bioconjugation reactions. 

Therapeutic agents can be loaded in the pores of the nanoparticles, encapsulated, 

or conjugated to the surface. Some of the applications of nanomaterials to biology 

and medicine to date include: fluorescent biological labels [10-14]; drug and gene 

delivery systems [15-18]; biodetection [19-22]; tumor destruction [23-27]; clinical 

imaging [28-33]. A number of nanoparticles have been clinically approved for 

application and some are undergoing clinical trial (Figure 2). 
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Figure 1 Relative sizes of nanoparticles (NPs): hydrodynamic diameter ranges for nanoscale materials useful 
for biomedical imaging (top row) and naturally occurring materials (bottom row). QD = quantum dot. 
Reprinted from [34], Copyright 2010, with permission from SAGE Publications. 
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Figure 2 Clinically relevant nanoparticles. Organic and inorganic nanoparticles have been approved for a 
variety of clinical indications (black text) and are being investigated in current clinical studies for additional 
indications (red text). Examples included (a) Doxil (200 nm scale bar), (b) Abraxane (200 nm scale bar), (c) 
CRLX101 (50 nm scale bar), (d) Feraheme (20 nm scale bar), (e) early iteration of Cornell Dots (50 nm scale 
bar), and (f) gold nanoshells (inset: 100 nm scale bar, main figure: 1,000 nm scale bar) from Nanospectra, 
makers of AuroLase. (a) Reprinted from ref. [35]. Copyright (2016), with permission from Elsevier. (b) Adapted 
by permission from Macmillan Publishers Ltd: Nature Communications, [36], Copyright (2015). (c) Reprinted 
from ref. [37]. (d) Reprinted from refs. [35] and [38]. Copyright (2016), with permission from Elsevier. (e) 
Adapted with permissions from ref. [39]. Copyright (2012) American Chemical Society. (f) Reprinted from ref. 
[40] Reprinted from [41], Copyright 2016, with permission from John Wiley & Sons. 
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This body of work focuses on the use of lanthanide-based nanoparticles as 

multifunctional nanoplatforms suitable for non-invasive biological applications. 

These nanoparticles are in the form of sodium lanthanide fluoride (i.e. NaLnF4; Ln 

= trivalent lanthanide) wherein the trivalent lanthanide ions embedded in an 

inorganic host lattice can produce anti-Stokes emissions, also known as 

upconversion [ 42] . In an upconversion process, a series of absorption of lower 

energy photons via real intermediate energy states result in a higher-energy 

photon emission. The real ladder-like energy levels of the lanthanide ions make 

this highly efficient process achievable by a continuous wave ( CW) laser that one 

can do away with expensive ultrashort pulse lasers. These optical transitions 

arising from the well-shielded 4f-4f orbital electronic transitions are not unique to 

the nanoparticles as similar properties are observed in bulk form. However, the 

surface of the nanoparticles allows flexible surface modifications, and the nano

scale size makes it compatible for biological applications [43] . 

A typical application of upconverting nanoparticles (UCNPs) utilizes near 

infrared (NIR) incident light, providing remarkable advantages such as the absence 

of autofluorescence and deeper penetration of NIR into biological tissue, large 

anti-Stokes shift and sharp emission bandwidths, reduced photodamage and 

reduced photobleaching. This unique and highly favorable optical property is 

exploited in two applications here, first as an optical NIR high contrast in vivo 

imaging probe, and second as an intracellular photon nanotransformer for precise 

optogenetic control of Channelrhodopsins. In addition, doping strategies of 
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appropriate lanthanide ions (i.e. Gd3+, Yb3+) allow the integration of other imaging 

modalities such as magnetic resonance imaging (MRI) and X-ray computed 

tomography (CT). Furthermore, due to the high atomic number, Z, of these 

lanthanide ions, they can be designed with an added therapeutic modality as a 

radiosensitizer through emission of Auger electrons. A brief overview of the 

properties oflanthanides and their applications is given in Chapter 2 . 

Synthetic routes that enable the preparation of monodisperse nanoparticles in 

terms of size, morphology, and crystal phase are critical to realize their utility in 

practice. The ability to engineer size and composition allows the tuning of their 

properties for the desired application [44] . In Chapter 3, a systematic approach to 

prepare UCNPs with precise control of crystal phase and size, as well as 

enhancement of upconversion efficiency is demonstrated through Gd3+ doping in 

the lattice of Na YbF 4:Tm3+ nanocrystal. Through doping of the appropriate 

concentrations of Gd3+, cubic phase and irregular shape Na YbF 4 :Tm3+ 0.5% 

nanoparticles can be converted into highly monodisperse Na YbF 4:Tm3+ 0.5% 

nanoplates or nanospheres in a pure hexagonal-phase and of tunable size. The 

intensity and the lifetime of the upconverted NIR photoluminescence at 800 nm 

exhibited a direct dependence on the size distribution of the resulting 

nanoparticles, being ascribed to the varied surface-to-volume ratios determined by 

the different nanoparticle size. Epitaxial growth of a thin NaYF4 shell layer of -2 

nm on the -22 nm core of hexagonal Na YbF 4:Gd3+ 30%, Tm3+ 0.5% nanoparticles 

resulted in a dramatic 350 fold NIR upconversion efficiency enhancement due to 
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effective suppression of surface-related quenching mechanisms. In vivo NIR-to

NIR upconversion imaging was demonstrated using a dispersion of phospholipid

polyethylene glycol (DSPE-PEG)-coated core-shell nanoparticles in phosphate 

buffered saline. 

Highly efficient UCNPs that act as photon nanotransformers to upconvert NIR 

light into blue light is presented in Chapter 4. The Na YbF 4:Tm3+ o.5%@Na YF4 

core-shell UCNPs described here is -6 fold brighter in the blue range than the 

canonical NaYF4 :Yb 30%, Tm3+ o.5%@NaYF4 [45, 46] . Light activation of 

photoswitchable molecules enables control over the course of physicochemical 

processes with high spatiotemporal precision, offering revolutionizing potential in 

multiple areas of contemporary biomedicine. Yet, application of this technology in 

live organisms remains severely limited due to the reliance on visible light that has 

poor penetration in biological tissues. This chapter will show how these UCNPs 

can be utilized for high subcellular precision photoactivation to advance 

optogenetics, a rapidly emerging technology that combines genetics and optics to 

control well-defined events within cells of interest upon light activation [47] . This 

is achieved by inserting light-gated ion channel proteins called opsins into cells to 

confer light responsiveness . These opsins are activated by visible light i.e. 

channelrhodopsin 2 (CHR2) at -470 nm, which can limit the utility of optogenetics 

due to poor penetration of visible light in deep brain regions brought about by the 

high absorption and scattering in tissues [48] . Excitation by NIR light that can 

provide deeper light penetration than the UV or visible light can circumvent this 
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difficulty in optogenetics. Here the UCNPs were conjugated with folic acid to 

target cultured cells and enable optogenetic activation with incident NIR light. In 

contrast to conventional optogenetic approaches that involve indiscriminate 

activation of optogenetic proteins in the cellular volume with incident light 

irradiation, the upconverted light generated in situ by intracellular UCNPs, 

activates the optogenetic proteins only in close vicinity to the nanoparticles. The 

presented nanophotonics approach here can advance subcellular optogenetics, 

providing control of cellular functions as well as unprecedented opportunities for 

noninvasive control over neuronal circuitry in central neural system of live 

animals. 

The design of multifunctional agents that combine diagnostic and therapeutic 

platforms through nanotechnology (theranostics) can become an indispensable 

tool in the detection, diagnosis and monitoring of disease progression and 

patient's response to treatment. This approach can result to better disease 

management through individualized therapy. However, despite the strong interest 

in the field and the enormous progress that has been achieved in research, the 

basic discoveries have yet to find its way in the clinic [49] . 

The ability to provide simultaneous contrast for multiple imaging modalities, 

and at the same time carry a therapeutic payload along with contrast agents is a 

distinct advantage of nanoparticles to small molecules [28] . However, the large 

size of the nanoparticles and how it relates to normal physiology hinders their 

clinical translation [34]. In general, nanoparticles with hydrodynamic diameter> 8 
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nm is rapidly captured by the macrophages of the reticuloendothelial system, at 

the same time, hepatic and biliary excretion of these large particles can be slow 

resulting in prolonged retention time within the liver parenchyma [50-53]. This 

results in a limited circulation time and efficient clearance from the body. 

Furthermore, Food and Drug Administration requires complete clearance of 

metal-containing nanoparticles, in a reasonable amount of time to minimize the 

likelihood of potential toxicity [34, 50, 51] . 

To realize a more clinically relevant theranostic platform, a sub 5-nm ~

NaGdF4:Yb50% nanoparticles, a very promising candidate for clinical use in image

guided radiotherapy, is reported in Chapter 5. These ultrasmall nanoparticles 

(usNPs) combine Gd and Yb, in the nanocrystal to design a bimodal probe for MRI 

and CT imaging, with imaging properties comparable to existing commercial 

agents (e.g. Magnevist®, iohexol) . Reducing the size of the nanoparticles to sub-

5nm increases the surface Gd3+ accessible to H2 0 leading to higher T1 relaxivities 

(r1) in comparison to larger nanoparticles [54] while allowing complete elimination 

from the body within days (i.e., 4 days) through hepatic and renal clearance as 

revealed from ICP-MS analysis of Gd3+. The nanoparticles were modified for 

targeted delivery by conjugating folic acid to their surface, ensuring optimal 

cellular uptake, thereby improving radiosensitization significantly. 

Radiosensitization is a direct result of low energy Auger electrons emitted 

following radiotherapy by X-ray. Localized radiosensitization can lead to optimal 

eradication of tumor cells with minimal damage to the surrounding normal cells 
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by lowering the radiation dose in RT without compromising efficacy. Clonogenic 

assay on C6 rat glial cells confirmed that these nanoparticles could act as an 

effective radiosensitizer provided the nanoparticles are taken up intracellularly. A 

2 Gy dose of X-ray showed -20% decrease in colony survival when C6 rat glial cells 

were incubated with non-targeted nanoparticles (NaGdF4 :Yb50%) whereas the 

same X-ray dose resulted in an -60% decrease in colony survival when conjugated 

to folic acid (NaGdF4:Yb50%-FA) . These biocompatible, excretable and ultrasmall 

~-NaGdF4:Yb50% nanoparticles are promising candidates for further evaluation as 

promising theranostic platform for image-guided radiotherapy. 

In summary, this dissertation aimed to develop nanoconstructs that can be 

used both in research and in the clinic by utilizing novel lanthanide-based 

nanoparticles in the form of NaLnF4• Lanthanide-doping strategies and optimized 

colloidal synthesis were employed to tune the optical properties and control size 

and crystal phase. Core-shell strategies significantly enhanced the 

photoluminescence, and the judicious choice of lanthanide composition allowed 

the integration of multifunctionality to the nanoparticles. Surface modification 

techniques rendered biocompatibility and ensured targeted delivery. Combining 

all these aspects produced high quality monodisperse nanoparticles well suited for 

biological applications, with tailored excellent capabilities for both imaging and 

therapy. 
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Chapter 2 

A Brief Overview 

The lanthanide series, comprised of the 15 elements from lanthanum to 

lutetium, occupies the first period of the f-block elements with electron 

configurations of [Xe]6s2 5d14f1. Trivalent lanthanide ions, the most stable 

oxidation state of lanthanides, is attained by losing the three electrons from the 6s2 

and 5d1 orbitals resulting to a [Xe]4f1 shell configuration, with the 4£11 shell well

shielded by the filled 5s and SP orbitals [1]. The shielding of the 5s2 and 5p2 

subshells renders the trivalent lanthanide ions essentially spherical with the 4f 

orbitals unavailable for bonding. Furthermore, in contrast with the transition 

metals, the crystal filed stabilization effects is small [2]. Virtually free from large 

perturbations due to the lattice, the overall energy level structure of a given 

lanthanide ion in different hosts will not change very much. 

The unique properties of the lanthanide ions result from the rearrangement of 

the electrons in the 4f orbitals resulting from excitation [3-6]. Due to electronic 

repulsion and spin-orbit coupling, the energy levels of the 4f orbitals are not 

degenerate. The electronic repulsion yields terms in order of 104 cm-1
; while the 

interaction between the spin angular momentum and the orbital angular 

momentum of the electrons (spin-orbit coupling) splits the energy levels further 

into the J-states by order of 103 cm-1
• The ligand field splitting in a coordination 
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environment (102 cm-1
) is not pronounced due to the effective shielding of the 5s 

and SP orbitals [4, 6] . Russell-Saunders coupling scheme can be used to describe 

the J-states following the term symbol 25+1L1 [7] . The term 2S+1 refers to the spin 

multiplicity giving the maximum possible spin orientations, which denote the 

degeneracy of the J-states. The value of the overall S can be calculated by getting 

the sum of the ms values for each electron. The total orbital angular momentum 

represented by the L term is achieved by coupling the individual orbital angular 

momentum and is characterized by the symbols S,P,D,F,G, ... (L = 0,1,2,3,4, ...). The 

total angular momentum J (J = L+S, L+S-1, L+S-2, .. IL-SI) indicates the relative 

orientation of the spin and the orbital momentum. For less than half-filled 

subshells, consider the level with the lowest value of J (J = IL-SI), while for a 

subshell that is more than half full, the maximum value of J (J = L+S) is used [8]. 

Ex: Tm3+ [4f2
] S = 1, L = 5, J = 6 ➔ (3H6) 

Er3+ [4f1
] S = 3/2, L = 6, J = 9 /2 ➔ (4li512) 
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Figure 1 Energy d iagram of the 4f levels responsible for the lanthanide luminescence. A filled circle denotes 
the lowest luminescent state, and an open circle denotes the highest non-luminescent state . Reprinted from 
[9], with the permission ofAIP Publishing. 

Upconversion in Lanthanide-doped Nanoparticles 

A typical fluorescence process follows the principles of Stokes law, which 

simply states that the absorbed photons have higher energy than the emitted 

photons [10] . This event is shown in Figure 2 wherein absorption of photon excites 

the electron from ground state, S0 , to a higher energy state, S2 • Some of the energy 

is lost due to non-radiative transitions such as vibrational relaxation or internal 
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conversion; electrons then reside to a lower energy state, Su hence, as the electrons 

return to ground state the emitted photons have lower energy than the absorbed 

ones. The molecule can also relax from the excited singlet state, S1 to a lower 

energy, triplet excitation state, T2 , through intersystem crossing (ISC) . Some of the 

energy is again lost through internal conversion (IC) and the metastable excited 

triplet state, T1 relaxes back to a singlet state through radiative decay known as 

phosphorescence (P) . 

In comparison, upconversion (UC) is an anti-Stokes process wherein the 

emitted photons have higher energy than the absorbed ones [11] . This 

phenomenon is achieved due to the presence of many long-lived metastable 

energy states to store the energy of the absorbed pump photons making it possible 

to promote the electrons to a higher energy state with the subsequent absorption 

of the lower energy photons [12, 13]. The availability of multiple long-lived 

metastable levels in trivalent lanthanides (Ln3+) makes them well suited for 

upconversion processes [14] . The well-defined energy levels of Ln3+ are due to the 

shielding of 4f electrons by the outer-lying 5s and SP electrons resulting in 

particularly small electron-phonon coupling strengths for the various excited f-f 

states [15] . By quantum mechanical selection rules, the ff transitions are 

forbidden, however they can be observed due to local crystal field induced 

intermixing of f states with higher electronic configurations resulting in very long 

lifetimes for the energy levels [16, 17]. The long lifetime of the excited states (10-
6 s 

- 10-
2 s) increases the probability of sequential excitations in the excited states of a 

19 



single lanthanide ion, as well as in permitting favorable ion-ion interactions in the 

excited states to allow energy transfers between two or more lanthanide ions. 

Furthermore, shielding of the 4f orbitals results in nonblinking and line-like sharp 

emissions, which exhibit high resistance to photobleaching and photochemical 

degradation [18, 19]. 

Stokes shift 
t-------1 

l 
----- excited vibrational states 

S2 --' - ----+-
IC/>-Absorbance C) S1 

.. ... ISC 
Cl) 
C: T2 w A F 1 IC 

T1 

p 

electronic ground state 

Figure 2 Schematic diagram of a typical fluorescence depicting a Stokes shift process. Output photon energy is 
lower than the input photon energy due to internal energy loss. 

Upconversion Mechanism 

Four fundamental energy processes responsible for UC emission are discussed 

and shown in Figure 3. These UC processes involve the sequential absorption of 

two or more photons in contrast with multi-photon processes where the 

absorption occurs simultaneously [11, 20, 21]. 
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Figure 3 Schematic diagram of the principal upconversion processes: (a) excited state absorption (ESA); (b) 
energy transfer upconversion (ETU); (c) cross-relaxation, (CR); (d) photon avalanche, (PA). 

1. Excited State Absorption 

In the case of ESA, multi-step excitation by a single ion is achieved by 

successive absorption of pump photons. The first pump photon excites the ion 

from the ground state (G) to an intermediate energy level (E1). The ion is finally 

promoted to a higher energy state (E2 ) by absorbing another photon. As the 

excited ion in E2 returns to ground state (G), UC emission occurs with energy 

corresponding to the E2➔G transition. 
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2. Energy Transfer Upconversion 

Like ESA, the intermediate states are populated via successive absorption of 

pump photons. Energy transfer in ETU however occurs between two ions, the first 

ion to be excited is called a sensitizer and the ion to which energy is transferred is 

called the activator . A non-radiative energy transfer process promotes one of the 

ions to upper emitting state E2 while the other ion relaxes back to ground state G. 

Because the energy transfer is between two ions, the dopant concentration has a 

strong influence on the UC efficiency as it determines the average distance 

between the neighboring ions. When the distance between the two ions is near 

enough and the excited energies of the sensitizer (S) and activator (A) are almost 

identical, energy can be transferred via resonant radiative or non-radiative 

transfer. The difference between the radiative and non-radiative is that the 

radiative transfer is dependent on the shape of the sample. A mismatch in the 

energy levels between the S and A ions requires phonon assistance to facilitate 

energy transfer process, hence the term phonon-assisted non-radiative transfer. 

Since ETU favors resonant absorption, the probability of upconversion is increased 

due to long excitation lifetimes making it much more efficient over ESA. In 

addition, ETU is independent of pump power and has an instant response to 

excitation hence it is widely used for highly efficient upconversion. 

3. Cross Relaxation 

CR denotes all energy transfer occurring between identical ions. In this case, 

the same kind of ion is both the sensitizer and the activator. As the two ions are 
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excited from the G➔ E1, one ion transfers energy to the other to further excite it to 

E2 , while the other ion (sensitizer) goes back to the ground state. 

4. Photon Avalanche 

PA is a more complex process than the first three and only occurs when the 

pump photon intensity reaches a critical threshold. When the excitation radiation 

is not resonant with the absorption transition from G➔ E1 but a little higher, the 

metastable E1 is populated by non-resonant phonon absorption and is then 

followed by resonant ESA to populate E2 • Increase in the number of populated E1 

states result in the increase of many ESA events to populate E2 which then leads to 

cross-relaxation energy transfer between the excited ion in E2 and a neighboring 

ion in G. This results in both ions populating E1, which would then undergo ESA to 

populate E2 hence increasing the E2 population. Repeating the whole process again 

and again causes a dramatic increase in the E2 population that when the electrons 

go back from E2➔ G, high-energy photons are emitted. Although PA is efficient, it 

suffers from several disadvantages such as high pump power dependence to reach 

the threshold condition and slow response to excitation due to looping cycles of 

ESA and cross relaxations. 
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Selected Applications of Lanthanide Upconversion 

Nanoparticles 

NIR-Excited In Vivo Optical Imaging 

The use of near infrared (NIR) for bioimaging has been gaining a lot of interests 

due to its many advantages. NIR has better penetration depth in biological tissue; 

moreover, having both the excitation and emission wavelengths within the optical 

transparency window reduces light scattering and minimizes autofluorescence [22, 

23] . Most fluorescent materials, however, including dye molecules, quantum dots, 

and dye-doped silica/ gold nanomaterials, emit light via typical fluorescence 

process following Stokes law, hence, are generally excited by ultraviolet (UV) or 

visible light which induce autofluorescence and photodamage to cells with 

prolonged exposure [24] . The use of optical probes with NIR fluorescence allows 

for improved photon penetration through tissue and minimizes the effects of 

tissue autofluorescence. As shown in Figure 4, tissue autofluorescence can limit 

the signal to background ratio of fluorescence imaging. Optical contrast agents 

that can be excited and emit within the wavelength range of increased optical 

transparency for biological tissues can limit the interference of autofluorescence. 
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Figure 4 Wavelength-dependent autofluorescence of vital organs and bodily fluids. (a) Immediately after 
sacrifice, the viscera of a hairless, athymic nu /nu mouse were exposed. Tissue autofluorescence was then 
imaged using three different excitation/emission filter sets: (b) blue/green (460-500 nm/ 505-
560 nm); (c) green/ red (525-555 nm/ 590-650 nm); and (d) NIR (725-775 nm/790-830 nm). The fluence rate 
provided by each filter set was adjusted to 2 mW/cm 2 To compensate for differences in emission filter• 

wavelength width and camera sensitivity, exposure times were adjusted accordingly. Fluorescence images have 
identical normalization. For orientation, the white light color image of the animal is shown in (a). Arrows 
mark the location of the gallbladder (GB), small intestine (SI) and bladder (Bl). Reprinted from [23], Copyright 
2003, with permission from Elsevier. 

