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Abstract

Contrast agents designed to visualize the molecular mechanisms underlying cancer pathogenesis

and progression have deepened our understanding of disease complexity and accelerated the

development of enhanced drug strategies targeted to specific biochemical pathways. For the next

generation probes and imaging systems to be viable, they must exhibit enhanced sensitivity and

robust quantitation of morphologic and contrast features, while offering the ability to resolve the

disease-specific molecular signatures that may be critical to reconstitute a more comprehensive

portrait of pathobiology. This feature article provides an overview on the design and

advancements of emerging biomedical optical probes in general and evaluates the promise of rare

earth nanoprobes, in particular, for molecular imaging and theranostics. Combined with new

breakthroughs in nanoscale probe configurations, and improved dopant compositions, and

multimodal infrared optical imaging, rare-earth nanoprobes can be used to address a wide variety

of biomedical challenges, including deep tissue imaging, real-time drug delivery tracking and

multispectral molecular profiling.

1. Introduction

The growing interest in molecular imaging has initiated new research efforts in the field of

materials chemistry geared toward improved probe designs, more sensitive imaging

platforms and localized reporting of disease-specific molecular biology. Molecular imaging

(MI) aims to identify and track molecular and cellular pathogenesis within the natural

environment of live tissues and organs. These events can cover a wide spectrum of cases

including the location, identification and characterization of diseased lesions defined by a

specific class or type of molecular targets, or the quantification of protein receptor

expression levels on the surface of cells which may be potentially used as an indicator of

disease progression. In contrast to conventional method of studying these events in vitro or

ex vivo, MI aims to elucidate the molecular phenotypes of tissues where the cells and tissues
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are evolving in dynamic reciprocity with their microenvironment and where the related

feedback loop for the molecular pathways remain intact. The ability to monitor molecular

and cellular events in a living animal or human has major implications for monitoring drug

mechanisms during pre-clinical drug discovery and validation, and can guide significant

improvements in disease management and the dissection of the key links between

pharmacobiology and pathobiology.

The identification of the molecular targets mediating disease pathogenesis and progression

has resulted in more accurate disease prognoses and a wider range of clinical treatment

strategies, ushering in an age of personalized patient care and molecularly targeted therapies.

Technologies for imaging molecular cues and events in patients are becoming increasingly

critical when monitoring the complex behavior demonstrated by many diseases such as

cancer.1, 2 In particular, optical imaging has emerged as a noninvasive molecular imaging

modality that is inherently safe,3–6 offers high sensitivity,7, 8 and requires relatively

inexpensive and portable instruments that enable rapid clinical integration.8 However,

resolving at the molecular scale requires the development of probes that can selectively

target specific biological features and enhance image contrast. Imaging probes have

therefore become important tools for improving the contrast-to-background ratios (CNR) to

allow one to “see” and clearly identify the molecular targets of interest for MI applications.

This feature article will provide an overview on the design and advances of new generation

biomedical optical probes and highlight emerging clinical areas of impact that can be

envisioned in the near future. A typical imaging probe will comprise of: (1) chemically

specific functional group(s) that interacts with intended molecular target, (2) a signaling

component which produces the signal contrast and (3) a linker that chemically bonds these

first two components together. If the imaging probe can be constructed to include a

therapeutic component, then the resulting probe which serves as both a contrast agent and

therapeutic will enable “theranostics”. The chemical development of multimodal probes that

support complementary imaging on multiple imaging platforms will also be discussed

briefly in this paper.

2. Emerging Frontiers of Optical Molecular Imaging in Nanomedicine

Nanoparticle probes are promising candidates for optical detection and offer distinct

advantages when compared to other classes of contrast agents, such as organic fluorophores.

Composed of one or more inorganic and/or organic materials, nanoparticles are colloidal

systems (1–100 nm) that offer a highly versatile material platform, which can be rationally

engineered to address specific design requirements, such as favorable biocompatibility,

multivalent biomarker targeting and controlled pharmacokinetic behavior.9–13 By modifying

parameters such as size, surface charge and shape, nanoparticles can be tailored for

prolonged circulation and reduced clearance in vivo.14–17 In addition to physical

modifications, the surfaces of nanoparticles can be decorated with amphiphilic coatings,

such as polyethylene glycol (PEG) polymers, or targeting ligands and antibodies.18 These

chemical modifications can lead to enhancements in biocompatibility, reductions in

nonspecific biological interactions, and improvements in molecular targeting specificity.18
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Critically, nanoparticle optical imaging agents must be detectable by light in biological

tissues to have translatable utility for in vivo molecular imaging. As light travels through

increasing depths of tissue, photons are either absorbed or scattered.19 The result of