Lanthanide-doped upconverting nanoparticles (UCNPs) with their controllable 

size and unique luminescence properties are promising alternatives to 

conventional fluorophores such as organic dyes and quantum dots. Successful 

synthesis of high-quality upconverting nanocrystals with the correct strategy for 

appropriate surface modification easily broadens the range of suitable biological 

applications for these particles. Compared to organic dyes and QDs, UCNPs have 

high quantum yields, long lifetimes, high photostability, a narrow emission peak, 

and most importantly, low optical background noise due to the absence of 

autofluorescence under NIR radiation [18]. Furthermore, the sharp, well-resolved 
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emission peaks of UCNPs allow them to be easily identified as labels, and 

multicolor emission upon a single excitation wavelength hence, multiple analytes 

can be detected simultaneously from different UCNPs excited by the same IR laser 

[25-27] . 

Zijlmans and co-workers [25] were the first to utilize UCNPs for biological 

application. They synthesized submicron-size nanocrystals ( 0.2-0-4 µm) that were 

then coated with avidin or antibodies for a more specific binding to antigens. A 

low autofluorescence signal and no photobleaching even after prolonged exposure 

to high excitation energy levels were observed, the size at the submicron level 

however, limits the application. 

With a rapid gain in interest, development of synthesis techniques yielded 

smaller size high-quality UCNPs suited for wide range of biomedical applications. 

The first use of UCNPs for cellular and tissue imaging was demonstrated by 

Zhang's group [28] by injecting 50-nm NaYF4 :Yb/Er nanoparticles coated with 

polyethyleneimine (PEI) under the skin in the groin and upper leg regions of 

anesthetized Wistar rats. Under 980 nm NIR laser, the nanoparticles can be 

detected up to 10 mm beneath the skin, far deeper than depths managed through 

use of quantum dots (Figure 5) . Furthermore, the nanoparticles were shown to be 

stable in physiologic buffered saline (PBS), non-toxic to bone marrow stem cells, 

and resistant to photobleaching. 

To improve the light penetration depth, Prasad's group [29] pioneered the use 

of UCNPs for in vitro and in vivo NIR-to-NIR photoluminescence (PL) imaging. 
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W/cm

This was achieved by using aqueous dispersible 20-30 nm size NaYF4 :Yb/Tm 

nanoparticles. Doping of Tm3+ and Yb3+ ions into the NaYF4 host allowed the 

excitation wavelength (975 nm) and the upconverted emission (-800 nm) to be in 

the NIR range, resulting to deeper tissue penetration and high optical contrast 

(Figure 6). No overt short-term toxicity in the injected Balb-c mice was observed 

after 48 h post-injection. The group further developed Na YbF 4 :Tm nanoparticles 

coated with CaF2 shell [30] . Highly efficient NIR-to-NIR upconversion was 

achieved with around o.6% quantum yield under low power excitation (-0.3 

2
). Heteroepitaxial growth of the biocompatible CaF2 shell successfully 

suppressed surface quenching, which result in 35-fold UC PL increase from the 

core. An exceptional contrast with signal-to-background ratio (SBR) of 310 in 

small-animal whole-body UC PL imaging was achieved and it was shown that the 

nanoparticles can be visualized through a 3.2cm thick (pork) tissue. 
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fluorescence, but not through thicker skin of back (b) or abdomen (c); PEI/NaYF4 :Yb,Er nanoparticles injected 
below abdominal skin (d), thigh muscles (e), or below skin of back (f) show luminescence. QDs on a black disk 
in (a, b) are used as the control. Reprinted from [28], Copyright 2007, with permission from Elsevier. 
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Figure 6 NIR-to-NIR PL imaging: (a) shows the PL spectra of NaYF :Tm,Yb UCNPs in aqueous dispersion
4 

under 975 nm excitation; (b) cell viability assay with Pane 1 cell treated with different concentration of UCNPs 
show no overt toxicity. In vitro imaging using Pane 1 cells is demonstrated in (c) showing the localized PL 
spectra in red on black background (image on the right). (d) Whole body images of mouse injected IV with 
UCNPs with the red color indicating emission from UCNPs, green and black show background as indicated by 
the arrows (image on the right). Reprinted with permission from [29]. Copyright (2008) American Chemical 
Society. 
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Nanotransformers For Optogenetics 
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Figure 7 Schematic of near-infrared optogenetic stimulation of neurons with UCNPs. Reprinted from [31], 
Copyright 2017, with permission from John Wiley and Sons. 

Minimally invasive and remote stimulation of specific deep brain neurons can 

advance the experimental interrogation of neural systems and clinical treatment of 

neurological disorders [32]. Optogenetics is an emerging technology that allows 

the use of light to control the activity of genetically-defined neurons [33]. 

However, the activation spectra of rhodopsin variants fall short of the NIR optical 

window (650 to 1350 nm), where the light has its maximal penetration depth [34-

36]. This limits the utility of optogenetics since visible light has poor penetration 

depth, requiring insertion of invasive optical fibers [36] or in vivo stimulation via 

2-photon method, but the depth of this focal excitation is restricted to shallow 

brain areas by light scattering [37]. 
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The ability of UCNPs to absorb tissue-penetrating NIR light and emit 

wavelength-specific visible light enable less-invasive optical neuronal activity 

manipulation with the potential for remote therapy (Figure 7) [32]. Shah et al. 

embedded UCNPs in PLGA polymer films and coated with Matrigel to 

demonstrate a hybrid nanomaterial scaffold that can be used to culture neuronal 

cells. The hybrid scaffold did not show any adverse effects on neuronal survival 

and was successfully employed to optogenetically stimulate neurons with near

infrared light. This rational design can be used to construct a library of 

combinatorial UCNPs to systematically test NIR stimulation of well-established 

opsins [38] . A combinatorial neural stimulation strategy using spectrum-selective 

UCNPs achieved through selective doping of Tm3+ or Er3+ to match the responsive 

wavelength of Channelrhodopsin2 (ChR2), or chimeric channelrhodopsin (C1V1) 

was reported by Shi and coworkers as a proof-of-concept for tetherless optogenetic 

control [31]. The neurons expressing ChR2 or C1V1 were successfully activated 

when the glass microoptode packed with UCNPs were placed close to or in direct 

contact with the cells. Moreover, implanting the UCNP-based optode to the brain 

of live rodents achieved all-optical remote activation of brain tissues. To date, 

Chen et al. [32] successfully demonstrated the in vivo use of UCNPs as optogenetic 

actuators of transcranial NIR light to stimulate deep brain neurons to evoke 

dopamine release from genetically tagged neurons (Figure 8). These nanoparticles 

were injected in the ventral tegmental area of the mouse brain and activated with 

NIR light outside the skull at a distance of several millimeters. The use of UCNP-
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assisted optical control was further extended to multiple neural systems through 

induced brain oscillations via activation of inhibitory neurons in the medial 

septum, silenced seizure by inhibition of hippocampal excitatory cells, and 

triggered memory recall. 
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Figure 8 Transcranial NIR stimulation of VTA DA neurons in vivo. (A) In vivo experimental scheme for 
transcranial NIR stimulation of the VTA in anesthetized mice. (B) Confocal images of the VTA after 
transcranial NIR stimulation under different conditions. Extensive NIR-driven c-Fos (red) expression was 
observed only in the presence of both UCNPs (blue) and ChR2 expression (labeled with EYFP, green). Scale 
bars: 100 µ m. (C) Percentage of c-Fos-positive neurons within cell population indicated by DAPI (4',6-
diamidino-2-phenylindole), corresponding to the four conditions presented in (B) (n = 3 mice each, F3,8 = 

10-40, P < 0.01). (D) Scheme of in vivo FSCV to measure DA transients in ventral striatum during NIR 
stimulation of the VTA. (E) Relative DA signals in ventral striatum under NIR and blue-light stimulation of the 
VTA as a function of the distance from the light source to the VTA target. (F) A trace of background
subtracted current measured by FSCV in the ventral striatum of a nomifensine-pretreated mouse in response 
to transcranial NIR stimulation of the VTA (15-ms pulses at 20 Hz, 700-mW peak power). Vertical dashed lines 
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marked by a horizontal orange line in between indicate the start and end of 2-s transcranial NIR stimulation. 
(G and H) Transient DA concentrations in ventral striatum in response to transcranial VTA stimulation under 
different conditions. Each color corresponds to a condition shown in (I). Significant DA release temporally 
locked to NIR stimulation was detected only in the presence of both UCNPs and ChR2 expression. (I) 
Cumulative DA release within 15 s after the start of transcranial stimulation under the five conditions 
presented in (G) and (H) (F4•10 = 32.93, P < 0.0001). Data are presented as mean± SEM. From [32]. Reprinted 
with permission from AAAS. 

Magnetic Resonance Imaging (MRI) 

Among the many clinical non-invasive imaging modalities, magnetic resonance 

imaging (MRI) provides several advantages including: (1) its ability to image and 

discriminate normal and pathological tissues based on the different relaxation 

times, T1 and T2; (2) bones do not interact with the magnetic field enabling 

visualization of tissues surrounding the bones and even the structures embedded 

in bone without beam hardening artifacts; (3) it does not use ionizing radiation; 

and (4) it can image any plane with equivalent resolution without the need to 

move the patient [39, 40] . With its versatility and utility, MRI is now being used in 

broad applications and is now becoming a routine diagnostic tool in the clinic and 

in biomedical research [41-43] . 

MRI requires two external sources, a strong magnetic field and high-frequency 

radio waves; the MRI signals emitted from the body are also in the form of radio 

waves that are detected by receive coils surrounding the body [ 44] . In the absence 

of an external magnetic field, the 1H nuclei in the body are randomly precessing; 

however, when a strong magnetic field is applied, the nuclear magnetic moments 
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orient themselves along the magnetic field. This orientation has two quantum 

states, the parallel and the antiparallel state, which has different magnetic 

energies. In thermal equilibrium, more nuclei will occupy the parallel state, which 

has lower energy, resulting in a bulk net magnetization parallel to the external 

field. Irradiation with pulse radio waves at a frequency resonant to the spin system 

(Larmor frequency) excites the nuclei and MRI signal is generated by their 

relaxation either through longitudinal relaxation wherein energy is dissipated from 

the spin system to the surrounding, also known as spin-lattice relaxation, 

measured as T1 relaxation time. The other mechanism is through the coupling of 

the spins to each other, also known as longitudinal relaxation or spin-spin 

relaxation expressed in terms of T2 relaxation time. Given the relaxation of the 

nuclei is heavily dependent on their surroundings, the protons have different 

relaxation times, which produces the contrast. The magnitude of the MR signal 

increases with decreasing relaxation times [39, 45]. A schematic of the mechanism 

is shown in Figure 9. 
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Figure 9 Principle of magnetic resonance imaging. a) Spins align parallel or antiparallel to the magnetic field 
and precess under Larmor frequency (vo). b) After induction of RF pulse, magnetization of spins changes. 
Excited spins take relaxation process of c) T1 relaxation and d) T2 relaxation. Reprinted from [46], Copyright 
2017, with permission from John Wiley and Sons. 

The signals used to construct the soft tissue contrast in MRI are primarily from 

the interactions of the highly mobile water protons, which are ubiquitous in the 

body [39, 40, 42]. Unfortunately, this results in the inherent low sensitivity of MRI, 

requiring the use of contrast agents to increase its sensitivity and specificity to 

facilitate a spatially well-resolved diagnosis. The contrast agents enhance signal by 

selectively shortening either the longitudinal (T1) or the transverse (T2 ) relaxation 

times of the water protons. 
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Gd -based T1 MRI contrast agents 

Ti-weighted MR image is the 30 representation of the longitudinal relaxation 

of protons in tissues, wherein shorter relaxation times appear bright, while longer 

relaxation times would appear dark. Advances in MRI have strongly favored Ti 

agents since Ti-weighted MRI involves faster scans and typically minimal 

inhomogeneities that can lead to image artifacts [ 4 7] . 

MR contrast agents are generally transition and lanthanide metal ions with 

unpaired electrons in the outer orbital shells, which induce magnetic dipoles when 

applied with a magnetic field. Due to the significantly smaller mass of electron, its 

magnetic moment is -700 times larger than that of a proton, creating a large 

fluctuating magnetic fields experienced by the protons in its vicinity. When the 

frequency of this fluctuation is close to the Larmor frequency, which is the rate of 

precession of the magnetic moment of the protons, a significant shortening of the 

nuclear relaxation time is achieved. 

With the exception of La3+ and Lu3+, all trivalent lanthanide ions are 

paramagnetic. However, Gd3+ with its symmetric seven-electron ground state 

(
8S712) results in an electronic relaxation rate that is six orders of magnitude slower 

than the other Ln3+ ions [48]. This long electronic relaxation time matches the 

Larmor frequency of the nucleus to be relaxed resulting to dipole-dipole relaxation 

enhancement which dominates in Ti relaxation. This reason makes Gd3+ very 

efficient relaxation enhancing agent in comparison with other trivalent lanthanide 

ions, and other potential paramagnetic ions. 
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The relaxation enhancing effect to water protons near a paramagnetic center is 

expressed as the sum of individual contributions from the inner-sphere (IS), 

second-sphere (SS), and outer-sphere (OS) water molecules [42]. IS is comprised of 

water molecules directly bound to the metal center, while water protons H

bonded to the ligands make up the SS. All the other water molecules diffusing in 

close proximity but not part of IS and SS account for the OS contributions (Figure 

10). Relaxivity, ru is the measure of the ability of a contrast agent to enhance the 

longitudinal paramagnetic relaxation rate (R1=1/T1) observed for a 1 mM contrast 

agent and is reported in units of mM-1s-1 [49] . The observed water proton 

relaxation rate is described by the sum of the relaxation rate in the absence of 

paramagnetic ion (Ri°), and the influence of the contrast agent to the relaxivity 

constant, r1[CA], as expressed in Equation 1. Equation 1 assumes a linear 

relationship between the molar concentration of the contrast agent, [CA], and the 

increase in relaxation rate . The inherent relaxation rates of tissues require the 

product of r1[CA] to be at least 10% of the inherent rate to generate readily 

observable contrast [50]. Equation 2 is an expression of the longitudinal relaxivity 

enhancement provided by the sum of individual contributions of IS, SS and OS 

water molecules. These contributions are further described in Equation 3, [51] 

wherein q and q' represent the number of water molecules in the inner-sphere and 

in the second sphere with relaxation times T1m and T'1m, respectively. The residency 

times of these water hydrogen atoms are denoted Tm and T' m for the inner- and 

second-sphere, respectively. 
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Equation 1 

[CA] _1_ + _1_ + _1_ Equation 2T1 = ylS ySS yOS 

Equation 3 

For slow tumbling complexes such as the case of most contrast agents in use, 

the major contribution for the relaxivity enhancement is accounted for by the 

inner-sphere effect (Equation 4) [42, 51] . At higher imaging fields ~o.1T, the 

relaxation rate of the bound water can be expressed by Equation 5, wherein C 

denotes several physical constants [50, 52], r is the metal-water proton distance 

(2.5 A for Gd3+), Tel is the correlation time for the magnetic fluctuation, and WH is 

the Larmor frequency [52] . The correlation time for the magnetic fluctuation (Tel) 

is a function of rotational, electronic and exchange correlation times. Equation 6 

shows that the shortest correlation time will dominate Tel 

q[CA]/ [HzO] 
Equation 4 

ylS Tim 

Equation 5 
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1 1 1 1 - = - + - +  Equation 6 
Tel TR Tie Tm 

In clinically relevant field strengths (0.5 - 1.5T) the relevant correlation time 

towards relaxivity enhancement in case of gadolinium complexes is always the 

rotational correlation time TR [42, 50]. The wir~1 term at field strengths of 0.25T or 

greater becomes much more significant such that slower tumbling rate (1/TR) will 

dominate [ 42, 50]. Increasing the rotational correlation time TR of the contrast 

agent will therefore lead to increase in the relaxivity enhancement. 

V 1/kex ='tm/ I, Bulk 

'tR / I,
V - Inner Sphere water 
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o~ / :~ water molecule 
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Figure 10 A graphical representation of the factors influencing a contrast agent's relaxivity. Reproduced 
from [42] with permission of The Royal Society of Chemistry. 
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Development of high-relaxivity contrast agents involved tethering of Gd3+ 

complexes to large molecules or anchoring them to nanostructure frameworks to 

slow down the rotational motion [ 46]. These approaches not only increased the 

rigidity of contrast agents but also allowed more than 1 paramagnetic center in a 

single structure resulting to higher T1 ionic relaxivities. However, the anchoring 

sites available limit the amount of paramagnetic ions that can be loaded per 

structure and the synthetic procedures can be complicated involving several steps 

Gd-based Nanoparticle Ti-MRI Contrast Agents 

Nanoparticles allow the design of superior T1 MRI contrast agents by 

engineering a surface with a large number of paramagnetic ions. It has been shown 

that a much higher T1 relaxivity enhancement [54-62] and longer blood circulation 

time [54, 59, 60, 63] can be achieved in comparison with clinical Gd-chelates MRI 

contrast agents. In addition, water-accessible Gd3+ can efficiently promote 

longitudinal (T1) proton relaxation without significant leaching of Gd3+ from the 

crystal matrix making the nanoparticles non-toxic [54, 60, 62]. Furthermore, the 

nanoparticle surface allows bioconjugation for targeted delivery of the contrast 

agent to the region of interest without compromising Gd3+ binding site [57, 62] . 

Understanding how the nanoparticles influence the T1 MRI contrast 

enhancement is key in the construction of an optimum design of a high Ti-MRI 

nanoprobe. Bridot et al. [57] demonstrated the dependence of the T1 relaxivity on 

the size of the nanoparticles. Gd20 3 nanoparticles with sizes from 2.2 - 4 .6 nm 
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exhibited decreasing longitudinal relaxivity for the same gadolinium ion 

concentration. In addition, both Gd20 3 nanoparticles with sizes less than 4 nm 

showed 2-fold T1 relaxation enhancement in comparison to Gd-DOTA. This 

dependence of r1 on the size of the nanoparticles was explained in the work of Park 

et al. by considering the surface-to-volume ratio (S/V) of the nanoparticles. As the 

nanoparticles get smaller, the S/V increases such that most of the Gd3+ ions are on 

the surface. One can therefore infer that the Gd3+ ions need to be on the surface to 

significantly contribute to the longitudinal relaxation of the water protons. An 

outer-sphere model was also proposed to account for the high T1 relaxivities 

wherein the surface Gd3+ ions cooperatively induce the longitudinal relaxation of 

the water protons. This cooperative induction is not present in Gd3+-chelates due 

to the longer distance between the Gd3+ ions (Figure 11) [59] . 
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Figure 11 Schematic diagram showing that (a) four surface Gd(III) ions, as an example, cooperatively induce 
the longitudinal relaxation of the water proton, whereas (b) such an effect does not exist in individual Gd(III)
chelates. The interacting and non-interacting Gd(III) ions with a water proton are denoted as dotted and solid 
arrows for their spins, respectively. The ligands are drawn arbitrarily. Reprinted with permission from [59]. 
Copyright (2009) American Chemical Society. 

Early works on NaLnF4 nanocrystals as Ti-MRI contrast agent stemmed from 

the design of multimodal imaging probes primarily focused on NIR optical 

imaging. Gd3+ ions were then doped into the matrix to introduce MRI modality. 

Kumar et al. [ 64] developed a new generation of optical imaging and MRI bimodal 

probes with sizes 20-30 nm by co-doping 10% Gd3+ with 2% Er3+ and 10% Yb3+, or 

with 10% Eu3+, into the NaYF4 matrix. The resulting nanophosphors have r1 value of 

0.14 mM-1 s-1 at 9.47T. Increasing the amount of surface Gd3+ by coating a NaGdF4 
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shell of the UCNP resulted in an improvement in the T1 relaxivity as demonstrated 

in the work of Park et al [ 65]. Core-shell nanostructures of 

NaGdF4:Er3+,Yb3+/NaGdF4 developed for background-free optical imaging of cancer 

cells and positive contrast enhancement for Ti-weighted MRI resulted to 1.40 mM-1 

s-1 and 1.05 mM-1 s-1 T1 relaxivity values for sizes of 20 nm and 41 nm, respectively. 