absorption is attenuation in the intensity of the propagating light as well as the occurrence of

tissue-induced autofluorescence.9 Near infrared light (NIR, 700–1000 nm) is absorbed less

by tissue components than visible light,20 resulting in greater penetration and thus, deeper

detection of imaging probes21 in the first “tissue transparent window.” Light scattering

caused by cellular components in tissue is another major cause of signal attenuation and

dominates over absorption in certain regions of the spectrum (See Fig. 1a).22–24 Scattering

changes the original direction of propagating light and obscures the spatial position of

probes in tissue. Although scattering is strongly dependent on tissue composition, longer

wavelengths in the shortwave infrared (SWIR, 1000–2300 nm) can lead to significant

reductions in scattering when compared to the NIR (See Fig. 1b).

Optimal nanoparticle-based optical imaging probes are those designed to detect infrared

emissions and improve the CNR for a targeted molecular feature, produce intense emission

signals after excitation, resist quenching or photobleaching, offer tunable optical

characteristics and exhibit biological and chemical stability. Although NIR-detectable

nanomaterial agents such as quantum dots (QDs) and single-walled carbon nanotubes

(SWNTs) have been extensively investigated for biomedical imaging applications and

reviewed elsewhere,25–27 recent work with rare-earth-doped nanoprobes (REs) has

provided evidence that this class of nanoparticles has enormous potential and significant

advantages over other agents for optical molecular imaging.28 Therefore, this review is

focused on the design, synthesis, properties and applications of RE nanoprobes as a

promising class of biophotonic materials.

3. Rare Earth Nanoprobes

3.1 General properties and synthesis

REs are inorganic crystalline nanostructures composed of a host material (such as NaYF4)

that has been doped with one or more rare-earth dopants. They are generally fabricated as

core-shell particles with the nanoparticle core comprised of the host material and dopants,

while the undoped host material shell envelops the inner doped structure. In addition to

protecting the dopants from degradation, the shell acts to both minimize surface quenching

effects and improve optical efficiency.29 Due to the numerous energy level transitions

offered by the fourteen rare-earth elements, REs offer a wide range of emission profiles that

are tailored by selecting the appropriate dopant(s). (See Fig. 2).30–37

REs are generally fabricated through a solvothermal synthesis method. Solvothermal

synthesis is a solution chemistry approach that provides a uniform chemical environment to

crystallize anhydrous ceramic materials of different sizes and morphologies directly from

solution. In a typical reaction, solutions, suspensions, or gels are prepared from soluble and

insoluble compounds that are subsequently reacted in a solvent (water or an organic solvent)

at carefully chosen temperature and pressure.37–48 For example, oxides, nitrates, chlorides,

acids and bases can be dissolved in a reaction medium that can be either aqueous, non-

aqueous (e.g., polyol, oleic acid, ethanol or octadecene) solvents or a mixture of any above-
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mentioned fluids. The solvothermal synthesis method has been used to grow various rare-

earth doped particles with controlled micron- to nano-sizes and morphologies by adjusting

the reaction parameters, like precursor concentration, time and

solvent.29, 37, 39, 41, 42, 45, 47, 49–52 For example, the thermal decomposition of rare earth

trifluoroacetate precursors in solvents such as oleic acid or oleylamine under temperatures

250–350°C is commonly used to synthesize crystalline monodisperse REs of tailored

size.42, 53, 45

A systematic study on the effects of particle size on the upconversion and down-shifting

optical properties was conducted using a series of monodisperse β-NaYF4:Yb,Er

nanocrystals with sizes ranging from 11 to 110 nm which were synthesized using a

solvothermal decomposition method (see Fig. 3).42 It was observed that the intensities of the

upconversion and down-shifting emissions spanning the visible to IR regions were reduced

as particle size decreased. The time-resolved transient spectrometry measure of the 4I13/2

→ 4I15/2 transition revealed a reduction of the internal quantum efficiency from 50 to 15%,

for particle sizes of 110 and 11 nm, respectively. The reduction in internal quantum

efficiency with decreasing particle sizes was attributed to the surface –OH quenching effects

which dominated the overall non-radiative relaxation mechanism. The contribution of

multiphonon relaxation to the overall non-radiative mechanism decreased while the

influence of surface –OH quenching increased with decreasing particle size. Surface –OH

quenching rates were calculated to be ~4 times higher than that of the multiphonon

relaxation rates, and thus, primarily controls emission intensity for these materials.