To access the higher relaxivities for MRI, Zhou et al [ 66] replaced the NaYF4 matrix 

with NaGdF4 as host, doping with 20% Yb and 2% Er for optical imaging. The 

strong binding between the Gd3+ and F was also exploited to increase the surface 

Gd3+ by further incubating the hydrophilic post-modified azaleic acid-NaGdF4 

nanoparticles in GdC13 solution (0.02 mol/L) . The resulting nanoparticles have 

average sizes of 30-40 nm and has a T1 relaxivity value of 5.60 mM-1 s-1 measured at 

3T. In vivo MRI was successfully demonstrated, with the nanoparticles 

accumulating in the liver and spleen of the mouse due to their size (Figure 12) . 
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Figure 12 Color-mapped (A) coronal images of the whole body and (B, C) transversal cross-sectional images of 
the liver (L) and spleen (S) of mice at pre-injection and at 40 min after intravenous injection of AA-NPs at 1.5 
mg/kg. Reprinted from [66], Copyright (2010), with permission from Elsevier. 
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The large sizes of the typically synthesized UCNPs (;?: 20 nm) limit the amount 

of the water-accessible surface Gd3+. Johnson et al. [54] devised a synthetic 

protocol to tune the size of NaGdF4 nanocrystals below 10 nm to allow the 

development of highly efficient NaLnF4-based T1 MRI contrast. Their detailed 

analysis on the parameters affecting the relaxivity enhancement confirmed the 

dependence on the S/V ratio, with the smaller nanoparticles exhibiting larger ionic 

relaxivity values than the larger nanoparticles (Figure 13) . In addition, the 

contributions from rotational correlation time (TR) have been observed to have a 

larger influence on the relaxometric performance of the surface Gd3+ ions in larger 

nanoparticles than the surface Gd3+ ions in ultrasmall nanoparticles (c.a. 2.5 nm) . 
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Figure 13 T1 ionic relaxivity plot for NaGdF 4 NPs of different sizes in water (1.5T) (where T1 is the longitudinal 
time of water protons. Reprinted with permission from [54] . Copyright (2011) American Chemical Society. 

Nanoparticles for X-ray Attenuation 

X-ray Computed Tomography 

X-ray computed tomography (CT) was first introduced into clinical practice in 

1972, and has since evolved into a powerful non-invasive diagnostic tool, employed 

both in a variety of research and clinical settings for 30 visual reconstruction and 
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segmentation of tissues of interest [ 67-69]. The introduction of array detector 

technology facilitated the fast imaging (several minutes) of whole organs or whole 

body with sub-millimeter isotropic resolution [ 67]. CT is fast, painless, accurate 

and can be performed on every region of the body. It has become a valuable tool 

for diagnosis, treatment planning and intervention [ 69, 70] and is one of the most 

prevalent diagnostic tools in terms of frequency-of-use and hospital availability 

To create a CT image, X-ray source rotates around the body at small angular 

increments, with a detector positioned directly opposite the radiation source. X

rays are generated by a vacuum tube using high voltage, typically 80 kVp to 150 

kVp for modern clinical CT scanners, to accelerate electrons from a cathode to a 

tungsten-based anode. As x-rays pass, they are absorbed at different levels creating 

a profile of x-ray attenuations that are then rendered to create a 30 image of the 

body [68]. 

The physical processes for X-ray attenuation in the diagnostic energy range is 

dominated by the photoelectric absorption and Compton scattering. Photoelectric 

absorption occurs when the incident X-ray photon has energy equal or slightly 

greater than the binding energy of the K-shell electron of the atom. The total 

energy of the incident X-ray is absorbed by the core electron, which causes the 

electron to be ejected. A spike in the absorption coefficient denoting the maximal 

photoelectric effect is observed at the photon energy level just above the electron 

binding energy (K-edge) . Given the K-edge value varies for each material and 
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increases with the atomic number of the element, it has been observed that the 

attenuation coefficient is roughly proportional to Z3• However, the probability of 

photoelectric interaction decreases with increasing photon energy inversely 

proportional to the cube of the photon energy. The probability of the photoelectric 

effect is therefore dependent on the atomic number, Z, and the photon energy, E, 

according to Z3/E3. On the other hand, Compton scattering occurs when the 

photons interact with the valence electrons resulting to inelastic scattering and is 

proportional only to the mass density of the material [ 69] . As a rule, materials 

possessing higher density (p) or high atomic number (Z) tend to better absorb X

rays, and is best expressed in the formula for X-ray absorption coefficient (µ) [ 68] : 

Equation 7 

where "A" is the atomic mass and "E" is the X-ray energy. 

The strong relationship between absorption and atomic number is of 

significant importance in determining appropriate contrast agent and fine-tuning 

energy source in clinical applications [ 68] . 

X-ray CT contrast agents 

The ability of matter to attenuate X-rays is measured in Hounsfield units (HU), 

wherein water is assigned a "density value" of o HU, and air a value of -1000 HU. 
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The HU value of a material can be calculated from its linear X-ray attenuation 

coefficient"µ" with reference to water using Equation 8: 

HU = µ-µwat er x1000 Equation 8 
µwat er 

where µ water is the linear X-ray attenuation coefficient of water. 

Many bodily tissues are easily visualized by CT imaging, however it can be 

challenging to image and identify the interface between two adjacent tissues (e.g., 

liver/tumor) or to image soft tissues (e.g., clot) in contact with blood or other 

physiological fluids. To increase CT sensitivity and enhance differentiation among 

different tissues, elements of higher atomic number (Z) are incorporated into the 

contrast agent molecule to achieve higher levels of X-ray attenuation. Currently, 

clinically approved X-ray CT contrast agents used for intravenous administration 

are mostly based on covalently bound iodine (Z = 53) . However, the human body 

absorbs low-energy photons as well, and this renders the use of iodine with a low 

K-edge of 33.2 keV limiting [69] . Furthermore, these small-molecule iodinated 

radiocontrast agents tend to undergo rapid renal clearance from the body and 

require high "per dose" concentrations. Although low, there is a risk of contrast

induced nephropathy from the low- or iso-osmolar iodinated contrast agents in 

patients with poor function of the kidneys [ 74] . It is therefore important to further 

the development of CT contrast agent that can offer optimal imaging capabilities, 

minimal dose requirements, and reduced toxicity. 
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High-Z Nanoparticles as CT Contrast Agents and Radiosensitizers 

Materials with higher K-edges, such as gadolinium (50.2 keV), gold (80.6 keV), 

and bismuth (90.5 keV) can serve as ideal candidates to maximize the full benefits 

of K-edge imaging using photon-counting CT (Figure 14) [69] . Investigation of 

potentially useful contrast materials in clinically relevant imaging conditions show 

the tested elements consistently provided higher image contrast than iodine at 

equal mass concentration as shown in Figure 15 [75] . These high-Z materials can 

improve image quality or reduce radiation or contrast agent dose, compared with 

iodinated contrast agent [75, 76] . Nanoparticle formulations of these potential 

contrast agents are being explored in order to increase blood-pool residence times, 

reduce the rate of renal clearance, and have the ability to add targeted imaging 
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Figure 14 Mass attenuation coefficients for iodine, gadolinium, gold, and bismuth at different photon 
energies. The lower energy photons of the spectrum are almost totally absorbed by surrounding tissues, 
rendering K-edge imaging using iodine contrast agents a challenging task. Reprinted from [69], Copyright 
(2015), with permission from Elsevier. 
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Figure 15 Percent image contrast normalized to iodine at peak X-ray tube energy. *Data were extracted from 
Table 2 of [75] normalized in reference to iodine. 

Cormode et al reported one of the first targeted contrast agents for CT consists 

of a gold nanoparticle core embedded in a high density lipoprotein (Au-HDL) to 

make it macrophage specific [78]. Mixture of phospholipids was utilized to 

incorporate a gadolinium label (Gd-DTPA-DMPE) and a rhodamine label (Rhod

DMPE) to make the nanoparticle multimodal. In vivo imaging using micro-CT 

showed the Au-HDL accumulated in the atherosclerotic plaques in the aorta walls 

of the mouse model. Au nanoparticles are of significant interest due to the high X

ray attenuation properties of gold (Z=79, K-edge=81), size is easily controlled and 

can be optimized for vascular extravasation and renal clearance [79], or for RES 
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accumulation. In addition, the surface of Au nanoparticles allows easy 

modifications for targeted delivery and as platform for multi-modal imaging probe. 

However, one limitation in the development of Au nanoparticles to be used in 

everyday clinical CT applications is its high market cost [ 68] . 

Bismuth (Z=83, K-edge=91) is another high-Z potential alternative to iodinated 

injectable CT imaging agents. Polyvinylpyrrolidone-coated Bi2 nanoparticlesS3 

developed by Rabin et al. [So] showed excellent stability with blood half-life longer 

than 2 hand X-ray absorption 5-fold higher that iopromide. The efficacy and safety 

profiles were comparable with the iodinated contrast agent and the nanoparticles 

exhibited enhanced CT contrast of the vasculature, liver, and lymph nodes in mice. 

Lanthanides with their high atomic numbers and higher K-edge than iodine are 

also ideal candidates for CT contrast agents . Moreover, in comparison with the 

other high-Z nanomaterials (i.e. Au-, Pt-, Bi-, and Ta-based), their K-edge is more 

compatible with the X-ray photon energy used in clinical CT. In addition, such as 

in the case of the UCNPs, they can provide useful platform for multimodal imaging 

probes. Cui's group [81] demonstrated the combined use of lanthanide-doped 

NaGdF4:Yb, Er (Ho, Tm) UCNPs as effective bimodal contrast agents for optical 

imaging and CT imaging. Liu et al. [82] reported the first Yb-based nanoparticulate 

CT contrast agents in the forms of Na YbF 4 :Er and Na YbF 4:Gd, Er. These 

nanoparticles showed long circulation time and low toxicity and were utilized as 

CT contrast agents for in vivo angiography and bimodal image-guided lymph node 

mapping. Doping with Gd in the matrix added magnetic resonance imaging 
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capability. They have also reported the first example of binary contrast agent, 

BaYbF5 nanoparticles, containing two contrast elements with differential K-edge 

values (6i and 37 KeV for Yb and Ba, respectively) [ 83]. The binary contrast 

enabled higher X-ray attenuation across 80 to 140 kVp compared to iobitridol. 

High-resolution blood pool CT images were obtained in a rabbit model and 

various blood vessels were clearly visualized (Figure 16). 

UCNPs also provide a theranostic platform in addition to bimodal optical and 

CT imaging. Shi et al. [84] demonstrated that BaYbF5:2%Er (UCA), which has 4-

fold higher X-ray attenuation than iobitridol and can also act as optical contrast 

agent, also work as radiation dose enhancers in tumors during radiotherapy 

(Figure 17). 
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Figure 16 High-resolution blood pool CT images of the rabbit collected at 10 min after intravenous injection of 
BaYbF5@Si0 2 @PEG solution. (a,c) Coronal view images and (b,d) corresponding 30 renderings of CT images. 
The arrows indicate several great vessels: (1) auricular vein, (2) jugular vein, (3) carotid artery, (4) subclavian 
vein, (5) axillary vein, (6) aortic arch, (7) inferior vena cava, and (8) aorta. Reprinted from [83], Copyright 2012, 
with permission from John Wiley and Sons. 
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Figure 17 Representative images of U87MG tumor-bearing mice at pre-injection 14 d and 20 d after various 
treatments: (a) Control without any treatment, (b) Radiotherapy alone, (c) Radiotherapy and UCA with 
intravenous injection of UCA (70 mg Yb/kg), (d) Radiotherapy and UCA-RGD with intravenous injection of 
UCA-RGD (70 mg Yb/kg).(e, f) Growth ofU87MG tumours from different groups after various treatments (n = 
6). Reprinted from [84], Copyright 2013. 
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The high X-ray photon capture cross-section and Compton scattering effects of 

these high-Z nanomaterials can produce secondary electrons that may allow the X

ray dose to be greatly reduced and be concentrated at the tumor region where the 

nanoparticles are localized without compromising the efficacy of radiotherapy. As 

shown in Figure 18, interaction of X-rays with nanomaterials may result in the 

subsequent production of secondary photons or electrons. Photoelectric effect is 

dominant at low energy, in which upon the ejection of the core electron and the 

atom is left at its ionized state, a characteristic X-ray or an Auger-electron 

emission follows the ejection of a photoelectron. As the energy beam increases, 

the low-energy part of the spectrum interacts with the nanomaterial through 

photoelectric effect, while Compton effect dominates for the higher energy 

interactions. Depending on the energy of the scattered photon, either 

photoelectric or Compton effects can be triggered [85] . The subsequent release of 

the secondary photoelectrons and Auger electrons lead to a local radiation dose 

enhancement and the creation of reactive oxygen species (ROS) responsible for 

damaging the neighboring cells (Figure 19) [86]. Therefore, it is highly worthwhile 

to explore various types of heavy metal element in the host lattice of UCNPs to 

achieve optimum radiotherapy enhancement [ 87]. 
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Figure 18 Interactions of X-rays with NPs result directly or indirectly in the production of secondary species: 
photons, electrons and later ROS. Secondary photons or electrons are mostly generated either by photoelectric 
or Compton effect. The photoelectric effect interaction probability varies with Z4 or Z5 and dominant until the 
incident photon energy reaches"" 500 keV. Reprinted from [85], Theranostics 05: 1030 image No. 005. 
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Figure 19 A schematic diagram of the pathways to form and determine the yield of the hydroxyl radical HO• 
in an irradiated solution containing gold nanoparticles. In pathway A, the primary interaction is with the 
nanoparticle, leading to photon, hole and electron emission. The energy transferred into the water then forms 
HO• . In pathway B, the photon interacts with the water to produce HO• but without interaction with the 
nanoparticle. In pathway C, the photon interacts with the water to produce a range of excited species some of 
which then diffuse to the water-nanoparticle interface where their excitation energy is used to produce HO•. 
In all cases, the HO• then goes on to interact with coumarin in the bulk water to form 7-hydroxycoumarin 
with a characteristic branching ratio. This final product is amenable to detection by fluorescence spectroscopy. 
Reprinted from [86], Copyright 2014, with permission from John Wiley and Sons. 
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Chapter 3 
Size-Tunable Near Infrared-to
Infrared Upconversion for In Vivo 
Imaging1 

Introduction 

Lanthanide-doped upconversion nanoparticles (UCNPs), usually utilizing near

infrared (NIR) excitation, while emitting in a shorter wavelength NIR, or visible 

range, are receiving a great deal of attention for potential application in 

bioimaging. This is due to the numerous advantages associated with NIR 

excitation, such as the absence of any autofluorescence background noise, deep 

penetration of NIR excitation light into biological tissue, no photobleaching, no 

blinking, and reduced photodamage. In addition, they exhibit low toxicity [1-9]. 

These merits are essentially empowered by the unique optical attributes of UC, 

which delineates emission of higher energy photon through a series of linear 

absorption of lower energy photons or ion-to-ion energy transfers in lanthanides 

[10] . In essence, UC utilizes real, long-lived intermediate energy states of trivalent 

1 
This chapter is reproduced with permission from (Damasco JA, Chen G, Shao W , Agren H, 

Huang H, Song W , et al. Size-Tunable and Monodisperse Tm3+/Gd3+-Doped Hexagonal NaYbF4 

Nanoparticles with Engineered Efficient Near Infrared-to-Near Infrared Upconversion for In Vivo 
Imaging. ACS Applied Materials & Interfaces. 2014;6:13884-93.) Copyright (2014) American 
Chemical Society. https: //pubs.acs.org/doi /full /10.1021/am503288d 

70 

https://pubs.acs.org/doi/full/10.1021/am503288d


lanthanide ions to store and transfer energy. This yields highly efficient 

upconverted emission under continuous-wave ( CW) excitation condition in 

contrast to conventional multiphoton-absorption-induced fluorescence, which 

involves virtual intermediate energy states. Therefore, UC emission is achievable 

by using a low-cost CW laser diode, thus eliminating the need of an expensive high 

peak power pulsed laser excitation as required in conventional multiphoton 

experiments [1, 10, n]. These myriad eminent advantages of UCNPs lead them to be 

a promising new class of optical biolabels. 

Among lanthanide-doped UCNPs, NIR-to-NIR Yb3+/Tm3+-codoped 

NaYF4 nanoparticles are of particular interest. Not only is the NaYF4 (either cubic 

or hexagonal phase) proven to be one of the most efficient host materials for 

UCNPs, the Yb3+/Tm3+ dopants allow the excitation at around 975 nm with the 

photoluminescence (PL) emission peak at 800 nm, both within the spectral range 

of 750-1000 nm considered as the "window of optical transparency" for biological 

tissues [12, 13] . This feature allows high contrast in vitro and in vivo optical 

bioimaging, as both light attenuation and scattering are significantly reduced in 

the NIR spectral range and the autofluorescence of cells and tissues is absent 

under the conditions of UC excitation and emission. Recently, our group has 

demonstrated that similar size cubic Na YbF 4 :Tm3+ nanoparticles are much more 

efficient than the typically used cubic NaYF4 nanoparticles doped with 20-30 mol 

% Yb3+ and 0.5-1% Tm3+ ions. Higher Yb3+ concentration has resulted in an 

increased absorption cross-section per nanoparticle and enhanced energy transfer 
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rates between Yb3+ and Tm3+ ions. This feature makes cubic 

Na YbF 4:Tm3+ nanoparticles more attractive for pertinent bioapplications [12] . 

Moreover, by coating them with a biocompatible CaF2 shell, their NIR UC PL was 

enhanced by about 35 times, providing high efficiency to entail high contrast deep 

tissue bioimaging [13, 14]. Nevertheless, the achieved results are demonstrated in 

the Na YbF 4:Tm3+ nanoparticles of a cubic phase. It is known that the hexagonal 

phase NaYF4 host lattice is about 10-fold more efficient than the cubic phase NaYF4 

[15, 16]. This is because the hexagonal phase NaYF4 has a lower C site symmetry 

than the Oh site symmetry of the cubic phase for lanthanide ions, and that it also 

has a shorter distance of 3.548 A than 3.868 A of the cubic form between two 

adjacent lanthanide ion neighbors, thus favoring higher UC efficiency. As a 

consequence, it will be of great interest to advance the hexagonal phase 

Na YbF 4 :Tm3+ nanoparticles in the preparation, the luminescence efficiency 

enhancement, as well as in high contrast bioimaging. However, to our knowledge 

this has not yet been reported. 

While the hexagonal NaYF4 nanoparticles doped with lower 

Yb3+concentrations of 20-30% and activator ions (Tm3+, Er3+, or Ho3+) of 0.5-2% 

have been successfully synthesized using various chemical methods, it is nontrivial 

to prepare small size Tm3+-doped hexagonal Na YbF 4 nanoparticles due to its 

distinct growth dynamics from the hexagonal NaYF4 nanoparticles [17] . The 

typically used Ostwald-ripening methods or thermolysis procedures for 

synthesizing uniform hexagonal lanthanide-doped NaYF4 nanoparticles generally 
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result in lanthanide-doped NaYbF4 nanoparticles of cubic form [12, 13, 18-20] or 

hexagonal NaYbF4 plates with the size of 152 x 93 nm [21] . Hydrothermal or 

solvothermal approaches often result in cubic NaYbF4 microtubes [22] or uniform 

nanoplates of cubic form [23], rarely producing small size hexagonal NaYbF4 

nanoparticles [24]. Until this point, limited success has been met in the 

preparation of highly efficient NIR-to-NIR converting hexagonal NaYbF4 :Tm3+ 

nanoparticles. It has been recently realized that doping of trivalent gadolinium 

( Gd3+) can significantly alter the fundamental nucleation and growth processes of 

the NaYF4 nanoparticles during hydrothermal synthesis, providing an efficient way 

to tune their size and phase [25]. Doping of other lanthanide ions into SrF2 during 

a hydrothermal process [26] or into Ce02 nanoparticles during a thermolysis 

process [27] can also modify the size and the phase of resulting nanoparticles due 

to the generation of transient electric dipoles in growing nanoparticles. The 

Ostwald-Ripening method is a well-established procedure to produce highly 

uniform hexagonal Na YF4 upconversion nanoparticles, but has not yet met success 

in producing small size hexagonal Na YbF 4 :Tm3+ nanoparticles. Moreover, because 

the Na YbF 4 :Tm3+ nanoparticles contain a large amount of Yb3+ ions in the lattice, 

Yb3+-mediated energy transfers of excited energy to surface lanthanide ions or 

surface deactivation sites will be extremely high. This seriously limits the UC 

efficiency of this type of nanoparticles as well as their ability to be used as imaging 

contrast agents. 
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Herein, the preparation of uniform hexagonal Na YbF 4:Tm3+nanoparticles is 

presented using the Ostwald-Ripening method and doping Gd3+at precisely 

defined concentrations to achieve a tunable size. The UC PL intensities and 

lifetimes of the resulting nanoparticles were studied and analyzed in relation to 

the size and the phase of these nanoparticles. A thin layer of -2 nm inert 

NaYF4 matrix was grown as a shell on top of the hexagonal core 

Na YbF 4:Gd3+/Tm3+ UCNPs (-22 nm) to minimize surface-related quenching 

mechanisms. This yields a dramatic enhancement of about -350 folds in NIR UC 

PL at -800 nm. To demonstrate their ability for high contrast imaging in vivo, 

NIR-to-NIR UC PL imaging of a nude mouse were performed using phospholipid

polyethylene glycol (DSPE-PEG)-coated core/shell NaYbF4 :Gd3+,Tm3+@NaYF4 

nanoparticles dispersed in phosphate buffered saline. 