3.2 Tunable Optical Properties of REs

REs can be excited with NIR to emit in both the visible and infrared region of the

electromagnetic spectrum, through the upconversion and down-shifting process, respectively

(see Fig. 4).54,55 Upconversion fluorescence occurs during the excitation of trivalent rare

earth ions by the sequential absorption of two or more NIR photons, which results in the

nanoparticles reaching a higher excited energy level.53, 56, 57 The upconversion fluorescence

process can occur through three main mechanisms: excited state absorption (ESA), photon

avalanche and energy transfer upconversion (ETU). Of these three, co-doped NaYF4

nanoparticles rely primarily on ETU for upconversion,58 and the ETU mechanism is

considered to be the most efficient upconversion process known.59 For NaYF4 co-doped

REs, upconversion fluorescence occurs following the non-radiative transfer of excitation

energy from a sensitizer, such as Yb, to an activator such as Er or Tm, resulting in the

emission of photons with a different energy.59

For energy transfer to occur, the excited energy levels of both the sensitizer and activator

must be nearly equal (or resonant) and the two ions must be in close spatial proximity with

one another. Trivalent Yb resonates with several upconverting lanthanide ions, such as Er,

Tm, Ho, Pr, Gd, Nd, and Dy,60 acting as a very efficient sensitizer for energy transfer.58 In

general, the emitted light intensity increases with the increasing concentration of the

emitting ion. However, the emission intensity is observed to increase up to a critical

concentration of emitting ions. At this concentration the emission intensity decreases due to
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one or more energy transfer mechanisms (e.g., cross relaxation) between emitting ions,

through a process known as concentration quenching.

REs can also emit SWIR after NIR excitation through down-shifting fluorescence

mechanisms.38, 41, 61–64 Examples of SWIR-emitting down-shifting materials can be seen

with Nd-doped yttrium aluminum garnet (Nd:YAG),65 a solid state laser material that emits

at 1064 nm after 800 nm excitation, and Er-doped silicate glass fibers,66 which are

commonly used for telecommunications using the 1550 nm emission via 980 nm

excitation.55 Theoretical calculations founded on first principles enabled the design and

selection of unique dopant chemistries that result in bright emissions at the tailored

wavelengths. First principle calculations have elucidated the contributing factors of the local

atomic environment, such as crystal field strength, site symmetry, electron-phonon

interaction strength of the dopants, which controls the absorption and emission behavior of

rare-earth doped phosphors. In addition, the multiphonon relaxation rates and concentration

quenching mechanisms governs the efficiency of the allowable transitions.

The choice of host material determines the emission efficiency for a given transition.

Numerous hosts, such as oxides (e.g., silicate, yttrium oxide), halides, tellurites, borates,

germinates, phosphates and vanadates have been evaluated and reported in the literature for

their potential as brightly-emitting rare earth doped hosts.26, 33, 35, 36, 55, 62, 65–68 However,

since the number of phonons required to bridge the energy gap of the desired transition is

higher in low phonon energy hosts, the likelihood for non-radiative losses are lesser and

radiative transitions are more likely to occur. Therefore, low phonon energy halide hosts

(e.g., NaYF4, LaF3, YF3, CaF2) that enable bright emissions through minimization of non-

radiative losses are favored. NaYF4, have been shown to display low phonon energies, high

chemical stability and high optical transparency ideal for upconversion processes.58 In

addition, the crystalline structure of the host can influence the efficiency of upconversion.

For example, hexagonal phase NaYF4 has been shown to exhibit significantly greater

upconversion efficiencies compared to cubic phase NaYF4.39, 53, 69 In addition, the host

material may also interact and enhance energy transfer to the rare-earth luminescent center

in a manner that facilitates the desired emission while avoiding secondary emissions that are

not of interest. For example, we have reported that when Yb, Er were doped in CeF3, only

the infrared emission at 1530 nm was observed while all of the typical visible upconversion

emissions were absent.64 The increase in infrared emission intensity is achieved by changing

the branching ratio for the 1530 nm emission from 0.1–0.2 to 0.8–0.9. Further studies to

develop a deeper understanding on the effects of host interactions on the branching ratios are

warranted. In addition, whilst the low phonon energies of the halide hosts facilitate brighter

emissions, especially in the infrared region, a common trade-off is the poor physical and

chemical stability of halides. Therefore, investigations on alternative hosts or chemical

modifications to enhance the host stability will open new avenues in the development of

next generation infrared-emitting probes.