Results and Discussion 

The crystallinity and phase transformation of the synthesized nanoparticles 

with varying Gd3+dopant concentrations were determined by the XRD patterns 

(Figure 1). All synthesized nanoparticles show well-defined peaks, confirming their 

good crystallinity. The XRD pattern in Figure 1a agrees well with the standard 

cubic NaYbF4 pattern of JCPDS 77-2043, indicating a pure cubic phase structure for 

the undoped NaYbF4.-To investigate the phase transformation further, 
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Na YbF 4 nanoparticles doped with Gd3+in gradual amounts of 5, 7, 10, 20, 30, 40, 50, 

and 70% were prepared. Although the XRD pattern of Gd3+ 5% shows no 

detectable peaks of the hexagonal phase (Figure 2), small amounts of large 

particles of 90 nm sizes were observed among the predominantly small 

nanoparticles with average size of 12 nm (Figure 3). The beginning of the cubic-to

hexagonal phase transformation is detectable by XRD for Gd3+doping 

concentration of 7%, which is clearly shown in the enlarged XRD pattern 

(Figure 2). The transmission electron microscope (TEM) images for nanoparticles 

doped with 7% Gd3+ also show bimodal distribution of large nanoparticles with 

average diameter of 155 nm and small nanoparticles with average size of 17 nm. It is 

highly likely that the phase transformation began to take place at 5% Gd3+ for the 

large sized nanoparticles, but only became detectable by XRD at 7% Gd3+. Figure 

1d-i indicate that substitution of ;?:10% Yb3+ with larger Gd3+ ions can result in a 

complete formation of purely ~-phase nanoparticles, with XRD patterns in 

agreement with the standard pattern of JCPDS 27-1427 of ~-phase Na YbF 4• 

However, the widths of XRD peaks, for example, the main peak at -30°, vary with 

the Gd3+concentration, indicating a change in the resulting particle size. It is 

known that the size and the width of a diffraction peak can be correlated by the 

Scherrer's equation [12] 

1D = IO../~ cos 8 Equation 
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where K = 0.89, D represents the crystallite size (in nanometers), A is the 

wavelength of the Cu Kcx radiation, ~ is the corrected half-width of the main 

diffraction peak, and 8 is the Bragg's angle of diffraction peak. According to 

Equation 1, a gradual broadening of the XRD peaks in Figure 1d-i indicates a 

decrease in size of the formed nanoparticles as the Gd3+ ion concentration is 

increased. The average nanoparticle sizes were calculated to be 100, 40, 20, and 12 

nm for Gd3+of 10, 20, 30, and 40%, respectively. The nearly identical XRD peak 

widths in Figures 1g and 1h indicate a similar particle size for nanoparticles doped 

with a Gd3+ concentration of 40-50%, while a slight narrowing of the peaks for Gd 

70% (Figure 1i) compared to that of Gd 40-50% indicates a slight increase in the 

average nanoparticle size. These conclusions are in general agreement with the 

TEM results shown in Figure 2. 
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Figure 1 X-ray diffraction patterns of NaYb(,-x)F4 : Gd(x),Tm3
+ 0.5% with (a) x = o, (b) x = 0.05, (c) x = 0.07, 

(d) x = 0.1, (e) x = 0.2, (f) x = 0.3, (g) x = 0-4, (h) x = 0.5, (i) = 0.7; with standard diffraction patterns for the 
alpha (JCPDS 77-2043) and beta (JCPDS 27-1427) phases ofNaYbF4. 
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Figure 2 Enlarged X-ray diffraction patterns of NaYbF4 : Gd 5%,Tm3+0.5% and NaYbF4 : Gd 7%,Tm3+ 0.5% with 
standard diffraction patterns for the alpha (JCPDS 77-2043) and beta (JCPDS 27-1427) phases ofNaYbF4. 
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Figure 3a-i shows the TEM results for Na YbF 4 particles doped with Tm3+ of 

0.5% and various Gd3+ concentrations of 0%, 5%, 7%, 10%, 20%, 30%, 40%, 50%, 

and 70%, respectively; with the size distributions of the corresponding 

nanoparticles are shown in Figure 4. It can be observed that the introduction of 

Gd3+ ions to the Na YbF 4 matrix can facilitate the formation of uniform 

nanoparticles and induce a significant decrease in the size of the nanoparticles. 

The NaYh(1-x)F4 : Gd(x),Tm3+ 0.5% particles produced with less than 10% Gd-doping 

are irregular particles of varying sizes, while substitution of 10% Yb3+ with 

Gd3+ ions yielded uniform nanoparticles with an average diameter of around 100 

nm. An inverse relationship between the amount of Gd3+ ions and the resulting 

size of the nanoparticles was shown for Gd3+ between 10 and 40%. The smallest 

particle diameter with uniform distribution averaged at 12 nm which was achieved 

by substituting 40-50% Gd3+ ions. Increasing the amount of Gd3+ to 70% results 

in the formation of a divergent size distribution, varying from 7 to 15 nm or larger. 

These observations are consistent with the results of the XRD in Figure 1. The 

dependence of the average particle size on the Gd3+ concentration is clearly shown 

in Figure 5. It is worth noting that the occurrence of phase transformation-is 

clearly associated with a size disorder at Gd3+ concentration of 5-7%, and the 

resulting hexagonal phase NaYbF4 doped with 10% Gd3+ is much larger than the 

size of cubic phase Na YbF 4 without any Gd3+ doping. 
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(b) Gd 5% 

Figure 3 TEM images ofNaYb(,-xif4: Gd(x),Tm3+ 0.5% with (a) x = o, (b) x = 0.05, (c) x = 0.07, (d) x = 0.1, (e) x = 

0.2, (f) X = 0.3, (g) X= 0.4, (h) X= 0.5, (i) = 0.7 
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Figure 4 Size distribution of the synthesized NaYb(,-xif4:Gd(x),Tm3
+ 0.5% determined from at least 100 

nanoparticle counts from different TEM images. 
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Figure 5 Average particle diameters versus the corresponding Gd3+ doping concentration. The dashed lines at 
Gd 5% and at Gd 7% connect the two size distributions resulting from nanoparticles of mixed cubic and 
hexagonal phases. 
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Mechanism for Phase and Size Tuning of the 

Na Yb(1-x)F4 :Gd3 + (x), Tm3 + 0.5% Nanoparticles 

The formation of the ~-phase (hexagonal phase) nanoparticles in this 

experiment is believed to arise from a lowering of the energy barrier for the ex -----+ ~ 

( cubic to hexagonal) phase transition due to doping of the larger lanthanide ions. 

It is well established that the ex-phase is a metastable phase, while the ~ phase is a 

thermodynamically stable phase. However, ex-NaREF4 (RE= rare earth) is favored 

to form during the particle growth because of the high surface energy produced by 

the nanosize effect. The formation of the hexagonal phase would require a higher 

thermal energy compared to the cubic phase, if all the remaining conditions are 

kept constant. This is generally because of the existence of an energy barrier for 

the ex -----+ ~ phase transition. Fundamentally, the cubic-to-hexagonal phase 

transition involves a disorder-to-order character change of the cations in the host 

lattice [28] . The Na+ and RE3+ ions are randomly distributed in the cationic 

sublattice of the cubic structure, whereas there are three types of cation sites in the 

hexagonal structure [21, 29]. Hence, the structural change because of the phase 

transformation will need a significant electron cloud distortion [30] . Light 

lanthanides have larger radius, therefore, are more polarizable and more favorable 

for electron cloud distortion. Doping of light lanthanides into the host lattice can 

therefore result in lowering of the energy barrier for the phase transition. For this 

reason, the addition of 10% Gd3+ ions resulted in energy barrier low enough to be 
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overcome at a lower temperature within a short reaction time (300 °C, 1.5 h) to 

achieve a complete ex ~ ~ transition. 

Smaller nanoparticles are obtained when the added Gd3+ ions are greater than 

10%. Density functional theory (OFT) calculations performed by Liu and co

workers [30] have shown that substitution of Gd3+ to y 3+ ions resulted in surface 

modification that has increased the surface charge density of the NaYF4 crystal 

surface. This increase in electron charge density retarded the diffusion of the 

needed fluoride anion to the crystal surface due to charge repulsion. The same 

principle applied to the size tuning of Na YbF 4 here. The Gd3+ ions have a larger 

radius (r = 93.5 pm) leading to a less electropositive surface in comparison with the 

smaller Yb3+ ion (r = 86.8 pm) [31]. Increasing the Gd3+ content to 40-50% 

significantly decreased the rate of diffusion of F ions, slowing the formation of the 

crystal nuclei . Thus, under identical conditions, a decrease in the diffusion rate of 

the F- ions limits the particle growth; hence, smaller sized nanoparticles are 

formed. Further increase of Gd3+ content to 70% shows a mixture of smaller 

particles (7-10 nm) and considerably larger particles -15 nm. The efficient 

retardation of fluoride diffusion at this high Gd3+ concentration can result in the 

formation of nanoparticles with size smaller than a critical size. These 

nanoparticles are unstable because of their high surface energy, and thus can be 

dissolved or aggregated in favor of the growth of larger crystals. From this picture, 

one can infer that this typical Ostwald ripening process caused the diverging of 

particle sizes at Gd3+ 70%. 
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Figure 6 Schematic illustration of the phase transition and size reduction via lanthanide doping. 

The UC PL were measured for NaYh(1-xif4 : Gd(x),Tm3+ 0.5% nanoparticles of 

varying sizes dispersed in hexane. To allow for accurate comparison, the 

concentration of each nanoparticle solution and all the pertinent parameters for 

UC PL measurement were kept the same. Figure 7 shows the UC PL spectra under 

975 nm laser diode excitation of the synthesized NaYh(1-x)F4 : Gd(x),Tm3+ 0.5% 

nanoparticles in hexane suspension. There are six resolved UC PL bands 

corresponding to Tm3+ transitions. The strongest peak appears at 801 nm, 

corresponding to the 3H4 --+ 3H6 transition. The peak at 700 nm corresponds to 

3F2,3 --+ 3H6. The four weak ones are shown in the inset with maxima at 358, 450, 

and 1G4 --+ 3F4 , respectively. It is striking that the NIR UC PL band peaked at 801 
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nm is significantly more intense than all the other UC PL bands, making these 

nanoparticles highly suitable for bioimaging. 
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Figure 7 UC PL spectra ofNaYb(,-xif4:Gd(x), Tm 0.5% (x = o, 10, 20, 30, 40, 50, 70). The inset shows the enlarged 
plots of the weak UV and visible peaks in the 300 - 650 nm range. 
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Figure 8 Comparison of PL intensities at 801 nm ofNaYb(,-x)F4 :Gd(x), Tm 0.5% (x = o, 10, 20, 30, 40, 50, 70) and 
the average particle size, both with respect to the doped Gd concentrations. 

A comparison of the intensities of emission at 801 nm (Figure 8) shows that the 

PL intensity is increased by about 40 times with the addition of 10% Gd3+ ions, 

when compared to that of the pure cubic NaYbF4 nanoparticles. Two factors can 

contribute to this increase. The first factor is the increase in size. The cubic 

Na YbF 4 nanoparticles have a mixture of size from 10 to 30 nm with the mean 

centered at 18.21 nm, while the Na YbF 4 : Gd 10% nanoparticles have an average 

diameter of 100 nm. Larger nanoparticles have lower surface quenching centers 

due to a smaller surface-to-volume ratio, thus exhibiting a higher PL intensity. The 

second factor is the phase transition from the cubic Na YbF 4 host lattice to the pure 

86 



hexagonal Na YbF 4 : Gd 10%. Hexagonal-phase nanoparticles are known to be more 

efficient than their cubic-phase counterparts [15, 32]. However, a similar 

dependence of PL, as well as the nanoparticle size on the Gd3+ concentration, as 

shown in Figure 8, demonstrates the dominant role of the size factor for PL 

increase. A monotonous decrease of PL intensity is observed for 

Gd3+ concentration over 10%. Increasing the amount of Gd3+ to 50% and 70% 

diminishes the intensities to be 3% and 16% of the UC PL intensity of hexagonal 

Na YbF 4 : Gd 10%, Tm3+ 0.5% nanoparticles. This decrease in the UC PL intensity is 

due to a decrease in the particle size as well as due to the decrease of the sensitizer 

concentration of Yb3+ ions. However, time-resolved PL spectra shown in 

Figure 8 suggest that the size-dependent surface-related quenching effect plays an 

important role in lowering the UC PL intensity. This conclusion can also be 

suggested by a linear dependence of the UC PL intensity on the nanoparticle 

surface area. 

PL Lifetimes ofNaYb(1-x) F4 :Gd(x), Tm3+0.5% Nanoparticles 

The semilogarithmic plot of PL decay at 801 nm for the NaYh(1-xiF4 : Gd(x),Tm 

0.5% (x = 0%, 20%, 30%, 50%, 70%) nanoparticles is displayed in Figure 9. Due to 

similar PL decay profiles for Gd3+ ions of 40% and 50%, the PL decay for the Gd3+ 

ions of 40% is intentionally omitted for clarity. The lifetime of the PL at 801 nm of 

these nanoparticles can be expressed in general as follows [33]: 
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Equation 2 

where T is the observed lifetime of the 3H4 state, To is the natural lifetime of 

the 3H4 state, K is a constant related to surface quenching, [Q] is the surface 

quenching rate, Wis a modified constant related to the surface quenching, [SA/V] 

is the surface to volume ratio of the nanoparticles. The hypothesis here in 

Equation 2 is a linear relationship between the surface quenching rate and the 

surface-to-volume ratio, SA/V. This is reasonable, as a higher surface-to-volume 

ratio will expose more lanthanide ions on the surface to the surrounding 

quenchers. It can be concluded from Equation 2 that nanoparticles of different 

sizes will have varied lifetimes, and a broad size distribution of nanoparticles will 

lead to serious deviations from a linear relation in a semilogarithmic plot of PL 

decay. Indeed, the semilogarithmic plots of PL decays at 801 nm for Gd 0% and for 

Gd 70% nanoparticles have nonlinear dependence, owing to a broad size 

distribution. Since Gd3+ doping between 20 and 50% has resulted in very uniform 

size distributions of nanoparticles, the PL decays for these samples can be roughly 

linear. To further confirm, the PL decay plots of Gd 20 - 50% were fit in the 

biexponential functions. We also tried to use biexponential functions to fit the PL 

decay plots of Gd 20-50%, which show slight bending of the curve. However, the 

result ended up with two identical exponential functions for the best fitting. The 

slight deviation of decays of Gd3+ 20-50% from a linear function in Figure 9 might 

be due to ion-ion interactions that produce non-radiative decay pathways for 
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the 3H4 state, and the different environment of lanthanide ions inside the 

nanoparticle or on the particle surface. The doping of Gd3+ 20, 30, and 50% has led 

the size of hexagonal nanoparticles to become 41, 22, and 12 nm, respectively. This 

size reduction correlates with a corresponding reduction in the average lifetime, 

from 87.8 to 65.7 and to 55.9 µs, respectively. Indeed, the inverse of the lifetime 

exhibits a clearly linear dependence on the surface to volume ratio of these 

nanoparticles as shown in Figure 10. 
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Figure 9 PL decays at 801 nm ofNaYb (,-x) F4 :Gd(x) , Tm 0.5% (x = o, 20, 30, 50, 70) nanoparticles . 
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Figure 10 Plot of the inverse of the observed lifetime of the 3H4 state as a function of the surface-to-volume 
ratio of the resulting nanoparticles. 

Core-Shell Structure ofNaYb(1-x) F4 :Gd(x), Tm3+0.5% Nanoparticles 

The result in Figure 9 has clearly indicated that surface-related quenching 

effects play an important role in limiting the UC PL intensity. Surface-related 

deactivations may occur in two ways: (i) photoexcited dopants located on or 

around the surface can be deactivated directly by neighboring quenching centers 

(such as ligand passivation, solvents, surface impurities, surface lattice defects); (ii) 

the energy contained in the photoexcited dopants located in the center of 

nanoparticles can randomly migrate and travel a long distance to the dopant 

on/around surface or directly to the surface quenching sites. In particular, due to 

90 



the unique two-energy-level structure of Yb3+ in association with its long-lived 

excited state, a long distance transportation of energy in the Yb3+ sublattice is 

highly efficient in Na YbF 4-based UC materials. As a consequence, the potential of 

UC PL intensity in lanthanide-doped Na YbF 4 is severely limited by surface-related 

quenching. A useful strategy to address this problem is to use a core-shell 

architecture, in which the epitaxial shell not only isolate lanthanide dopants from 

the environment but can also passivate surface lattice defects . As a result, the two 

possible quenching ways by surface-related deactivation can be simultaneously 

suppressed by a core-shell structure [34, 35] . 

Surface Quenching Luminescence Enhancement 

NaYbF4: Gd, Tm core NaYbF4: Gd, Tm@NaYF4 core-shell 

Figure 11 Schematic illustration of the luminescence quenching mechanism in the core structure, as well as 
the luminescence enhancement mechanism by a core-shell strategy. 
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Here, Na YbF 4 :Gd 30%, Tm3+ 0.5% nanoparticle was selected to further build up 

a core-shell structure due to its relatively small size, but still contains a large 

amount ofYb3+ ions that can be engineered to produce favorable UC PL. As shown 

in Figure 11, the resulting core-shell nanoparticles were uniform, with an average 

diameter of 26.63 nm ± 1.17 nm, which is larger than the average core size of 21.9 

nm. The size difference between the core and the core-shell nanoparticles suggests 

a successful epitaxial growth of a thin NaYF4 layer of ~2.4 nm. To confirm the 

formulation of the core-shell structure, HRTEM was utilized to image a single 

core-shell nanoparticle. A clear core-shell structure is seen with a discernible 

contrast between the core (dark) and the shell (light) produced by the different 

electron scattering capability between the core and the shell due to a large 

difference in the atomic number between the Yb3+ (in the Na YbF 4 host lattice) at 

the core, and the y 3+ (in the NaYF4 host lattice) at the shell. Moreover, the shell 

thickness is determined to be about ~3 nm for this single nanoparticle, in general 

accordance with the average thickness of ~2.4 nm estimated by the size difference 

between the core and the core-shell nanoparticles. The formation of a core-shell 

structure is also supported by the appearance of y 3+element peak in the energy 

dispersive spectroscopy of these core-shell nanoparticles (Figure 13) . 
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Figure 12 NaYbF4 :Gd30%,Tmo.5%@NaYF4 core-shell nanoparticles showing the (a) size distribution and the 
TEM images (b) at high resolution (HRTEM) and (c) at lower magnification. 
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Figure 13 The energy dispersive X-ray (EDX) spectroscopy of the NaYbF4 :Gd30%,Tmo.5%@NaYF4 core-shell 
nanoparticles. The EDX peak of y 3+ element arises from the constituent of the shell, while the EDX peaks of 
Gd3+ and Yb3+ element stems from the core component. 
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The UC PL of the core and the core-shell nanoparticles dispersed in hexane 

were compared and shown in Figure 13. As the UC PL from the core nanoparticles 

is hard to see, a zooming-in is shown in the inset. The NIR UC PL at 800 nm of the 

core-shell nanoparticles is about 350 times higher than that of the core 

nanoparticles. This result provides compelling evidence that the -2 nm inert NaYF4 

shell has effectively suppressed surface-related quenching mechanisms. This 

conclusion is further supported by the observation of a prolonged lifetime of UC 

PL at 800 nm in the core-shell nanoparticles than in the core nanoparticles (Figure 

14) . In addition, comparison of the UC PL of the 27 nm core-shell NaYbF4 : Gd3+ 

30%, Tm o.5%@Na YF4 with that of the -100 nm sized hexagonal Na YbF 4 : Gd 10%, 

Tm3+ 0.5% as shown in Figure 15. Although having a significantly smaller particle 

size and lower Yb3+ sensitizer concentration, the core-shell nanoparticles is still 10 

times more efficient than the -100 nm sized hexagonal Na YbF4 : Gd3+ 10%, 

Tm3+ 0.5% UCNPs, clearly showing the merit of the core-shell structure to 

suppress surface-related quenching. Moreover, the enhanced UC PL in the core

shell nanoparticles is appealing for bioimaging, as a lower dose of them will be 

needed to administer into the bodies to perform the imaging modality, therefore 

reducing any potential harmful effects. 
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Figure 14 Comparison of the PL intensities of the NaYbF4 :Gd30%,Tmo.5% core and 
NaYbF4 :Gd30%,Tmo.5%@NaYF4 core-shell nanoparticles. The inset shows an enlarged view of the PL from the 
NaYbF4 :Gd30%,Tmo.5% core nanoparticles. 
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Figure 15 PL lifetime at 800nm from nanoparticles of the NaYbF4 :Gd30%,Tmo.5% core and 
NaYbF4 :Gd30%,Tmo.5%@NaYF4 core-shell nanoparticles. The significantly prolonged lifetime of the core-shell 
nanoparticles clearly indicate that the surface-related quenching mechanisms have been effectively 
suppressed. 
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Figure 16 Comparison of the PL intensity of the 27 nm NaYbF4 :Gd30%,Tmo.5%@NaYF4 core-shell 
nanoparticles and the 100 nm NaYbF4 :Gd10%,Tmo .5%@ nanoparticles. 

In Vivo Imaging Utilizing NaYbF4 :Gd30%, Tm o.5%@NaYF4 

Core-Shell Nanoparticles 

The synthesized core/shell nanoparticles are only dispersible in organic phase 

as they are coated by long-chain oleate ligands. To enable them for 

bioapplications, a prerequisite is to make them dispersible in water and in saline 

buffers. Here, a functional phospholipid polyethylene glycol: 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] 

(ammonium salt) (DSPE-mPEG-2000) was utilized to surface modify the UCNPs. 