Surface modifying agents can also strongly affect the optical properties of REs. For

example, the hydrocarbon (-CH2) and hydroxyl (-OH) groups present on surfactants used

during synthesis can deactivate surface rare-earth ions on REs and result in emission

quenching.41 We have previously investigated the effects various surfactant formulations
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have on RE emission using micron-sized particles. NaYF4:Yb-Er were synthesized using the

hydrothermal method and subsequently modified with low concentrations of different

surfactants. We found that trioctylphosphine, PEG monooleate and polyvinylpyrrolidone

(PVP) exhibited significantly different optical efficiencies (see Fig. 6).70 The emissions of

PVP-modified REs were found to be significantly brighter than the unmodified particles

with a higher optical efficiency. The improvement in optical efficiency was attributed to

reduced reflectance losses that occur at the particle-air interface via mismatching of

refractive indexes. Prior to this study, surfactant selection was guided primarily on how

coating will affect particle morphology and dispersion properties, ignoring the effects

refractive index mismatch will have on RE optical properties. This work highlights the

importance in surfactant selection for designing highly emissive REs.

4. Biomedical applications

4.1 REs for biomedical applications

REs have been widely investigated for various biomedical applications due to their

advantageous optical characteristics, such as narrow emission bandwidths, large Stokes

shifts, long fluorescence lifetimes and photostability, relatively biocompatible compositions

and tunable physical properties.58, 71–74 In addition, by controlling synthesis chemistry, a

wide range of emissions can be generated by REs for multispectral imaging, which can be

used to develop a library of probes for simultaneously imaging multiple molecular processes

in biological tissue.

Effective RE imaging formulations must consider the way in which probe features impact

biological functionality. For example, physical characteristics such as size, surface charge

and shape play important roles in dictating the biodistribution and clearance of nanoparticles

in circulation. Probe biocompatibility and stability in circulation are also critical parameters

often overlooked when new formulations are designed. REs must exhibit a favorable safety

profile in order to have any real potential towards clinical translation. Otherwise, the use of

any new formulations will be largely limited to in vitro and small animal pre-clinical testing.

4.2 RE Probe Size

Probe size is an important physical property that has been shown to greatly affect

nanoparticle behavior in circulation.12, 13 The lower boundary of nanoparticle size is

generally considered to be around 10 nm in diameter, the estimated threshold for first-pass

elimination by the kidneys. The upper boundary, however, is less defined and not entirely

clear. Particles must be sufficiently small to avoid unwanted accumulation in the lungs or

filtration by the liver, yet still be capable of eventually being cleared.

In cancer, many tumor vessels tend to exhibit irregular branching patterns and abnormal

architecture, a consequence of poorly-aligned endothelial cells with wide fenestrations and

loose focal intercellular openings. These unique properties of the tumor microenvironment

lead to a “leaky” endothelium, enabling larger macromolecules, such as nanoparticles, to

accumulate in tumor tissue much more than in normal, healthy tissue.75 Experiments have

shown that the threshold for this so-called enhanced permeability and retention (EPR) effect

may be approximately 400 nm but that sizes of carriers below 150 nm are more effective at
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accumulating in the tumor tissue.76–79 Evidence has confirmed that this phenomenon occurs

in humans as well as in animal models. Nanoparticle delivery that relies on the EPR effect is

commonly referred to as “passive targeting” and can result in the selective extravasation of

certain type of particles into solid tumors.

4.3 Surface properties of RE Nanoparticles

Like other nanoparticles, the surface properties of REs play a critical role in determining

their biological properties.12, 13, 80, 81 In vivo experiments have shown that slightly negative,

slightly positive or neutral nanoparticles can penetrate and be effectively transported through

tissue.10, 82, 83 As-synthesized REs are generally hydrophobic and lack functional groups for

the conjugation of molecular targeting agents. REs can be modified with coatings, such as

polyethylene glycol (PEG) polymers, to improve hydrophilicity and reduce their self-

aggregation tendency in aqueous solutions by creating a hydrated layer around each

nanoparticle. PEG coatings, in particular, have been used to promote the biocompatibility

and reduce nonspecific interactions of nanoparticles with biomolecules.18, 84 Other surface

modifications including coating with silica,85, 86 mercaptopropionic acid,87 diphosphonic

acid,88 and polymer surfactants such as polyethyleneimine (PEI)89–91 have been

investigated to render REs hydrophilic. Although modifying REs with silica has been

reported to increase emission intensity, it is difficult to coat the nanoparticles uniformly, and

still requires additional modification chemistry in order to generate surface functional

groups for bioconjugation.91 In addition, the toxicity of many surface coating reagents must

be taken into consideration before exposing living systems to modified REs. For example,

while there has been success with coating REs with PEI, its high charge density results in

significant cytotoxicity.92

Greater surface charges, whether positive or negative, increase the likelihood for

nanoparticle opsonization, a process by which certain serum proteins adsorb onto the surface

of nanoparticles and interact with monocytes or certain tissue macrophages. Opsonization

leads to macrophage scavenging and greater clearance of nanoparticles by the

reticuloendothelial system (RES), which consists of phagocytic cells in the liver, spleen and

lymph nodes.10 While nanoparticle clearance is fundamentally important, minimizing rapid

losses is crucial to realizing the utility of nanoparticles in vivo.

Although charge and steric stabilization provide improvements in systemic nanoparticle

pharmacokinetics, non-uniform and untargeted biodistribution are additional limiting factors

that prevent nanoparticles from effectively accumulating in diseased tissues.93 This has led

to the development of targeting ligands, which can be anchored to the surface of

nanoparticles usually through covalent interactions. In contrast to passive delivery, targeting

nanoparticles to specific molecular receptors using ligands is known as “active delivery”.

The targeting ligands themselves can be chemical or biological moieties including

compounds such as small molecules,94 peptides,95 or antibodies.96 Such ligands improve or

direct specific nanoparticle-cell interactions, enabling enhanced and modified accumulation

at diseased tissue.
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4.4 Biocompatibility of REs Nanoprobes

Ensuring the biocompatibility of any new RE formulation is essential for translating these

agents in vivo. While numerous studies have reported on the minimal in vitro toxicity of REs

within certain concentrations, there is limited information regarding the health effects of

REs in larger animal models. Notably, Xiong et al. investigated the long term effects of

polyacrylic acid-coated REs in athymic nude mice. They found mice injected with 15 mg/kg

of REs showed no significant differences in organ histology, hematology and other

biochemical indicators of toxicity compared to control mice after 115 days.97 However, the

group did observe slight abnormalities in the spleen, which was indicative of mild

nanotoxicity.

Compared to many types of QDs comprised of lead, arsenic or cadmium, REs are

constituted of elements with better safety profiles. In addition, the lanthanide species in REs

are doped into the host at very low concentrations, with the majority of the probe being

composed of a yttrium-based host. The LD50 values for intravenously injected yttrium and

lanthanide salts has been determined to be between 10–100 mg/kg.98 Another relevant

consideration is the toxicity of the formulated REs, and not merely that of the elemental REs.

The processed RE probes are structured, crystalline compounds that are much more stable

and will likely exhibit more inert behavior in circulation.

Nevertheless, numerous groups have attempted to improve the biocompatibility of by

modifying the surface with various molecules. For example, coating REs with PEG,84, 99

silica100, 101and chitosan102, 103 has been shown to improve the biological tolerance of REs

as well as their aqueous solubility and functionality for applications in disease targeting and

drug delivery.

We have developed a novel approach for fabricating hydrophilic and biocompatible REs by

encapsulation with human serum albumin, a common protein found in blood plasma with a

history of FDA-approval (see Fig. 5).104 Our approach is versatile and robust – it permits

strict control of the albumin “shell” deposition to yield rare-earth-albumin nanocomposites

ranging in size from 75–275 nm with narrow polydispersity and high, long-term stability in

aqueous solutions. The nanocomposites exhibited significantly improved biocompatibility

over non-encapsulated REs and offered surface amine groups that could be utilized for

bioconjugating antibodies, peptides or other ligands for disease biomarker targeting. As

proof-of-concept, we modified the nanocomposites with cyclic RGD to target glioblastoma

cells expressing a well-known tumor biomarker, the αVβ3 integrin receptor (see Fig. 5). We

have also shown that encapsulation within albumin can modulate the biodistribution,

improve the pharmacokinetics and magnify the tumor tissue accumulation of the REs in

vivo.28 Thus, our work offers a possible route for altering the biological behavior of other

nanoparticle formulations, such as quantum dots, magnetic and gold nanoparticles. Finally,

the ability of albumin to bind readily with a number of therapeutic drugs, coupled with its

biodegradability and preferential uptake into tumor tissues, make it an ideal candidate for

drug delivery purposes.105
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4.5 Upconversion Fluorescence of REs

One method of visualizing REs is through NIR-induced upconversion phosphorescence.

Upconversion is an anti-Stokes process that involves the absorption of two or more low

energy NIR photons (typically 980 nm) by REs followed by an emission of one higher

energy photon in the visible range. Since this process does not naturally occur in living

systems, imaging REs through upconversion results in very low nonspecific background

fluorescence and consequently greatly improved CNR values.106

In addition, the use of NIR offers other advantages for biomedical applications of

REs.107, 108 Briefly, NIR is a non-ionizing form of radiation, minimizing tissue damage

when used at reasonable power densities and durations.6 NIR light sources, such as laser

diodes, are portable and inexpensive devices that are widely available and easily

miniaturized that can be easily implemented into many pre-clinical and clinical settings.

NIR-based imaging can also be performed in real-time, enabling molecular imaging to be

performed rapidly and longitudinally.