Phospholipids mimic cellular membranes to provide a water-dispersible 
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biocompatible surface. The hydrophobic tails of the phospholipid are embedded 

with the oleate capping ligand of the nanoparticle, consequently exposing a 

hydrophilic PEGylated surface. Furthermore, the PEG coating can allow prolonged 

circulation of UCNPs in the bloodstream due to its well-known ability to prevent 

capture of NPs by the reticuloendothelial system [36-39]. The size of these DSPE

mPEG-2000 coated core/shell UCNPs was measured to be 26.75 ± 1.48 nm from the 

TEM images and their hydrodynamic size was evaluated to be ~60 nm (Figure 16). 

Moreover, the stability of DSPE-mPEG-2000 coated core-shell UCNPs in a culture 

media with 10% fetal bovine serum (FBS) was evaluated by the dynamic light 

scattering experiment; no aggregations was observed over 7 days, confirming the 

good colloidal stability of these particles. A low toxicity of surface modified 

lanthanide upconverting nanoparticles is important for bioimaging. Various cell 

viability assays in combination with a broad range of cell lines have shown that 

UCNPs with good surface treatment are nontoxic within a certain range of 

concentrations over a defined incubation time [40]. UCNPs-treated Caenorhabditis 

elegans have been shown to thrive at UCNPs concentrations lower than 0.5 mg/mL 

[41-43]. Evaluation of in vivo toxicity of PEG modified UCNPs in male and female 

mice have shown 100% survival rate 30 days after injection, with no weight loss 

[44, 45]. To evaluate the toxicity of PEGylated core-shell UCNPs in this study, we 

performed a typical MTS ( (3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, sodium salts)) cell 
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viability assay experiment. The result indicated no cytotoxicity at a dose as high as 

1 mg/mL over a period of 72 h (Figure 17). 
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Figure 17 Size distribution and the corresponding TEM image of the DSPE-mPEG-2000 coated NaYbF4 :Gd30%, 
Tm o.5%@NaYF4 core-shell nanoparticles dispersed in water. 
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Figure 18 The hydrodynamic (HD) size distribution of the DSPE-mPEG-2000 coated NaYbF4 :Gd30%, Tm 
o.5%@NaYF4 core-shell nanoparticles in water measured at Day 1, Day 4 and Day 7 with peak values at 59.5, 
60.5 and 63.2 nm, respectively. No aggregation was observed. 
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Figure 19 Cell viabilities of HeLa cells after incubating for 12, 24 and 72 h with different concentrations of 
DSPE-mPEG-2000 coated NaYbF4 :Gd30%,Tm o.5%@NaYF4 core-shell nanoparticles. Three controls were 
utilized, cells without any additives, cells with PBS buffer, cells with pure DSPE-PEG phospholipid. 
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0 PL Intensity 
Figure 20 Whole-body imaging of a nude mouse injected via tail vein with the DSPE-mPEG-2000 coated ~
Na YbF 4:Gd30%, Tm o.5%@NaYF4 core-shell nanoparticles. (a, c, e) Shows the bright-field images; (b, d, f) 
correspond to merged bright field and UC PL images. The (a, b) images were taken at the belly position in the 
live mouse, while the (c, d) images were taken at the belly position after the mouse was sacrificed. The (e, f) 
images were from the extracted internal organs from the sacrificed mouse. The UC PL imaging is displayed in 
an intensity-coded mode. 
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Nude mouse was injected via tail vein with the DSPE-mPEG-2000 coated core

shell nanoparticles dispersed in PBS at a dose of ~2 mg/kg to examine the 

suitability of the DSPE-mPEG-2000 coated core-shell nanoparticles for in vivo 

imaging. The mouse was imaged for in vivo NIR PL at 1 h post-injection using the 

Maestro fluorescence imaging system (CRi). Subsequently, the mouse was 

sacrificed and major organs were taken out for imaging. The core-shell 

nanoparticles were excited at 980 nm by a fiber-coupled laser diode introduced 

into the imaging chamber; the laser beam was diverging from the fiber end. The 

scattered excitation light was cut off by an emission filter (850 SP, Andover) in 

front of the imaging camera objective [ 13, 46]. Figure 18 displays the whole-animal 

imaging results of a nude mouse. As shown in Figure 18, high contrast UC PL 

images are obtained under different imaging conditions (i.e. bright field and NIR) 

using the Maestro imaging system. The DSPE-mPEG-2000 coated core-shell 

UCNPs exhibited mainly uptake by the liver, with no detectable UC PL in other 

major organs (Figure 2oe and f) . This is in good agreement with previous results on 

PEG-b-PAAc modified UCNPs which were only accumulated in liver, in marked 

contrast to the result on unmodified UCNPs that were taken up by most organs 

(lung, liver, spleen, kidney and lymph node) [47] . The uptake of DSPE-mPEG-2000 

coated core-shell UCNPs by the liver most probably arise from their large 

hydrodynamic size of ~60 nm. Nanoparticles within the size range of 50-250 nm 

are known to be effectively absorbed by liver and/or spleen through the 

reticuloendothelial system (RES) [ 48]. 

102 



Conclusion 

In summary, the preparation, phase and size control, emission enhancement, 

and bioimaging applications of Tm3+-doped NaYbF4 NIR-to-NIR UCNPs have been 

systematically investigated. It has been shown that doping varied concentrations 

of Gd3+can convert Na YbF4 :Tm3+ 0.5% nanoparticles with cubic phase and 

irregular shape, into highly monodisperse Na YbF4 :Tm3+ 0.5% nanoplates or 

nanospheres in a pure hexagonal-phase and of varying size. Moreover, the 

intensity and the lifetime of NIR UC PL at 800 nm showed a direct dependence on 

the average size of the resulting nanoparticles, being accredited to the varied 

corresponding surface-to-volume ratios. An epitaxial growth of a thin NaYF4 shell 

layer of -2 nm on the -22 nm core of hexagonal Na YbF4 : Gd30%, Tm 0.5% 

nanoparticles can effectively suppress surface-related quenching mechanisms, 

leading the NIR UC PL of the core nanoparticles to be enhanced by 350 folds . High 

contrast in vivo NIR-to-NIR imaging of a nude mouse has been demonstrated 

using a dispersion of phospholipid-polyethylene glycol (DSPE-PEG)-coated 

hexagonal core-shell Na YbF4 : Gd30%, Tm o.5%@Na YF4 nanoparticles in phosphate 

buffered saline, illustrating the suitability ofTm3+-doped hexagonal NaYbF4 UCNPs 

for use as imaging contrast agents. 
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Experimental Section 

Synthesis ofNa Yb(1-x)F4 :Gd(x), Tm3 
+ 0.5% Core Nanoparticles 

All materials used in the experiment were purchased from Sigma-Aldrich and 

used as received. The synthesis of Tm3+-doped NaYh(i-x)GdxF4 nanoparticles (x = 

0%, 20%, 30%, 40%, 50%, 70%) was done by growing the nuclei at low temperature 

via ion diffusion, with subsequent Ostwald-Ripening at higher temperature [49]. 

The combined amount of GdC13-6H2O and YbC13-6H2O used for each kind of 

nanoparticles was set to 1 mmol in total, while TmC13-6H2O was maintained 

constant at 0.5% mmol. Appropriate amounts of GdC13-6H2O, YbC13-6H2O, and 

TmC13-6H2O were dissolved in 1 mL of distilled H2O in a 100 mL three-necked flask 

prior to addition of 15 mL of oleic acid (90%, technical grade) and 23 mL of 1-

octadecene (70%, technical grade). The mixture was heated to 160 °C and 

maintained for 1 h under Ar gas, with constant stirring to remove H2O and 0 2. The 

solution was then cooled to 50 °C, before slowly adding 10 mL of solution of 

methanol containing 4 mmol NH4F and 2.5 mmol NaOH. After it was stirred for 30 

min, methanol was evaporated at 80 °C, the temperature was subsequently 

increased to 300 °C and maintained for 1.5 h under Ar gas protection. The final 

solution was cooled to room temperature; the resulting nanoparticles were 

collected by adding an excess amount of acetone and then centrifuged at 11000 

rpm for 10 min. The precipitate was washed with a 1:1 mixture of ethanol/H2O and 

finally dispersed in 10 mL of hexane for further uses. 
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Synthesis ofNa YbF4 : Gd30%, Tm3 + o.5%@NaYF4 

Core-Shell Nanoparticles 

The shell precursor was prepared by mixing 0.5 mmol of Y203 with 10 mL of 

50% trifluoroacetic acid in a 100 mL three-necked flask and then refluxed at 95 °C 

until completely dissolved. One mmol Y(CF3COO )3 precursor was obtained by 

evaporating the clear solution to dryness under Ar purge. Sodium trifluoroacetate 

(2 .0 mmol) and the Na YbF 4 :Gd3+ 30%, Tm3+ 0.5% core in hexane (1.0 mmol) were 

then added together with 10 mL of oleic acid and 12 mL of octadecene. The mixture 

was then degassed at 120 °C for 30 min under Ar to remove the remaining water 

and oxygen. The resulting solution was then heated to 320 °C (~15 °C/min) and 

kept at this temperature for 30 min before naturally cooling down to room 

temperature. Addition of 10 mL ethanol to precipitate the nanopaticles was done 

followed by centrifugation at 9 ooo rpm for 7 min. The collected precipitate is 

dispersed in 10 mL of hexane for further uses. 

Water-Dispersible NaYbF4 : Gd30%, Tm3 + o.5%@NaYF4 Core-Shell 

Nanoparticles by Phospholipid Micelle Encapsulation 

Prior to encapsulation, the hexane solvent was evaporated and the core-shell 

nanoparticles were redispersed in chloroform at a final concentration of 1 mg/mL. 

To encapsulate the particles, a chloroform solution of DSPE-mPEG-2000 

phospholipid (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt), Avanti) was mixed with 

the nanoparticles at a 1:4 (UCNP:DSPE-mPEG-2000) weight ratio in a 1 dram vial 
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and was left overnight under the hood to evaporate chloroform. To ensure 

complete solvent removal, a rotary evaporator was used with a water bath at 60 °C 

for 30 min. The resulting film was then hydrated with 1 mL of H2 O and filtered 

through a 0.2 µm syringe filter. The solution was then centrifuged at 13000 rpm for 

15 min and the collected particles were redispersed in PBS solution and stored at 4 

°C for future use. 

Characterization 

The size and the morphology of the resulting nanoparticles were characterized 

by transmission electron microscopy (TEM) using a JEM-2010 microscope at an 

acceleration voltage of 200 kV. The powder X-ray diffraction (XRD) patterns were 

recorded by a Siemens 0500 diffractometer, using Cu Kcx radiation (A = 0.15418 

nm). The 28 angle of the XRD spectra was recorded at a scanning rate of 5° /min. 

UC PL spectra were recorded using a Fluorolog-3.11 Jobin Yvon spectrofluorometer, 

with a slit width defining a spectral resolution of 1 nm. The PL was excited at 975 

nm using a fiber-coupled laser diode (Q-Photonics). All UC PL spectra have been 

corrected for the spectral sensitivity of the system. The PL decay profiles at 800 nm 

were recorded with an Infinium oscilloscope (Hewlett-Packard) coupled to the 

PMT of the Fluorolog-3.11 Jobin Yvon spectrofluorometer. A laser diode from Q

Photonics operating at 975 nm was used as the excitation source. When measuring 

PL decays, the laser diode was operated in a pulsed mode with a repetition of 400 

Hz and a pulse width of 80 µs. Dynamic light scattering was performed by a 90Plus 

zeta sizer (Brookhaven Inc., NY) to monitor the hydrodynamic diameter of the 
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resulting DSPE-mPEG-2000 coated core/shell nanoparticles. They were dispersed 

in Minimum Essential Medium-alpha ( Gibco) containing 10% fetal bovine serum 

maintaining a 1 mg/mL concentration. 

In Vitro Cytotoxicity Assay 

HeLa cells were dispensed into a 96-well flat-bottom microplate (Nunc) 

( ~10000 cells/well) using MEM-alpha medium with 10% FBS, and allowed to attach 

to the bottom of the microplate overnight. Cell viability was assessed by the 

CellTiter 96 AQueous One Solution Cell Proliferation Assay. Hela cells were 

treated with different concentrations of PEGylated core/shell UCNPs for 12, 24, and 

72 h . After the treatment, cellular media was changed to remove UCNPs, and the 

AQueous One Solution was added to the cells. Subsequently, the HeLa cells were 

incubated for 4 h inside an incubator (37 °C, 5.5% CO2). Lastly, absorbance was 

measured at 490 nm using a microplate reader (Bio-Tek Synergy HT microplate 

reader) . Tests were performed in 4 replicates. 

In Vivo Imaging 

NIR fluorescent imaging of BALBIc mouse was performed using a wavelength

resolved Maestro in vivo optical imaging system (CRI, Inc., US) operating at a cube 

acquisition mode. The phospholipid encapsulated Na YbF 4 :Gd3+ 30%, 

Tm3+ o.5%@Na YF4 core-shell nanoparticles in PBS solution were administered 

intravenously via the tail vein injection at a dose of ~2 mg/kg. When acquiring 

wavelength-resolved imaging cubes, the tunable filter was automatically stepped 

107 



in 10 nm increments from 580 to 950 nm, while the camera captured images at 

each wavelength with a constant exposure. The overall acquisition time was about 

10 s. The autofluorescence spectra and the spectra from the Na YbF 4 :Gd3+ 30%, 

Tm3+ o.5%@Na YF4 core-shell nanoparticles were manually selected from spectral 

image using the computer mouse to choose appropriate regions. Spectral 

unmixing algorithms (available from CRi) were applied to create the unmixed 

images of autofluorescence and the UC PL signal. When appropriately generated, 

the autofluorescence image should be uniform in intensity, regardless of the 

presence or absence of the UC PL. The resulting UC PL images are displayed in an 

intensity-coded mode. 
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Chapter 4 
Targeted Nanotransformers of Near
Infrared Light for Subcellular 
Optogenetics2 

Introduction 

Light-triggered activation of physicochemical processes in biological matter 

has received increased attention in recent years due to the advantage of highly 

specific spatial and temporal control.[1-8] Ultraviolet (UV) or visible (VIS) light

mediated photochemical reactions play a critical role in a myriad of biomedical 

applications [4, 5, 9-11] that range from advanced imaging [12, 13] to on-demand 

drug release [14-17]. Photoresponsive agents include but are not limited to 

fluorescence imaging reporters [12, 13], nanocomplexes utilized for controlled 

release of photocaged bioactive materials [14-17], and photoactivatable 

pharmaceutical drugs used for in situ therapeutic treatments [4, 18-24] . In addition 

to imaging and therapy, UV-vis photoactivation also enables to probe and 

manipulate the structure, function and subcellular distribution of photoinducible 

biomolecules, thus, providing a powerful tool for a range of emerging biomedical 

2 
This chapter is reproduced with permission from (Pliss A, Ohulchanskyy TY, Chen G, Damasco J, 

Bass CE, Prasad PN. Subcellular Optogenetics Enacted by Targeted Nanotransformers of Near
Infrared Light. ACS Photonics. 2017;4:806-14.) Copyright (2017) American Chemical Society. 
https://pubs.acs.org/doi /full /10.1021/acsphotonics.6600475 
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disciplines, such as synthetic biology and cell engineering [22, 25] . Furthermore, a 

number of photoactivation approaches have been developed for on-demand 

manipulation of gene expression, which offers unsurpassed spatiotemporal 

precision for control of live cell functioning [ 7, 26]. 

Among the most important and rapidly developing biomedical applications of 

photochemistry is optogenetics, which is a rapidly emerging photoactivation 

technology on the interface between neuroscience, molecular biology and 

biophotonics. It enables light control over the ability of neuronal cells to generate 

and transmit signals [27, 28] . Optogenetics has all inherent advantages of 

photoactivation techniques, including generally noninvasive properties, high 

spatial resolution, and capability to alter the membrane potential on a 

physiologically relevant milisecond time scale, at which the neuron naturally fires, 

thus, enabling precise and noninvasive control over the neuron signaling 

[29] . Optogenetic technology involves the insertion of light-gated ion channel 

proteins called opsins, into cellular membranes [30]. Upon light activation, 

different types of opsins open for influx of either positively or negatively charged 

ions, such as Na+, K+, Ca2+, or ci-, leading to changes in cell membrane potential 

and thus inducing either activation or suppression of cellular signaling. For 

instance, a commonly used opsin called channelrhodopsin-2 ( ChR2) is activated by 

blue light at ~470 nm, which results into opening of ion pore within cellular 

membrane for selective entrance of Na+ and Ca2 +into the cell, leading to a 

membrane depolarization and firing of neuronal impulse. This capability is 
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especially valuable for the studies of brain, where neuronal cells are linked into 

intricate network circuitry, which carries out specific brain functions [31] . One 

ultimate goal of optogenetics is to learn how to alter signaling between specific 

neurons, which would enable to decipher the complex organization of brain and 

approach treatment of neural disorders and diseases at the cellular level 

[32] . However, the application of ChR2 and many common opsins is limited by the 

requirement of visible light for photoactivation, which poorly penetrates through 

biological tissues due to high absorption and scattering by biomolecules [33] . 

A commonly used approach for overcoming these limitations employs the 

near-infrared (NIR) light to excite photoswitchable compounds through 

multiphoton, typically two-photon, excitation mechanism. The NIR light within 

the biological window of maximum optical transparency ( ~700-1000 nm) provides 

considerably deeper tissue penetration than the UV or visible light [34-37] . In 

addition, compared with the single-photon approach, the two-photon approach 

significantly improves a three-dimensional precision of photoactivation. However, 

a common challenge for two-photon optogenetics exists: the need to enlarge the 

excitation surface. As ChR2 has low single channel conductance, depolarization 

induced by photostimulating ChR2 ion channels within a standard two-photon 

excitation spot can exceed the threshold for action potential generation only in 

neurons that express high levels of opsins in membranes. Moreover, the relatively 

high two-photon absorption cross section of ChR2 and the long lifetime of the 

excited states [38] cause fast saturation of the channels, preventing the increment 
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of neuronal depolarization by simply raising the excitation power. To improve the 

efficiency of two-photon stimulation, different solutions (i.e., scanning and parallel 

excitation techniques) are proposed to extend the excitation area, complicating the 

in vivo applications of two-photon optogenetics [39] . 

Another rapidly emerging approach for photoactivation in biological tissues 

involves upconversion of NIR light to visible emission, using lanthanide doped 

upconversion nanoparticles (UCNPs) [34, 40-42] . The efficiency of current UCNPs 

is dictated by two factors : (i) The type and concentration of lanthanide dopants 

within one single nanoparticle, directly influencing energy transfer rates; (ii) 

Surface-related deactivations, which can produce pronounced quenching effects 

on the UC photoluminescence (PL) . Concerning the latter, surface quenching is 

enhanced by the high surface-to-volume ratio at the nanometer scale, as 

lanthanide dopants on surface are exposed to the quenching factors in the 

surroundings [40-42]. This can limit the luminescence quantum yield of 

established UCNPs, for example, reported emission for the NIR-to-blue 

upconversion does not exceed 3.5% [43], a hurdle to the utility of UCNPs in 

biological systems. 

Engineering UCNPs with high upconversion photoluminescence (UCPL) 

efficiency provides an effective way to fuel the field of photocontrol of various 

physicochemical processes with a precisely defined manner. To overcome 

notorious limitations of multiphoton activation, UCNPs have been recently 

applied as component of cellular substrate, to upconvert NIR into visible light for 
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activation of opsins [44, 45] and even for internalization in small organisms, in C. 

elegans model [46]. In a different experimental system, UCNPs were tested for 

regulation of a complex fusion macromolecule composed of photoswitch protein 

LOV2 and Ca2
+ membrane ion channel. It was shown that targeting of UCNPs to 

the extracellular domain of the transmembrane protein fusion permits to activate 

channel with NIR light and induce expression of Ca2
+ responsive genes 

[47] . Building on the recent accomplishments in nanotechnology and 

optogenetics, further ambitious goal is to internalize UCNPs into the cells to target 

specific cellular compartments for selective regulation of local molecular 

processes. However, applications of UCNPs for intracellular regulation are still at 

the early stage of development due to the rather low efficiency of UCPL. 

Herein, a new type of core-shell UCNPs, forming Na YbF 4 :Tm3+ o.5%@Na YF4, 

which upconvert the incident NIR light into blue emissions with exceptional 

efficiency is reported. The Na YbF 4 core absorbs NIR light and the excitation energy 

migrates in the Yb3+ sublattice to reach the Tm3+ emitters, producing selective blue 

UCPL. An epitaxial shell layer of NaYF4 was deposited onto the core to passivate 

lattice defects on the surface and to spatially isolate the core nanoparticle from 

quenching centers in the surrounding medium. The UCPL output of the hexagonal 

Na YbF 4 :Tm3+ o.5%@Na YF4 core-shell UCNPs presented here is exceptionally high, 

about 6x higher than the typically established hexagonal NaYF4:Yb30%, Tm3+ 

o.5%@NaYF4 core-shell UCNPs [43]. To demonstrate their breakthrough potential 

in optogenetics, live cells expressing ChR2 were treated with these novel UCNPs 
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conjugated with folic acid (FA) as the targeting ligand. Irradiation with NIR light at 

980 nm was done following cell internalization of the FA-conjugated UCNPs to 

produce upconverted blue light that will activate opsins allowing control of ion 

channel activity. In comparison to previous studies wherein optogenetic control 

over the membrane potential was mediated by upconversion material present in 

the substrate of cultured cells [44, 45], this study demonstrates that optogenetic 

control could be mediated by UCNPs specifically targeted to cells. Moreover, 

owing to their exceptional upconversion efficiency and cell targeting ability, 

UCNPs are shown to provide localized activation of ChR2 with a high subcellular 

precision. While the direct photoactivation with 476 nm light activates a large pool 

of opsins in the cellular membranes, as illustrated by bursts of Ca2+ in the entire 

cellular volume, the upconverted light activates predominantly opsins that are 

localized closely to intracellular UCNPs. Furthermore, the scale of activation is 

proportional to the amount of UCNPs taken up by the cells. The reported 

nanophotonics approach here can advance subcellular optogenetics, which is a 

rapidly emerging discipline focused on control of cellular functions [48], as well as 

provide unprecedented opportunities for noninvasive control over neuronal 

circuitry in central neural system of live animals . 
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Results and Discussion 

Design ofEfficient Inorganic Fluoride Core-Shell UCNP 

UCNPs produce several UCPL bands determined by the selected type of 

lanthanide dopants or their combinations, which could be used for selective 

photoactivation as well as for bioimaging applications [49] . The NaYbF4 :Tm3+ 0.5% 

is selected as the core nanocrystals due to the high energy transfer efficiency 

between the sensitizer Yb3+ ion and the emitter Tm3+ ion to produce blue UCPL. In 

addition, the Na YbF 4 matrix can enhance the blue UCPL of Tm3+ by providing the 

most abundant Yb3+ ion concentration for strongest harvesting of 980 nm NIR 

excitation light and by weakening the concentration quenching effect resulting 

from the "too symmetrical" energy levels of Tm3+ that makes it susceptible to self 

cross-relaxations [50] . To reduce the non-radiative decay losses of the surface 

luminescence, NaYF4 shell was selected due to its low lattice mismatch to the 

NaYbF4 matrix. 

Another factor to consider with regards to the UCPL efficiency is the 

crystallographic phase of the UCNPs. A lower crystal phase can favor higher UCPL 

efficiency, as a low symmetry crystal field can relax more dipole forbidden nature 

of 4f-4f transitions. As reported, it has been shown that microsized NaYF4:Yb3+, 

Er3+ particles with hexagonal phase are about ~1ox more efficient than its cubic 

form [51]. Though the hexagonal phase NaYF4 nanoparticles have been prepared 

using various chemistries, it is nontrivial to prepare uniform Tm3+-doped 
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hexagonal Na YbF 4 nanoparticles due to its distinct growth dynamics from the 

hexagonal NaYF4 nanoparticles. To achieve this, a two-step thermolysis protocol 

[52] was adapted to synthesize the core UCNPs. The first step is to prepare cubic 

phase irregular Na YbF 4 nanoparticles, which are then converted into uniform 

hexagonal phase nanoparticles using the Ostwald-ripening confined process in the 

second step. A third seed-mediated epitaxial growth enables the preparation of the 

shell layer with the hexagonal phase. As shown in the transmission electron 

microscopic (TEM) images, the resulting UCNPs were uniform, of regular spherical 

shape, and ~50 nm diameter (Figure 1a). Within each UCNP, a ~30 nm electron 

dense core coated with a ~10 nm light shell can be clearly resolved, demonstrating 

the formation of a core-shell nanostructure. This contrast is attributed to the large 

difference in the atomic number between the Yb3+at the core (in the Na YbF 4 host 

lattice) and the y3+at the shell (in the NaYF4 host lattice), resulting in different 

electron scattering cross-section. X-ray diffraction (XRD) investigation confirms 

that the as-prepared core, and the core-shell nanoparticles are both in the highly 

efficient hexagonal crystal phase (Figure 1b). 

Next, the optical properties of the obtained UCNPs were studied. The UCPL 

spectra of the resulting Na YbF 4 :Tm3+ 0.5% core, and that of the 

Na YbF 4 :Tm3+ o.5%@Na YF4 core-shell are displayed in Figure 2, along with 

referenced canonical NaYF4:Yb3+30%, Tm3+ o.5%@NaYF4 UCNPs, which up to date 

have been considered to be the most efficient UCNPs, with an upconversion 

quantum yield of ~3.5% [43]. These nanoparticles were dispersed in hexane under 
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identical concentrations for the comparison. The UCPL peaks at 358, 450, 470, 650, 

and nm correspond to transitions of Tm3+ ions 

could be expected from the lanthanide composition, the UC spectra of the three 

types of UCNPs contained similar peaks corresponding to the Tm3+ transitions, 

however it is evident that the upconversion efficiency of the synthesized 

Na YbF 4 :Tm3+ o.5%@Na YF4 core-shell UCNPs was significantly higher. More 

remarkable is the intensity of the 450/470 nm peaks from these 

Na YbF 4 :Tm3+ o.5%@Na YF4 core-shell UCNPs was ~16oox higher than that of the 

Na YbF 4 :Tm3+ 0.5% core particles. Also observed is a ~6-8x higher levels of 450/470 

nm UCPL in comparison with the canonical "gold standard" 

NaYF4 :Yb3+30%,Tm3+ o.5%@NaYF4 nanoparticles. The high upconversion efficiency 

of the characterized core-shell UCNPs here arises from a combined effect of highly 

efficient energy transfers from the sensitizer Yb3+(enhanced by Yb3+-induced to 

the activator Tm3+) [53], as well as an efficient suppression of surface-related 

quenching mechanisms. To confirm the later effect, the PL decay at 801 nm was 

measured for both samples. As expected, the core-shell Na YbF 4 :Tm3+ 

o.5%@Na YF4 were found to have the longest lifetime (Figure 2c) . 
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Figure 1 (a) TEM image of the synthesized ~-NaYbF4 :Tm3
+ o.5%@NaYF4 core-shell UCNPs and (b) the XRD 

patterns of the ~-NaYbF4 : Tm3+ 0.5% core, and ~-NaYbF4 :Tm3+ o.5%@NaYF4 core-shell UCNPs, in reference to 
the standard pattern JCPDS 27-1427 of hexagonal phase Na YbF 4 host material. 
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Figure 2 Comparison of the UCPL spectra of the (a) core NaYbF4 :Tm3+ nanoparticles (black line), the 
NaYbF4 :Tm3+ o.5%@NaYF4 core-shell UCNPs (blue line) used in this study, as well as the referenced canonical 

hexagonal phase NaYF4 :Yb3+ 30%, Tm3+ o.5%@NaYF4 core-shell UCNPs (~30-40 nm); and (b) the NaYbF4 : 

Tm3+ 0.5% core and the NaYbF4 :Tm3+ o.5%@NaYF4 core-shell UCNPs. (c) The decay profiles of UCPL at 800 
nm from the NaYbF :Tm3+ o.5%@NaYF core and the NaYbF :Tm3+ o.5%@NaYF core-shell UCNPs. All4 4 4 4 

UCNPs are dispersed in hexane with the same nanoparticle concentration (excited at - 980 nm). Spectra were 
acquired under 980 nm excitation at - 5 W /cm 2 

• 
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Applications of UCNPs for Optogenetic Activation of ChR2 

Optogenetic Activation Light-gated Ion Channel 
• Channelrhodopsin-2 (ChR-2)with Upconverted NIR Light 

Cell Exterior 

Cytoplasm 

Blue up-converted 
light (~470 nm) 

Figure 3 Schematic representation of the optogenetic activation of neuronal signaling; wherein ion-channel 
protein ChR2 is inserted into cellular membrane. ChR2 opens for intracellular influx of Caz+ and Na+ upon 

activation with blue light (~470 nm), which results in membrane depolarization and neuronal signal firing. 
Photon nanotransformers, internalized into the cell, upconvert incident NIR light (980 nm) into blue light at 

~470 nm for activation of the ChR2 channel. 

The utility of the developed UCNPs for optogenetic applications is then 

explored, wherein a control over cellular signaling is executed via NIR-to-blue 

upconversion light from the UCNPs that were internalized into live cells (Figure 

3). In these experiments, cells were transfected with a genetic construct coding for 

fusion of ChR2 and Enhanced Yellow Fluorescent Protein (EYFP). Upon synthesis 

and maturation, this EYFP tethered opsin relocates to the cell membranes, hence, 
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the successfully transfected cells could be identified by the fluorescence signal 

from EYFP. At the beginning, the functionality of ChR2 was validated under direct 

activation with blue light, using 476 nm laser source. To detect opening of ChR2 

ion channels, cells were loaded with Asante Calcium Red AM (ACR), a cell 

permeable fluorescence indicator of Ca2
+ [54]. ACR can be excited at ~540 nm and 

generate, in the presence of Ca2 +, a fluorescence emission peak at 650 nm, where 

no measurable interference from cellular autofluorescence is present. 

Changes in fluorescence intensity of Ca2
+ were recorded and comparatively 

analyzed using two alternative techniques. In one approach, cells were placed 

in N-methyl-D-glucamine (NMDG) containing buffer, optimized for permeation of 

Ca2+ ions through ChR2 membrane channels [55] . In another approach, cells 

remained in the culture medium during the light-induced activation of ChR2. In 

this approach, the physiological conditions are not altered, however, the readout 

of optogenetic response is not as sensitive as in the first technique. 

The cells were simultaneously scanned with two laser beams, one at 4 76 nm to 

activate ChR2 channel, and the other at 543 nm to excite ACR. In this experimental 

design, the 476 nm laser line was periodically switched on/off (Figure 4c) . The 

excitation pulses were spaced apart with lags of several seconds, for deactivation of 

ChR2 and recovery of the membrane potential. At the same time, cells were 

scanned continuously with the 543 nm laser line, to excite ACR for monitoring 

changes in the intracellular Ca2
+ signal in response to the opening and closing of 

opsin channels. We observed that cells responded to irradiation in a timely 
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manner with 476 nm light, demonstrating a corresponding increase of the 

Ca2
+ signal within several tens of milliseconds (Figure 4), which is consistent with 

reported data [56]. 

A common methodological problem of overlapping signals between most 

Ca2
+ reporters and a broad spectrum from the YFP tag of ChR-2 is also addressed. 

The YFP signal typically contributes to the fluorescence obtained from Ca2+ dyes 

because of this overlap, which requires carrying stringent control experiments to 

verify that the measured changes in the fluorescence intensity exceed contribution 

from YFP. The contribution of YFP signal to the ACR emission (600-640 nm) was 

identified by control experiments performed by turning the 543 nm off. 

The efficiency of light-induced activation varied from cell-to cell. Typically, 

the elevation of ACR signal correlates with the abundance of ChR2-YFP in the 

cellular membranes. At the same time, it was observed that changes in the 

intensity of ACR signal were significantly more pronounced for cells growing in 

the NMDG containing buffer. On the average, the changes in fluorescence signal 

from ACR were 3-4 fold higher than those from YFP, which confirmed the light

gated control of the ChR2 ion channel using 4 76 nm source (Figure 4). In 

comparison, the cells, which were maintained in the culture medium during ChR2 

activation, demonstrated 2-fold increase in ACR signal in response to 476 nm light 

pulses (Figure 5). Results obtained with direct ChR2 activation at 476 nm were 

used as a benchmark for the analysis of UCNPs mediated activation of ChR2 with 

NIR light in further experiments. 
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Figure 4 Direct activation of ChR2 protein in cellular membranes with 476 nm light of cells growing in the 
NMDG containing buffer. (a) Cells expressing ChR2 in cellular membranes visualized by YFP tag. (b) 
Transmitted light images of the same cells. Influx of Ca2+ in response to ChR2 activation with 476 nm light was 
measured in two rectangular region of interests, ROI 1 and ROI 2, as indicated. (c) Comparative measurement 
of fluorescence intensity in the ACR spectral region with 476 nm and 543 nm light on and off. 
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Figure 5 Direct activation of ChR2 protein in cellular membranes with 476 nm light of cells maintained in the 
culture medium. (a) Cells expressing ChR2 in cellular membranes visualized by YFP tag. (b) Transmitted light 
images of the same cells. Influx of Ca2+ in response to ChR2 activation with 476 nm light was measured in ROI 
1 and ROI 2. (c) A comparative measurement of fluorescence intensity in the ACR spectral region with 476 and 
543 nm light On and Off. 
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Figure 6 Targeting UCNPs to cultured cells: Striking difference in the cellular uptake between UCNP-FA 
(upper row) and non-targeted UCNPs (bottom row). 

Prior to use, the UCNPs were coated with PEGylated phospholipid (DSPE

PEG2000-NH2) and further bioconjugated with FA (UCNP-FA) to efficiently target 

HeLa cells, known to have enhanced expression of FA receptors [57]. Figure 6 

confirms that FA-mediated targeting was highly effective, resulting into significant 

intracellular uptake of UCNPs, while almost no intracellular signal was found for 

non-targeted particles. These data indicate that functionalization of UCNPs for 

recognition of various cellular receptors may enable incorporation of 

nanoformulations into specific cellular types, such as various types of neurons [58, 

130 



59]. Using confocal laser scanning microscopy, UCNPs were resolved inside the 

treated cells, at the same time cellular morphology was not noticeably affected 

(Figure 6). 

The emission peaks at 450/470 nm (blue emissions) of the UCNPs when 

excited at 980 nm falls within the maximum absorption of ChR2. When cells were 

irradiated by a 980 nm CW laser source the ChR2 protein in membranes of live 

cells are activated by the upconverted blue emissions. Simultaneously, these cells 

were irradiated at 543 nm to monitor the changes in intensity of ACR signal in 

response to activation/deactivation of ChR2. 

Results show the NIR excitation at 980 nm (gated by mechanical shutter), 

upconverted on UCNPs to blue light, timely coincided with the significant 

increases of ACR fluorescence. The highest fluorescence response was observed in 

the cells incubated in the NMDG buffer (Figure 7) . 

Cells with the highest number of internalized UCNP-FA demonstrated nearly 

as high increase in ACR fluorescence as in the experiments with direct activation 

of ChR2 at 476 nm (Figure 4), which points toward high efficiency of UCNPs for 

activation of opsins. Meanwhile, cells with a lower number of targeted UCNP-FA 

demonstrated a correspondingly lower influx of Ca2
+ upon excitation with NIR 

light (Figure 7d,e). Consistent with this, no changes in Ca2+ level were observed for 

non-targeted UCNPs, which do not efficiently incorporate in the cells (Figure 5). 

This finding suggests that optogenetic activation can be limited to populations of 

neurons by targeting UCNPs to specific cellular types [59], whereas any significant 
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stimulation of the non-targeted cells is not expected. Furthermore, the specific 

targeting along with the excitation of lower power density may allow for use of 

UCNPs in unsaturated regime. As a result, multiphoton dependence on the 

excitation power can be exploited for UCPL, allowing in-depth stimulation of the 

selected cell populations, similar to the two-photon induced optogenetics. 
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Figure 7 Activation by upconverted NIR light or by 476 nm excitation of ChR2 in HeLa cells maintained in 
NMDG buffer. (a-c) Microscopic images of HeLa cells expressing ChR2-YFP and loaded with UCNPs. Panels 
correspond to (a) ChRz-YFP, (b) UCNPs, and (c) transmitted light images. Two ROis with different amounts 
of UCNPs are marked as green and purple squares. The accumulation of UCNPs is seen to be much higher in 
ROI 1 than in ROI 2. (d) Activation of ChR2 by 980 nm light showing changes in Caz+ signal intensity in 
response to exposures to 980 nm light for 2 ROis. (e) UCPL measured in ROI 1 and ROI 2 simultaneously with 
(d). The UCPL peaks in (e) coincide with the peaks of Caz+ signal, marked by dashed lines in (d). (f) Activation 
of ChR2 by 476 nm light showing changes in ACR intensity in the same cell in response to 476 nm impulses. 
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Figure 8 Activation of ChR2 by upconverted 980 nm light. The data presented in Fig 7(a) were averaged to 
suppress the noise. The smoothing (5 point averaging) was applied separately for the "980 nm On" and "980 
nm Off' time intervals . 

Moreover, it was found that the influx of Ca2
+ ions in different parts of the cell 

correlated with the subcellular concentration of UCNPs (Figures 7 and 8) . Changes 

in Ca2+ signal intensity were recorded only in proximity of UCNPs, while no 

activation of ChR2 was detected in the regions of the same cell, which did not 

contain a significant number of these nanoparticles (Figure 7d,e) . 

In comparison with direct activation of ChR2 by blue light, which induces very 

significant changes in the ACR signal in the entire cellular volume (Figure 7e), 

activation by upconverted PL was found to be limited to the cellular domains with 
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UCNPs. It is worth noting that during the activation of ChR2 in the cell, the laser 

excitation beam of the scanning microscope stays in every pixel for few 

microseconds. In this case, the luminescence rise and decay times of UCNPs, 

which is in a millisecond range, has limiting effects on the efficiency of UCNPs-

mediated activation. 
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Figure 9 (a) Activation of ChR2 in HeLa cells by blue light generated from UCNPs, under the excitation with 
NIR light at 980 nm. (a-c) Microscopic images illustrate cultured cells expressing ChR2 and loaded with 
UCNPs. Panels correspond to (a) ChR2-YFP, (b) UCNPs internalized into the cells and (c) transmission light 
images, as indicated. On (c) are shown regions of interest (ROI) where measurements of Ca2+ influx were 
performed. ROI 5 represents a control region outside of cells. (d-e) Measurements of Ca2+ influx in response to 
exposure to 980 nm light. (d) Changes in ACR fluorescence indicate influx of Ca2+ ions in response to ChR2 
activation with NIR light impulses. (e) Visible light impulses generated from UCNPs by either collective 
contribution of 980 nm and 543 nm or solely 980 nm light. The color-coded lines in (d) and (e) correspond to 
the signals from ROis outlined with a rectangle of the same color on (c). 
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Dependence between the subcellular distributions of UCNPs was confirmed in 

the cells incubated in the cell medium during the activation of ChR2. However, as 

could be expected from prior results (Figure 4), the changes in ACR fluorescence 

were less pronounced (Figures 9 and 10). 
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Figure 10 Application of UCNPs in HeLa cells maintained in cell culture medium. (a-c) Microscopic panels 
correspond to ChR2-YFP, UCNPs, and transmission light images, as indicated. For measurements of Caz+ 
influx, 3 ROis in the same cell were selected. ROI 1 and ROI 2 contained a significant amount ofUCNPs, while 
ROI 3 was virtually devoid of UCNPs. For ROI 1 and ROI 2, an increase in signal from UCNPs leads to an 
increase in Caz+-induced ACR fluorescence, which indicates ChR2 activation. In contrast, ROI 3, which has 
very low amount of UCNPs, shows no changes in ACR fluorescence. (d, e) Measurements of Caz+ influx in 
response to exposure to 980 nm light. (d) Measurements of ACR intensity. (e) Measurements of the gated 
upconverted light produced by UCNPs. The color-coded lines in (d) and (e) correspond to the signals from 
ROis highlighted with a rectangle of the same color. 
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High localization of UCNP-mediated photoactivation represents great potential 

for subcellular optogenetics, which is an emerging direction in studies of cellular 

signaling activities [48]. Since NIR light is not significantly absorbed by cellular 

biomolecules, the incident irradiation in the absence of UCNPs is not likely to 

trigger any cellular response. Meanwhile, it is feasible to target UCNPs to specific 

cellular compartments, by functionalization with various ligands [ 60] that could 

enable for spatially precise activation of photoprocesses in the sites of their 

subcellular localization. Potential applications may include regulation of 

intracellular Ca2+ released from the endoplasmic reticulum, regulation of 

organelle-bound enzymes and control of gene activities [48] . Furthermore, the 

versatility of UCNPs can also be leveraged in the creation of a multifunctional 

reagent that will deliver genetic material coding for optogenetic proteins to a 

target cell and then subsequently act to upconvert light to the appropriate opsin

activating wavelength. 

Conclusion 

In summary, new highly efficient NIR-to-blue UCNPs in the form of 

Na YbF 4 :Tm o.5%@Na YF4 as photon nanotransformers has enabled the 

photoactivation of optogenetic proteins inserted into the cell membranes. These 

photon nanotransformers target cultured cells through FA receptors and enable 

optogenetic control of ion channels with the highly penetrating NIR light. In 

addition, the upconverted blue light generated in situ by intracellular UCNPs 

136 



activates the optogenetic proteins in close vicinity of the nanoparticles, providing 

photoactivation with high subcellular precision. The results here constitute a 

major step toward NIR subcellular optogenetics that are important in studies of 

cellular signaling activities. 