The optical characteristics of tissue components support additional attributes that inherently

favor NIR imaging. When visible or UV light interacts with tissue, absorption losses caused

by chromophores such as water, hemoglobin, lipids and melanin limit the penetration depth

of visible light to several millimeters.9, 109 In addition, there is also the possibility for

nonspecific tissue autofluorescence to occur after light absorption. Tissue autofluorescence

at these wavelengths can severely limit the signal-to-background ratio and decrease the

sensitivity for exogenous agents such as nanoparticles. Chromophores such as elastin,

collagen, tryptophan and porphyrins generally have absorption bands in the visible and UV

regions of the spectrum and therefore can significantly contribute to autofluorescence

and.110 NIR, on the other hand, exhibits relatively low tissue absorbance when compared to

visible light, permitting deeper photon propagation in biological samples and reduced tissue

autofluorescence.

4.6 Shortwave Infrared Emissions of REs

Visualizing REs through upconversion fluorescence is dependent on being able to detect

visible light after NIR excitation. Although useful for ex vivo, in vitro and shallow, sub-

surface in vivo imaging, visible light will be subjected to signal attenuation by surrounding

chromophores in tissue. Furthermore, visible light can be subjected to scattering as it passes

through tissue. Scattering is primarily the result of heterogeneities in the size, composition

and morphology of cellular components in biological tissues.23, 24, 108, 111, 112 Scattering

leads to the spreading, or defocusing, of optical signal and decreases imaging resolution.

Longer wavelengths of light in regions such as the SWIR (1000–2300 nm) exhibit

significantly decreased scattering in certain tissues. In fact, optical simulations have reported

that SWIR can exhibit comparably low absorbance and tissue autofluorescence as NIR but

up to a 1000-fold greater reduction in scatter losses.113 However, challenges exist for the

widespread use of SWIR-based imaging. Few established standards are capable of

efficiently generating SWIR while possessing the properties for safe translation into

biomedical applications.114 Furthermore, there are no commercially available SWIR
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imaging systems due to the need for special classes of cameras using indium gallium

arsenide (InGaAs) semiconductor technology in order to detect SWIR light.

Currently available materials reported to exhibit SWIR emissions have numerous

shortcomings including high toxicity, broad spectral emission and low quantum yield that

must be overcome prior to clinical translation. For example, SWIR-emitting semiconducting

quantum dots (QDs) made from materials such as HgTe, CdHgTe, InP, InAs, PbS, PbSe,

and PbTe are comprised of several well-known toxic elements reducing their applicability in

biomedical imaging.115, 116 Infrared-emitting single-walled carbon nanotubes (SWNTs)

generate broad emissions of weak intensity and require high-powered, pulsed excitation

sources which may result in localized tissue damage.117, 118

Recent work has indicated that REs also exhibit SWIR emissions after NIR

excitation.119, 120 In contrast to other SWIR-emitters, REs display narrow, intense emission

peaks throughout the SWIR.28, 121 The optical efficiency of these RE-doped phosphors were

compared with the conventional SWIR-emitting fluorophores such as organic dyes (IR-26),

quantum dots (PbSe) and SWNTs (see Fig. 7).28, 121 The optical efficiency results show that

the REs were excellent potential candidates as imaging probes since these significantly

outperformed IR-26 and SWNT in brightness. They also show enhanced biocompatibility

compared to quantum dots that are comprised of toxic Pb. We have recently reported on the

first evidence of multi-spectral, real-time SWIR imaging offering anatomical resolution

using REs and have demonstrated their applicability for identifying disease.28 Our work has

addressed the challenge of developing a biocompatible SWIR-emitting probe by fabricating

REs with elements shown to have very low toxicity and clinical approval for implantation

(e.g. yttrium).122 To this end, we have designed a low-cost imaging system capable of

video-rate SWIR detection and rapid implementation within a preclinical or clinical setting.

Compared to another similarly functioning system that has been reported in the

literature,117, 118, 123 our prototype operates at significantly lower excitation power yet can

achieve nanomolar detection sensitivity with 20-fold shorter exposure times to enable real-

time imaging of rapid biological processes.