Experimental Section 

Synthesis of Core-Shell UCNPs 

Synthesis of a-Phase Core Nanoparticles 

The a-phase core nanoparticles were synthesized by a thermal decomposition 

method. 0.5 mmol of RE2O3 (RE = Yb, Tm) was dissolved in 10 mL of 50% 

trifluoroacetic acid at 95 °C in a three-neck flask. Then, the solution was 

evaporated to dryness under argon gas. Next, 8 mL of oleic acid, 8 mL of 

oleylamine, 12 mL of 1-octadecene, and 2 mmol sodium trifluoroacetate were 

added into the flask. The resulting solution was then heated at 120 °C with 

magnetic stirring for 45 min to remove water and oxygen. The brown solution was 

then heated to 300 °C at a rate of about 12 °C per min under argon gas protection 

and kept at this temperature under vigorous stirring for 30 min. The mixture was 

cooled to room temperature, precipitated by excess ethanol and collected by 

centrifugation. The precipitate was washed with ethanol several times, and the 

nanocrystals were dispersed in hexane. 
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Synthesis of (3-Phase Core Nanoparticles 

A total of 10 mL oleic acid, 10 mL 1-octadecene, 2 mmol sodium trifluoroacetate, 

and 1 mmol ex-core were added into the flask. The resulting solution was then 

heated at 120 °C with magnetic stirring for 45 min to remove water and oxygen. 

The brown solution was then heated to 320 °C at a rate of about 12 °C per min 

under argon gas and kept at this temperature under vigorous stirring for 30 min. 

The mixture was cooled to room temperature, precipitated by excess ethanol and 

collected by centrifugation. The precipitate was washed with ethanol several times, 

and the nanocrystals were dispersed in hexane. 

Synthesis of (3-Phase Core-Shell Nanoparticles 

The ~-phase core-shell nanoparticles were synthesized by a thermal 

decomposition method. A total of 0.5 mmol of RE20 3 (RE= Y) was dissolved in 10 

mL of 50% trifluoroacetic acid at 95 °C in a three-neck flask. Then, the clear 

solution was evaporated to dryness under argon gas. Next, 10 mL oleic acid, 10 mL 

1-octadecene, 2 mmol sodium trifluoroacetate, and 1 mmol ~-core were added into 

the flask. The resulting solution was then heated at 120 °C with magnetic stirring 

for 45 min to remove water and oxygen. The brown solution was then heated to 

320 °C at a rate of about 12 °C per min under argon gas and kept at this 

temperature under vigorous stirring for 30 min. The mixture was cooled to room 

temperature, precipitated by excess ethanol and collected by centrifugation. The 

precipitate was washed with ethanol several times, and the nanocrystals were 

dispersed in hexane. 
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Cell Culture, Transfection, and Optogenetic Control 

HeLa cells were grown in glass-bottom dishes (Mattek, Ashland, U.S.A.) and 

cultured in Advanced DMEM (ThermoFisher, Grand Island, U.S.A.), supplemented 

with 2.5% fetal calf serum at 37 °C in a humidified atmosphere containing 5% CO2. 

The transfection of ChR2-YFP was performed with 1 µg/mL of plasmid per 35 mm 

dish, using Lipofectamine Plus transfection reagent (ThermoFisher, Grand Island, 

U.S.A.). To make ChR2 sensitive to light activation, cells were incubated with 1 µM 

of all-trans-retinal overnight. To enable detection of intracellular Ca2+, cells were 

loaded with 2 µM of Asante Calcium Red (ACR) dye (Teflabs, Austin, U.S.A.). For 

upconversion experiments, transfected cells were loaded with UCNPs overnight. 

Prior to experiments, cells were extensively rinsed and imaged at 37 °C. During the 

light-induced activation of ChR2 opsins, cells were incubated either in DMEM or 

in a buffer containing 80 mM CaCl, 5 mM NaCl, 3 mM KCl, 135 mM N-methyl-D

glucamine, 10 mM Hepes, 20 mM glucose, adjusted at pH = 7.4. In negative control 

experiments cells were not incubated with all-trans-retinal (Figure 11). 
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Figure 11 Cells transfected with ChR2-YFP, and cells incorporated with UCNPs (as ind icated) but not 
incubated with all-trans-retinal. Following the incubation with ACR, cells were scanned at 543 nm to excite 
this Ca2+ dye. Impulses of 980 nm light were applied periodically. As shown on the charts below impulses of 
upconverted light do not coincide with changes in the ACR fluorescence. 

Experiments on optogenetic activation were performed using a confocal/two-

photon microscope (Leica TCS-SP2/AOBS) equipped with 980 nm CW laser diode. 

Light stimulation was applied through a 63x oil immersion or 2ox air objective, 

with a laser scanning frequency of 1000 Hz. In control experiments cells were 

irradiated by 476 nm pulses excitation for gated ChR2 activation and 543 nm light 

for continuous excitation of ACR. In optogenetic experiments involving 

upconversion of NIR light, cells were irradiated with 980 nm light. In this case, the 

power of excitation laser was set to be 20 mW at the objective output. 

Correspondingly, the average excitation power density used in experiments was 
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either ~5 W/cm2 (when 2ox objective was used, scan field of 750 µm x 750 µm) or 

~35 W/cm 2 (for 63x objective, 238 µm x 238 µm) . 

Instrumentation 

The size and morphology of the resulting core-shell nanoparticles were 

characterized by transmission electron microscopy (TEM) using a JEM-2010 

microscope at an acceleration voltage of 200 kV. The powder X-ray diffraction 

(XRD) patterns were recorded by a Siemens 0500 diffractometer, using Cu Ka 

radiation (A = 0.15418 nm). The 28 angle of the XRD spectra was recorded at a 

scanning rate of 5° /min. The contents of elements were analyzed with energy

dispersive X-ray spectroscopy (EDX) using a Hitachi SU70 Field Emission Scanning 

Electron Microscope with Oxford Energy-Dispersive X-ray Spectrometer and 

precisely quantified with an inductively coupled plasma mass spectrometry (ICP

MS) utilizing a Thermo Scientific XSERIES 2 ICPMS Single Quadrupole Mass 

Spectrometer. Upconversion luminescence spectra were recorded using a 

Fluorolog-3.11 Jobin Yvon spectrofluorometer. PL excitation was provided by a 

continuous-wave laser diode (Q-Photonics) . All luminescence spectra have been 

corrected for the spectral sensitivity of the spectroscopy system using the 

Fluorolog spectrofluorometer calibration curve. 
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Chapters 
Ultrasmall Theranostic Nanoplatform 
for Image-guided Radiotherapy 

Introduction 

Clinically relevant, multifunctional nanoparticles that combine diagnostic and 

therapeutic platforms are of high scientific interest, with significant societal 

impact [1-4]. However, these theranostic nanomaterials often result in complex 

and large-sized structures in order to accommodate the various components that 

provide the multi-functionality. In addition, complicated synthesis methods are 

difficult to reproduce and can be impractical for large-scale processing. 

In order to be clinically relevant, nanomaterials need to exhibit 

biocompatibility and ideally undergo rapid clearance from the body. Large non

degradable nanoparticles with hydrodynamic size > 8 nm are not easily cleared 

from the body within a reasonable time period [5, 6]. A pilot study in nonhuman 

primates of CdSe/CdS/ZnS quantum dots (QDs) (7-8 nm) showed 90% of the 

initial dose was retained in the liver, spleen, and kidneys, 90 days following 

intravenous (IV) injection, with no evidence of toxicity [7]. Amphiphilic polymer 

coated CdSe/ZnS QDs (10-30 nm) were confined to sentinel lymph nodes of mice 

for at least 2 years, although they exhibited minimal toxicity as assessed by 

pathological examination [8]. Moreover, nanoparticles can accumulate in the 
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reticuloendothelial system (RES) and can have very slow elimination, taking 

months or even years to clear the body, which can be problematic for clinical 

translation. Development of ultrasmall, biocompatible, multifunctional 

nanoparticles is therefore of high interest for potential clinical use [5, 9, 10]. 

One of the promising applications of theranostic nanoparticles is their ability 

to enhance radiotherapeutic efficacy. Radiation therapy (RT) is an integral part of 

the clinical management of most solid tumors and remains one of the most cost

effective treatments for cancer patients [n]. However, not all patients respond to 

RT and disease recurrence remains a significant clinical problem. 

The use of nanoparticles to 'sensitize' tumors to RT could potentially enable 

lowering of the total radiation dose administered to patients without 

compromising efficacy. Furthermore, radiation-induced normal tissue toxicity 

often contributes to a poor quality of life (QOL) in patients. Optimal use of these 

nanoparticles in combination with RT may therefore minimize the collateral 

radiation damage to normal tissues and potentially improve QOL. 

In this regard, there is growing interest in the use of metal nanoparticles 

containing high Z-elements as radiosensitizers. Upon interaction with X-rays, 

nanoparticles with high atomic number are known to enhance the photoelectric 

and Compton effects, increasing the emitted secondary electrons resulting in 

radiation dose-enhancements [12]. Most studies have focused on gold (Z=79) 

nanoparticles and significant evidences have been reported to demonstrate their 

ability to increase the therapeutic ratio of radiotherapy [13, 14] . Another 
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successfully developed nanoparticle to enhance radiation therapy is hafnium oxide 

(Z=72), currently in Phase 11/111 clinical trials for soft tissue sarcoma [15] and a 

Phase 1/11 clinical trial on intermediate and high-risk prostate cancer [16] . Other 

metal nanoparticles that have shown great promise in augmenting radiotherapy 

include bismuth (Z=83) [17, 18]; platinum (Z=78) [18, 19]; and iron oxide [20, 21], 

which has both radiosensitizing and hyperthermic [22, 23] properties. 

Both gadolinium-based (Z=64) and ytterbium-based (Z=70) nanoparticles have 

garnered attention as theranostic platforms. Gd-based nanoparticles have been 

shown to have magnetic resonance (MR) imaging capability, and have been found 

to induce sufficient X-ray dose enhancement, which makes them an ideal 

candidate to combine local imaging with radiation therapy [24-28]. Yb-based 

nanoparticles have been earlier developed as bimodal probes for X-Ray computed 

tomography (CT) and NIR-to-NIR fluorescence imaging [29] . The high X-ray 

attenuation of Yb enabled its use as a theranostic agent, with both tumor imaging 

and radiosensitization functions [30]. 

This chapter presents new nanoparticles containing Gd and Yb as a candidate 

for combined imaging and therapy in a single ultrasmall nanoplatform for cancer 

therapy. The combination of Gd and Yb in the nanocrystal allows the design of a 

bimodal probe for MR and CT imaging. MR imaging is best suited for soft tissue 

imaging while X-ray CT is ideal for hard tissues or bone structures. The first 

reported use of combined Gd and Yb as an MR/CT probe was in the form of 

NaGdF4:Yb20% doped with 2% Er for additional optical imaging capability [31] . In 
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addition, CT signal was enhanced by increasing the amount of Yb from 20% to 

80% (i.e., NaYbF4 :Gd20%) [32]. Therefore these nanoparticles were designed with 

an equimolar amount of Gd3+ and Yb3+ ions to maximize both properties. In 

addition, reducing the size of the nanoparticles to sub-5nm increases the surface 

Gd3+ accessible to H2 0 leading to higher T1 relaxivities in comparison to larger 

nanoparticles [33], while allowing complete elimination from the body within days 

(i.e., 4 days) through hepatic and renal clearance, as revealed from the ICP-MS 

analysis of Gd3+. To ensure effective radiosensitization, these nanoparticles were 

modified for targeted delivery by conjugating folic acid to their surface, ensuring 

optimal cellular uptake by cancer cells, which ultimately significantly decreased 

the number of surviving colonies following a clinically relevant X-ray exposure. 

Ultrasmall size is also ideal for radiotherapy as the effective secondary electrons 

are generated only by the surface and a few layers within, resulting in localized 

DNA damage. 

The efficacy of this nanoplatform was evaluated in an in vitro clonogenic assay 

using C6 rat glioblastoma cells. Glioblastoma multiforme (GBM) is the most 

aggressive form of gliomas with a median survival of -12 months in patients [34]. A 

major factor that contributes to the poor prognosis in GBM patients is the limited 

response to treatment caused by the inability of most chemotherapeutic agents to 

cross the blood-brain barrier (BBB) . As demonstrated here, the ultrasmall size of 

the nanoparticles conjugated with folic acid can take advantage of the folate 

receptor expressed at the BBB [35, 36] to facilitate the transport of the 
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nanoparticles. Given the marked signal enhancement on both MR and CT imaging, 

these nanoparticles could enable accurate diagnosis of disease progression of GBM. 

With its facile synthesis, highly uniform size distribution, ultrasmall size and 

easily tailored surface, these novel nanoparticles present a highly promising 

theranostic platform with high tumor uptake, favorable biodistribution and route 

of elimination, which can potentially be translated toclinical use. 

Results and Discussion 

Synthesis of Ultrasmall /3-NaGdF4:Yb50% 

Hydrophobic Nanoparticle --------------- Hydrophilic Nanoparticle 
HzO, pH 9 
~ 

Yb Oleate Ligand """C" - \ ❖\11!❖ 
NaOH,NHF4 exchange ►Gd Oleate > h~~& ~ 0 I 

~-\" "l;'"'I;Y,:260°C, 10 mi · ~-:.;•~-:.'!~-:.;•!~-:. -- ----~~ .,;.,,- ~ .... ....... :-,,... --
'!~-:.;•!~-:!~-:,;•!~-:. ✓,J\\"\;,

t ~i) 

Figure 1 Schematic illustration of the synthesis and surface modification of ultrasmall oleic acid-stabilized 
NaGdF4 :Yb50% NPs. 

Uniform sub-5 nm NaGdF4 :Yb50% nanoparticles in a thermodynamically 

stable, hexagonal phase (~-phase) were successfully synthesized, as shown in 

Figure 2. Analysis of more than 100 nanoparticles from TEM images reveals a 
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normal size distribution with an average diameter of 3.44 nm ± 0.72 nm. The 

formation of ultrasmall ~-NaGdF4 :Yb50% nanoparticles is confirmed by its very 

broad X-ray diffraction patterns, which conform to the standard XRD peaks of the 

hexagonal ~-phase NaGdF4 (JCPDS 27-0699). Elemental analysis of Gd and Yb 

content shows the respective actual molar percentages to be 52.18% and 47.82%, 

clear indication that the desired stoichiometric amount of Yb3+ ions were 

successfully doped into the NaGdF4 nanoparticle. 

3.44 nm .± 0.72 nm100 ( c) 
Jll 
C 
:::, 
0 50 
0 

o+--..c.. 
0 2 4 6 

Particle diameter (nm) 

NaGdF4:Yb50% 

~ 
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Figure 2 Characterization of ~-NaGdF4 :Yb50%. (a) TEM and (b) HRTEM images show the synthesized 
nanoparticles are uniform and monodisperse with core diameter less than 5 nm as indicated in the (c) size 
distribution determined from several TEM images. (d) XRD reveals hexagonal crystal structure, which is the 
thermodynamically stable phase of the nanocrystal. 
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NaREF4 (RE = rare earth) nanoparticles are known to exist in two phases, the 

metastable cubic ex-phase and the thermodynamically stable hexagonal ~-phase 

[37, 38]. This difference in stability have been exploited in the focusing of particle 

size distribution, wherein the more soluble ex-phase nanoparticles serve as 

sacrificial precursors to form the thermodynamically preferred ~-phase with 

narrow distribution [39-42]. This method typically results in larger nanoparticles, 

although Haase et al [42] has successfully synthesized 5.6 nm ~-NaYF4 :Yb 20%, Er 

2% nanoparticles by heating 10 nm sacrificial ex-NaYF4:Yb 20%, Er 2%. It is 

however a more practical and user-friendly approach to have a single-step method 

that will allow precise control of size, uniformity and crystal phase. 

To form uniform ultrasmall size nanoparticles utilizing a single-step method, it 

is critical that enough number of nuclei is formed to ensure uniformity, and to 

reduce the reaction temperature ( e.g. 270°C) to decrease the particle size [33, 43, 

44]. It is well established that hexagonal ~-phase NaGdF4 nanoparticles readily 

form at reaction temperatures below 300°C [33, 44, 45]. This is due to the large 

radius of the light lanthanide Gd3+ ion that is more polarizable and susceptible to 

the electron cloud distortion required for the cubic-to-hexagonal phase 

transformation [46-48]. However, incorporation of the smaller Yb3+ ions into the 

NaGdF4 nanoparticles resulted in an increased free-energy barrier with regards to 

the formation of the hexagonal phase nanoparticles. Thus, significant doping of 

the heavier lanthanide Yb3+ ion into the host lattice favors the formation of the 
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cubic phase nanoparticles, which are easily produced due to the high surface 

energy of the ultrasmall nanoparticles. This is in agreement with the results of the 

syntheses of pure NaGdF4, pure Na YbF 4, and NaGdF4:Yb50% nanoparticles. 

Forming the nuclei at room temperature for 30 minutes and subsequently growing 

the nanoparticles at 260°C for 10 minutes yielded hexagonal NaGdF4, while both 

the pure Na YbF 4 and the NaGdF4:Yb50% resulted in nanoparticles of cubic phases 

as evidenced by their respective XRD patterns (Figure 3). One way to achieve ~

NaGdF4:Yb50% is to increase the temperature to 300°C, but this leads to formation 

of larger nanoparticles (-12 nm) [48] . In order to form ultrasmall hexagonal 

NaGdF4:Yb50%, the nuclei were therefore allowed to form overnight to facilitate 

the formation of thermodynamically stable, hexagonal nanocrystals while still 

maintaining the nanoparticle growth reaction temperature at 260°C for 10 minutes 

to tune the size. Pure Na YbF 4 was also synthesized with overnight nucleation to 

check if ~-NaYbF4 can form under such conditions. The XRD pattern (Figure 4) 

revealed a pure cubic phase indicating that the reaction conditions were not 

enough to transform to hexagonal Na YbF 4• The cubic phase nanoparticles was 

expected since the formulation does not contain Gd3+ ions, which have been 

established to lower the energy barrier for phase transformation of NaYbF4 [48] . 
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Figure 3 Powder X-ray diffraction patterns ofresulting ultrasmall (a) ~- NaGdF4, (b) a-NaGdF4 :Yb50%, and ( c) 
a-NaYbF4 under 30 minutes nucleation time. 
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Figure 4 Powder X-ray diffraction patterns of resulting ultrasmall a-NaYbF4 synthesized under overnight 
nucleation time. 

To render the ~-NaGdF4 :Yb50% nanoparticles useful for biological applications, 

it is necessary to modify the hydrophobic oleic-capped surface with a 

biocompatible, hydrophilic ligand. In this case, cysteine-DTPA was coated on the 

surface of the nanoparticles to form stable monodisperse aqueous suspension. 

Hydrodynamic diameter measured by dynamic light scattering (DLS) showed an 

increase in the hydration shell from 4.1 nm (in hexane) to 5.1 nm (in H 2 0) (Figure 

5a). TEM images did not show clustering or aggregation of the nanoparticles 

suspended in H2 0 (Figure 5b). The successful coating of the ligands on the 

nanoparticle surface also provided additional functional groups (i.e., amine and 

carboxylate) to allow bioconjugation of targeting ligands. 
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Figure 5 (a) Size distributions from dynamic light scattering (DLS) of hydrophobic NPs in hexane and the 
surface modified (cysteine/dtpa) NPs in H 2 O indicate good stability and monodispersity in both solvents. (b) 
TEM image of the NPs after ligand exchange also show no aggregation resulting from the process. 

Gd3+ Leaching, Cytotoxicity and Biodistribution 

The potential toxicity of the non-targeted nanoparticles was investigated to 

assess their practical usability in a biological environment. One major challenge in 

the development of Gd-based contrast agent is the inherent toxicity of the Gd3+ ion 

when dissociated from its chelate in vivo [49]. In the nanocrystal form (i.e., 

NaGdF4), the hexagonal phase provides a stable matrix that eliminates 

transmetallation with endogenous metal ions (i.e., Cu2 +, Zn2 +, Fe2 +/Fe3+) [50-55] 

and hinders the leaching of toxic free Gd3+ ions [56, 57]. Analysis of Gd3+ leaching 

show less than 0.1% Gd3+ ions were present when dialyzed against H2 0, 

demonstrating the high stability of the nanoparticles against dissolution that can 

be attributed to their thermodynamically stable hexagonal phase [58]. Solutions of 

DMEM with 10% fbs and DMEM with 10% fbs supplemented with 10 mM 

159 



phosphate, incubated at 37°C, were utilized to mimic physiological conditions and 

to assess the effect of elevated phosphate levels on the stability of the 

nanoparticles. After 3 days of dialysis, a significant increase to -2% was observed in 

the amount of released Gd3+ that further rose to -3% at higher phosphate 

concentrations (Figure 6a). The low percentage of Gd3+ leached indicates the 

stability of the nanoparticles in the physiological environment. Moreover, the 

release profile of Gd3+ from nanoparticles decreases after 24 h and equilibrate 

within 5 days [59] . In addition, it has been demonstrated that the capping ligand 

has stabilizing effects and can sequester the free Gd3+ ions through chelation [43, 

59, 60] . To further investigate and minimize the Gd3+ leakage, two strategies can 

be pursued to improve the design of the surface ligand in relation to the Gd3+ 

release. First, the amount of DTPA conjugated to cysteine can be optimized. 

Second, DTP A can be replaced with other polyaminocarboxylate ligands such as 

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and derivatives, 

which are known to form lanthanide complexes with high kinetic stability [61, 62] . 

The effect of the nanoparticles on cell viability was studied by monitoring the 

mitochondrial metabolic activity through the standard MTS assay. C6 cells 

remained 100% viable after 12 and 24 h incubation at up to 1 mg/mL (Figure 6b). 

More importantly, cells remained 100% viable even with increased incubation time 

(48 h), at 125 µg/mL. It is generally accepted that nanoparticle toxicity is 

concentration- and time-dependent [63, 64]. Similarly, further increase in the 
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concentration of the nanoparticles to 1 mg/mL at prolonged exposure time (i.e., 48 

h) resulted in the increased cytotoxicity (50% of cell viability) . 

Passive biodistribution and clearance study revealed that less than 0.5% of the 

nanoparticles remained in the organs after 4 days, as detected by ICP-MS (Figure 

6c). After 4 h 33% of the nanoparticles were eliminated in the urine and 21% in the 

feces . The remaining nanoparticles were eliminated mostly in the feces over the 4 

day period (Figure 6d). These results indicate that non-targeted nanoparticles are 

cleared from the body within days. Furthermore, the fact that the nanoparticles 

can be cleared through hepatobiliary excretion indicates a decrease in kidney load 

compared to commercially available Gd3+ chelates for MRI (i.e., Gd-DTPA) [6] that 

are primarily cleared renally. This can potentially avoid contrast-induced 

nephropathy, a form of acute renal failure caused by exposure to the contrast 

media, and may lower the risk for developing nephrogenic systemic fibrosis 

triggered in patients with advanced kidney disease [ 65]. 
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Figure 6 Biocompatibilty of H2 O-dispersed ~-NaGdF4 :Yb50% (a) ICP-OES analysis of the Gd3+ ion leaching 
from the nanoparticles after 3 days of dialysis. (b) Cell viability when incubated with the nanoparticles 
evaluated by MTS assay. (c) Biodistribution at 4 h post-injection via tail vein measured by ICP-MS. (d) Renal 
and fecal clearance of the nanoparticles monitored by Gd3+ determination via ICP-MS. 

Nanoparticles for MRI and CT Imaging 

The potential of these nanoparticles as a bimodal imaging probe for both MR 

and CT imaging was evaluated by measuring their T1 relaxivity (r1) and the 

Hounsfield unit (HU) values, respectively. The relaxivities of the nanoparticles 

were compared to Gd-DTPA (Magnevist®) at 25°C and 37°C by measuring T1 and 

T2 rates of a series of solutions containing increasing Gd3+ molar concentrations 
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(as determined by ICP-OES) . There is a linear relationship between Gd3+ 

concentration and the relaxation rates (i/Ti and i/T2) and r1 and r2 values are 

determined from the slopes of the resulting linear plots (Figures 7) . In vitro 

experiments revealed a substantially higher Ti-relaxivity of the nanoparticles 

compared to a commercial Gd3+ chelate [ 66] at both room temperature and at 

physiological temperature (37°C) (Figure Sa) . A pseudo-colorized, Ti-weighted 

spin echo image (TE/TR = 8.5/500 ms) for saline, 200 µM Gd-DTPA and 

nanoparticles (200 µM [Gd]) demonstrates the improvement in Ti-weighted 

contrast of the nanoparticles over the standard clinical MR imaging agent Gd

DTPA (Figure Sb) . The higher Ti relaxivity values exhibited by the ultrasmall 

NaGdF4:Yb50% nanoparticles compared to clinically-utilized Gd-DTPA 

demonstrates their potential to serve as an effective MR imaging contrast agent. 

The Hounsfield unit (HU) value, determined from the slope of the linear plot of 

HU as a function of the concentration, can indicate if the nanoparticles can serve 

as a CT contrast agent. There is a linear correlation between increasing the 

contrast concentration and signal intensity for both the commercial agent iohexol 

and the nanoparticle solution (Figures 9a and 9c) . The nanoparticles and iohexol 

show almost identical line slopes (Figures 9b and 9d) indicating similar signal 

enhancement capability. Setting the HU value of water as zero, the calculated HU 

value for the ultrasmall NaGdF4:Yb50% is approximately 26 HU while that of the 

iohexol is about 23 HU. 
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Figure 7 Linear plots of the (a,c) T1 relaxation rates (R1) and (b,d) T2 relaxation rates (R2) as a function ofGd3+ 

concentration to determine the T1 relaxivity (r,) and T2 relaxivity (r2 ) of the ultrasmall NP in comparison with 
Gd-DTP A (Magnevist®) at 25"C and at 37"C. 

(a) (b) 

1 
.... -'en 
.... 

Gd-DTPA (Magnevist®) 
NaGdF4:Yb50% 

(7.5) 
~ 
E-~ 

Figure 8 (a) Comparison of in vitro, longitudinal relaxivity values (r,), at 4.7T for commercially-available Gd
DTPA vs ultrasmall NaGdF4 :Yb50% at 25°C and 37°C. (b) Pseudo-colored, Ti-weighted MR image for saline, 
Gd-DTPA and ultrasmall NaGdF4 :Yb50%. Ultrasmall NP and Gd-DTPA samples contain the same 
concentration ofGd3+ (2ooµM). 
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Figure 9 (a) and (c) CT images and the respective (b) and (d) HU measurements of iohexol and 
NaGdF4 :Yb50% NPs at different concentrations in H20. 

Nanoparticles as a Radiosensitizer 

A clonogenic assay was used to investigate the potential of the nanoparticles as 

radiosensitizers in a rat C6 glioma cell line. The survival and the reproductive 

integrity of the irradiated cells with and without nanoparticle treatment were 

evaluated through colony formation. One strategy to target the delivery of 

nanoparticles is to exploit the overexpressed folate receptor, found in many cancer 
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cell lines. C6 cells internalize folic acid-conjugated particles through caveolae

mediated endocytosis [ 67] . Taking advantage of the highly expressed folate

receptors on C6 glioma cells, nanoparticles with conjugated folic acid 

(NaGdF4 :Yb50%-FA) were prepared to improve cellular uptake. To ensure that cell 

death was not due to the inherent toxicity of the nanoparticles, the concentration 

was kept at 100 µg/mL, which still maintained more than 90% cell viability even 

after 48 h incubation (Figure 6b). Colony formation of the cells without 

nanoparticles and without X-ray radiation treatment served as control. 

C6 cells incubated with nanoparticles but not subjected to X-ray radiation did 

not reduce surviving colonies confirming that the nanoparticle concentration was 

not cytotoxic (Figure 11) . Irradiation alone of the cells with a 2 Gy dose did not 

result in any significant cell reproductive death. Cells treated with non-targeted 

NaGdF4:Yb50% nanoparticles showed a 16% decrease in surviving colonies in 

comparison to cells treated only with X-ray radiation. In comparison, targeted 

NaGdF4:Yb50%-FA nanoparticles demonstrated superior efficacy with only 40% 

surviving colonies when treated with 2 Gy radiation. 

It is clear from these results that the nanoparticles can serve as effective 

radiation sensitizers. More importantly, the low energy and consequent short

range characteristics of the Auger electrons from the Gd3+ and Yb3+ ions in the 

nanoparticles provide for the possibility of a highly targeted radiation therapy. As 

evidenced by the significant difference in the surviving colonies between the non

targeted (NaGdF4:Yb50%) and targeted (NaGdF4:Yb50%-FA) nanoparticles at the 
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same concentration, it is imperative that the nanoparticles be associated with the 

cells to induce effective damage. Combined with the additional multi-modal 

imaging capabilities of the nanoparticles, localization in the tumor can be ensured 

prior to irradiation therefore the damage to the surrounding normal cells is 

minimized if not completely prevented. 
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Figure 10 Colony formation assay of C6 cells 
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Figure 11 Effect of the nanoparticle treatment on the colony formation of C6 cells fo llowing 2 Gy X-ray 
irrad iation. The cells were incubated with the nanoparticles overnight prior to the irradiation. The surviving 
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Nanoparticles cross the Blood-Brain-Barrier 

To further test the potential application of these ultrasmall nanoparticles to 

treat brain tumors, the ability to cross the blood-brain barrier (BBB) was explored 

utilizing a previously reported cell-based two-chamber in vitro transwell model of 

the BBB [68, 69]. The two chambers mimic the luminal (blood) and the abluminal 

(brain) compartments and are separated by a semipermeable membrane (Figure 

12a). Both non-targeted and FA-targeted nanoparticles demonstrate the ability to 

cross the BBB (Figure 12b) . ). After 3 h, only -5% of the non-targeted 

NaGdF4:Yb50% nanoparticles crossed the BBB whereas -17% of the targeted 

NaGdF4:Yb50%-FA crossed. Rate of cell uptake was very gradual for the non

targeted NaGdF4:Yb50% nanoparticles, and only -14% were able to cross at 24 h . 
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The targeted NaGdF4 :Yb50%-FA nanoparticles saturated uptake at 24 h, and -34% 

of the nanoparticles were able to cross BBB at 24 h. Both the non-targeted and 

targeted nanoparticle uptake had little uptake between 24 and 72 h. These results 

further confirm the effectiveness of using folic acid as target molecule to facilitate 

transport through BBB. 

{a) 

-Insert 

, Na11oparticles 

E ndolhelial 
' cells,-,,-
Microporous ---- -memfaa ne 

_Astrocyte 
layer 

{b) 
100 

C: 
0 
~ + 

75~ +.2> 
E 50ti) 
C: 
~ 25I-
~ 0 

0 

NaGdF4:Yb50% 

NaGdF4:Yb50%-FA 

Time (h) 

Figure 12 Transmigration of nanoparticles across the in vitro BBB. (a) Schematic diagram of the in vitro 
transwell BBB model. (b) Percent transmigration of the targeted and non-targeted nanoparticles across the in 
vitro BBB model monitored over 72 h period. 

Conclusion 

A novel, ultrasmall sub-5 nm NaGdF4 :Yb50% designed to combine imaging and 

therapy was successfully synthesized and surface modified to render 

biocompatibility and enhanced cellular uptake. Co-doping of Gd and Yb in 
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equimolar amount allowed the formation of the hexagonal phase of the 

nanoparticle as well as imparting the nanoparticle with mutifunctionality to be 

used as a bimodal probe for both MR and CT imaging with excellent T1 contrast for 

MRI and Hounsfield unit (HU) for CT imaging. Bioconjugation of folic acid to the 

surface of these nanoparticles facilitated BBB crossing and increased cellular 

uptake to enable the radiosensitization effects from the emitted low energy Auger 

electrons in brain cancer cells. In vitro radiosensitization experiments in rat C6 

glioma cells showed the FA-targeted nanoparticles as very promising 

radiosensitizers. Hence, these ultrasmall nanoparticles should be further 

developed to serve as a promising theranostic platform for image-guided 

radiotherapy. 

Experimental Section 

Materials 

Gadolinium chloride hexahydrate (99.999%), ytterbium chloride hexahydrate 

(99.9%), ammonium fluoride (99.99), sodium hydroxide (97%), oleic acid (90%), 1-

octadecene oleylamine (70%), L-cysteine (97%), 

diethylenetriaminepentaacetic dianhydride (98%), and H202 (30%) were 

purchased from Sigma-Aldrich. Methanol (ACS reagent grade, ;?:99.8%), hexane 

(ACS reagent grade, ;?:98.5%), and chloroform (ACS reagent grade, ;?:99.8%) were 

purchased from Fisher Scientific. Gadolinium and ytterbium standards for ICP 
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were from Inorganic Ventures and high purity nitric acid for quantitative trace 

metal analysis at the ppb level was from BDH Aristar® Plus. All materials were used 

as received. 

Synthesis of Ultrasmall a-NaGdF4 :Yb50% 

Ultrasmall nanoparticles were synthesized by a modification of a previously 

reported procedure [33, 45, 70] . To a 100 mL three-neck flask containing 0.5 mmol 

of GdC13 · 6H2O and 0.5 mmol ofYbC13 · 6H2O was added 9 mL of oleic acid and 15 

mL octadecene. The mixture was heated to 160°C and maintained for 1 h under 

argon gas with constant stirring and then cooled to room temperature. Solution of 

methanol (10 mL) containing 4 mmol NH4F and 2.5 mmol NaOH was added and 

the mixture was stirred for 30 minutes. Temperature is then increased to 100°C and 

maintained for 30 minutes to remove methanol. The solution is then heated at 

260°C for 10 minutes before cooling to room temperature. The nanoparticles were 

collected by adding excess amount of ethanol and centrifuged at 7000 ref for 5 

minutes. The precipitate was washed with ethanol and finally dispersed in 10 mL 

hexane for further uses. 

Synthesis of Ultrasmall f3-NaGdF4 :Yb50% 

Ultrasmall nanoparticles were synthesized following the procedure described 

for a-NaGdF4 :Yb50%, except the solution was stirred overnight after the addition 

of methanol solution (10 mL) containing NH4F (4 mmol) and NaOH (2.5 mmol). 

Synthesis of Ultras mall f3-NaGdF4 
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Ultrasmall nanoparticles were synthesized following the procedure described 

for a-NaGdF 4 :Yb50%, except 1.0 mmol of GdC13 · 6H2O was used. 

Synthesis of Ultras mall a-Na YbF4 

Following the procedure described for both cx-NaGdF4 :Yb50% and f3 -

NaGdF4:Yb50%, except using 1.0 mmol ofYbC13 · 6H2O, resulted to cubic ultrasmall 

nanoparticles only. 

Ligand Exchange Surface Modification 

L-Cysteine (60 mg) and diethylenetriaminepentaacetic (DTPA) dianhydride (20 

mg) were dissolved in 30 mL H2O at pH 9 in a 100 mL round bottom flask. To this 

aqueous solution was added 10 mL chloroform solution containing 10 mg of the 

oleic-capped ultrasmall nanoparticles. The biphasic mixture was stirred vigorously 

overnight at room temperature to facilitate the transfer of the nanoparticle to the 

water phase. The water phase is then collected and passed through a o.2µm filter 

to remove large aggregates, and the excess ligand was removed by twice 

centrifugation using 10kDa MWCO centrifugal filters (Vivaspin®20) at 3000 ref for 

15 minutes. The collected nanoparticles were redispersed in water for 

characterization or lyophilized with 50 mg of glucose for future dispersion in 1 mL 

H2O. 
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Folic-acid Functionalized Ultrasmall Nanoparticles 

(NaGdF4 :Yb50%-FA) 

Five hundred microliters of folic acid dissolved in DMSO (25 mg/mL) in the 

presence oftriethylamine (6.25 µL) was incubated with 6.5 mg of NHS and 6.25 mg 

of DCC in the dark overnight and then passed through a 0.2 µm filter. The 

resulting NHS-activated folic acid was then covalently linked to the amino surface 

of the nanoparticles provided by cysteine ligand by incubating overnight. The 

resulting NaGdF4 :Yb50%-FA was centrifuged at 16000 ref for 15 minutes, washed 

twice and stored in 1 mL H2 0 for future use. 

Characterization 

The size and the morphology of the resulting nanoparticles were characterized 

by transmission electron microscopy (TEM) using a JEM-2010 QEOL USA, Inc.) 

microscope at an acceleration voltage of 200 kV. The hydrodynamic size were 

determined using Malvern Zetasizer NanoZS90. Powder X-ray diffraction (XRD) 

patterns were recorded by Ultima IV diffractometer (Rigaku Americas Corp, The 

Woodlands, TX), using Cu Kcx radiation (A= 0.15418 nm) . The 28 angle of the XRD 

spectra was recorded at a scanning rate of 1°/minute. Inductively coupled plasma

optical emission spectrometer (ICP-OES) analysis was performed using a 

ThermoFisher Scientific iCAP 6000 instrument. CT tests were performed on 

microCTinveon model scanner (Siemens Medical Solutions USA, Inc.). T1 and T2 

rates of the nanoparticles were measured on a 4.7T preclinical MR scanner using 

increasing concentrations at both 25°C and 37°C with an inversion-recovery, 
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balanced steady-state free precession (IR-bSSFP) sequence, and a multiecho CPMG 

scan, respectively, as described elsewhere [71] . T1 and T2 relaxivities (mM-1 
• s-1

) of 

the nanoparticles were compared to the commercially-available Gd-DTPA contrast 

agent, Magnevist®. 

Elemental analysis using ICP-OES 

Acid digestion was performed by dissolving 0.15 mg of the nanoparticles in 0.5 

mL concentrated high purity HN03 acid overnight and diluting with 2% HN03 

solution to a total volume of 15 mL. The single element standards were prepared 

with the same acid solution. 

Gd3 + ion leaching 

The nanoparticles (5 mL, 1 mM Gd) were loaded into a dialysis tubing 

(Spectrum, 3.5 kD cut-off) and incubated in H20, or DMEM with 10% fetal bovine 

serum (FBS), or DMEM with 10% FBS supplemented with 10mM phosphate, at 372C 

under sink conditions, with rocking for 3 days. The amount of released Gd3+ ions in 

each solution was measured using ICP-OES. 

Biodistribution and Clearance 

Animal experiments were performed in compliance with guidelines set by the 

University at Buffalo Institutional Animal Care and Use Committee. Female CD-1 

mice were injected intravenously via tail vein with the nanoparticles in D5W (5% 

dextrose in water) at a dose of 2 mg/kg and housed in metabolic cages for 4 days 

with free access to water and a standard laboratory diet. Urine and feces were 
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collected separately every 4 h and the mice were sacrificed after 96 hours through 

cervical dislocation. Feces and organs including liver, spleen, kidney, brain, heart 

and lungs were harvested, frozen and weighed prior to digestion. The urine, feces, 

and isolated organs were individually placed in a screw cap polypropylene sample 

tube and to each were added 3 mL of concentrated nitric acid and 2 mL peroxide 

(30% by weight) and pre-digested overnight. The tubes were then placed in a 

sonicated water bath for a total of 8 h until the samples were completely dissolved. 

After digestion, each sample was diluted to 100 mL with a 2% solution of nitric 

acid. The samples were then passed through a 0.2 µm filter and the Gd content was 

quantified with inductively coupled plasma mass spectrometry (ICP-MS) utilizing 

a ThermoFisher Scientific XSERIES 2 ICPMS Single Quadrupole Mass 

Spectrometer. 

Cytotoxicity Assay 

Cell viability was assessed by the PromegaCellTiter 96®AQueous One Solution 

Cell Proliferation (MTS) Assay. C6 cells were seeded into a 96-well flat-bottom 

microplate (c.a. 10000 cells/well) at 37°C and 5% CO2 and allowed to attach to the 

bottom of the microplate overnight. The cells were then treated with different 

concentrations of NaGdF4 :Yb50% nanoparticles for 12, 24, and 48 h. After the 

treatment, cellular media was changed to remove the nanoparticles and cell debris, 

and the AQueous One Solution reagent (20 µ1/well) was added to the cells and 

incubated for 4 h. Finally, the absorbance was measured at 490 nm using a 

mi crop late reader ( Opsys MR microplate reader) to determine the percentage of 
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viable cells in the culture relative to the control wells without nanoparticle 

treatment. 

Clonogenic Assay 

Clonogenic assay was performed by growing C6 cells in 6-well plates to 90% 

confluence and were treated with 100 µg/mL concentration of the nanoparticles 

overnight. Afterwards, cells were irradiated with 2 Gy X-ray dose using Faxitron® 

RX-650 X-ray Irradiator at a dose rate of 0.5 Gy/min delivered using 130 kV energy. 

Plates were then incubated for 4 h at 37 °C in 5% CO2, and the cells were 

subsequently harvested and counted. To assess colony formation, cells were then 

re-plated at 600 cells/well in 6-well plates and allowed to form colonies consist of 

50 cells. Colonies were then gently washed with Gibco® Hank's Balanced Salt 

Solution (HBSS) and fixed with ice-cold methanol for 10 min, rinsed once again 

with HBSS and stained with 0.5% crystal violet solution for another 10 min. Plates 

were then rinsed with H20 to remove excess stain and were left to dry at room 

temperature. Images of the plates were then acquired and saved in the tagged 

image file format (Tiff). Colony area for each plate was then measured using the 

ColonyArea plugin [72] in Image]. Surviving colonies were normalized against 

control wells without nanoparticle treatment. 

In vitro BBB Transmigration Assay 

Cell-based in vitro transwell model of the BBB was made and validated in the 

laboratory and used to examine BBB properties like quantitative permeability and 
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transendothelial migration of nanoparticles. The 20 in vitro BBB model consists of 

two-chamber transwell system in a 12 well culture plate with the upper (luminal) 

compartment separated from the lower (abluminal) by a semipermeable 

membrane (polyethylene terephthalate, PET) insert on which the Human brain 

microvascular endothelial cells (BMVECs) were grown to confluency on the upper 

side while a confluent layer of normal human astrocytes (NHAs) were grown on 

the underside. After tight BBB formation was confirmed by the transendothelial 

electrical resistance (TEER) measurement, the dispersed nanoparticles (100 µg/mL 

media) were added to the upper chamber (luminal) and incubated at 37°C, in 5% 

CO2. Media from the lower chamber (abluminal) was collected at 1, 5, 24, 48 and 72 

h incubation times and the Gd content was measured using ICP-OES. Percent 

transmigration was calculated relative to the initial Gd concentration of the media 

with 100 µg/mL nanoparticles. The TEER was measured again after their crossing 

of BBB to make sure that the transmigration was not due to the compromise of 

BBB. 
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