By changing the lanthanide dopant used in the RE core, discrete spectral emissions were

produced across the SWIR region using a single NIR excitation source. Altogether, four

distinguishable spectral patterns were produced using erbium, holmium, thulium and

praseodymium dopant schemes. The ability to tune the SWIR emissions of REs opens the

possibility for multispectral imaging and, with appropriate targeting approaches, molecular

imaging using excitation and emission wavelengths that are both in a tissue transparent

spectral region. The ability to image multiple sources of emission or contrast simultaneously

in tissue has the potential to not only improve the reliability of the diagnoses but also

provide insights into the complex interplay between various biological processes occurring

in diseases such as cancer.124, 125

4.7 Biomedical Applications of REs as Optical Probes

The unique physical and optical characteristics of REs have motivated efforts to investigate

their use for numerous biomedical applications including molecular biosensing,126–130

image-guided drug pharmacokinetic screening,131–133 and anatomical and molecular disease
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imaging.28, 57, 91, 97, 104, 134–136 In addition, REs have been studied as agent for

photodynamic137–139 and photothermal140–142 therapies (PDT and PTT, respectively) as

well as light-triggered143, 144 drug delivery applications. It is important to note that the use

of any optical agent for biomedical applications faces inherent limitations due to the

relatively shallow tissue penetration of light caused by absorption and scattering losses. This

largely limits optical approaches to sub-surface (millimeter to centimeter) applications.

Phototherapy—PDT is a clinical strategy that in a typical embodiment utilizes cytotoxic

singlet-state reactive oxygen species (ROS) generated by light for noninvasively treating

diseases such as cancer. Typically, PDT consists of three components: photosensitizers (PS),

light source and ROS present near targeted tissue. Excitation of photosensitizers at

appropriate wavelengths results in the generation of ROS, which is cytotoxic to cells.

Unfortunately, most PS can only be excited with low tissue penetrating UV or visible light,

limiting their clinical applicability to disease sites readily accessible by light sources and

present no more than a few millimeters below tissue surface. The upconversion fluorescence

of REs has been proposed to be an effective means of triggering PS to generate ROS. NIR

excitation of REs conjugated with PS can potentially find use for deeper tissue PDT of

disease.

PTT is another type of cancer therapy in which agents in close proximity to diseased tissue

are used to convert infrared light into heat. REs have been combined with elements such as

gold and silver that have been shown to exhibit strong plasmonic resonance with NIR in

order to induce PTT. Molecularly targeted REs bound with PTT-active agents can be used as

a multifunctional agent that enables tumor tissue imaging, pharmacokinetic tracking, and

therapeutic action all using the NIR excitation of REs.

Multimodal imaging—Numerous groups have investigated the use of REs as multimodal

imaging agents. Multimodal imaging utilizes multiple imaging modalities to co-register

visual information on several spatial scales simultaneously. Co-registering anatomical and

molecular information can provide both the spatial localization and structure of diseases

such as cancer as well as functional, metabolic and cellular characteristics.145, 146 For

example, multimodality can be used as part of an imaging workflow, allowing clinicians to

preoperatively identify cancer sites in patients and subsequently offer surgeons approaches

to delineate the exact cellular margins of disease for surgical intervention through

intraoperative imaging.146–149 Multimodal imaging functionalities using REs have been

developed to combine upconversion fluorescence imaging (optical) with X-ray computed

tomography (CT),150, 151 magnetic resonance imaging (MRI),87, 152–154 or positron

emission tomography (PET).155, 156 Ultimately, modifying REs for multimodal imaging

must take into consideration the benefits that will be achieved with a more complex imaging

system as well as the impact of how modifications may alter the optical properties of REs.

Separately, a potentially exciting opportunity for multimodal imaging with REs that has not

yet been investigated could lie with a novel imaging modality known as photoacoustic

imaging. Photoacoustic imaging is a hybrid modality that uses an optical pulse to generate

an acoustic signal which can be registered by ultrasound devices. Photoacoustic imaging

relies on the excitation of a contrast agent with a pulse of laser light. Once excited, the
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contrast agents produce very low amounts of heat which in turn generate a thermoelastic

expansion resulting in a measurable ultrasound wave.157 This technique combines both the

sensitivity of optical imaging with the high spatial resolution provided by acoustic

techniques such as ultrasound. This technique could be used to create 3-D maps of

vasculature or determine the spatial position of the REs within an imaging-accessible tumor

with NIR excitation and without changing existing formulation schemes.

SWIR Multiplex Imaging—To date, imaging with REs has been focused primarily on

exploiting upconversion fluorescence after excitation with NIR light.104 Recently, imaging

using SWIR has gained attention as a means to improve signal detection depth and

resolution for biomedical applications. Although this form of imaging is relatively new,

researchers have reported on the use of REs for anatomical imaging of organs such as the

liver using SWIR.67, 68 Our group has presented the first report on the use of REs for SWIR

imaging of diseased tissue in the form of metastatic tumor lesions.28 We chose to investigate

targeting potential of REs following albumin encapsulation in a transgenic animal model

that spontaneously develops dark, pigmented melanoma lesions shortly after birth (see Fig.

8). Notably, the SWIR emission signal was clearly observed even through dense, pigmented

tumor tissue. We further explored the potential of REs as SWIR contrast agents for several

important biomedical imaging applications including: 1) real-time probe detection, 2) tumor

vascular imaging, and 3) multi-spectral signal resolution.

Following intravenous injection into mice, REs were observed throughout the vasculature

network and tracked through individual organs such as the lungs and heart before

accumulating in the liver and spleen (see Fig. 9). Transient SWIR emissions were observed

in both the lungs and heart, confirming the circulation and whole-body distribution of the

nanoparticles. Notably, video imaging clearly revealed pulsing SWIR emissions in the

animal’s chest, likely due to the movement of REs through the beating heart and lungs,

providing evidence for the use of deeper-tissue SWIR imaging to rapidly evaluate

nanoparticle biodistribution in real-time. Notably, in all locations where SWIR emission was

observed in the mice, the upconversion fluorescence signal of the REs was absent, likely due

to absorption and scattering losses caused by blood and tissue components.

To highlight the enhanced blood transmission of SWIR, tumor-burdened mice were injected

with REs and imaged in real-time. Aberrant vascular patterns were observed near tumor

xenografts during whole body imaging, which corresponded to tumor vasculature during

intraoperative imaging (see Fig. 10). Both the feeder vessel and individual angiogenic blood

vessels lining the tumor were easily resolved without any further modifications to the

imaging system, in contrast to the earlier reports of vascular imaging using SWNTs.117

These results highlight the clinical potential of SWIR to identify and monitor pathological

states such as tumor angiogenesis or cardiovascular lesions, which remain the critical current

challenges for many imaging modalities.158, 159

Finally, our studies provided, to the best of our knowledge, the first successful

demonstration of multispectral SWIR imaging in vivo (see Fig. 11). Using a single, low

power excitation source in the NIR, separate SWIR signals could be identified from REs

injected into different tumors. Combined with molecular targeting approaches, multispectral
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REs have the potential to open a new field of molecular imaging with superior SWIR optical

properties.

5. Outlook and Conclusions

The development of next generation optical contrast agents must take into consideration a

wide array of physical, chemical and biological design parameters and ultimately be tailored

to the specific biomedical application. Contrast agents must be designed to achieve the

maximum detection sensitivity in tissue while exhibiting low toxicity and tunable

pharmacokinetic behaviors. As our understanding of disease complexity grows, it is also

apparent that contrast agents that resolve single molecular attributes may not be able to fully

capture the fuller repertoire of molecules necessary to provide readouts for disease states.

The next generation probes and imaging system would therefore need to deliver enhanced

sensitivity, reliable quantitation, and have the ability to resolve multiple simultaneous

signals.

REs are promising candidates for medical imaging due to versatile synthesis and

modification chemistries, photostability and relative safety. Furthermore, their bright,

tunable luminescence using NIR excitation enables multispectral imaging capabilities with

high signal to background values. While long term clearance and toxicity studies in larger

animal models are still necessary in order to fully evaluate the clinical applicability of REs,

preliminary in vitro and in vivo mouse studies suggest these materials are significantly safer

and more stable than many QD formulations.74, 81,124 In addition, the FDA approval of

yttrium-90 microspheres for the treatment of patients suffering from liver cancer highlights

the possibility for clinical translation of RE materials.160 Combined with emerging advances

in multimodal and SWIR imaging, REs can be used to address a wide variety of biomedical

challenges, including deep tissue imaging, real-time drug delivery tracking and multispectral

molecular imaging.
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Fig. 1.
Comparing the tissue properties in the SWIR and NIR region for biomedical imaging

application: (a) Absorbance spectra of various tissue components spanning from 400 to 1700

nm reveals a distinct region between 900–1300 and 1500–1700 nm exhibiting very low

tissue absorbance. Note the break in the spectra from 800 to 900 nm is due to the change

from a Si to InGaAs detector in the spectrometer.. (b) Signal intensity of SWIR and NIR

light as a function of tissue phantom depth shows complete attenuation of NIR light by 5

mm while SWIR light is able to be detected through 10 mm of phantom tissues.28 Reprinted
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(adapted) with permission from Nature Communications. Copyright 2013 © Nature

Publishing Group.
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Fig. 2.
(a) Visible39, 70 and (b) infrared63 emissions from different rare earth doped Yb-sensitized

NaYF4 materials upon excitation at 975 nm.37 Reprinted (adapted) with permission from

Australian Journal of Chemistry, Copyright 2013 © CSIRO Publishing Group.

Naczynski et al. Page 24

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2015 May 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
Solvothermal synthesis of β-NaYF4:Yb,Er with different sizes and morphologies. (A) 14 nm

× 11 nm, (B) 23 nm × 16 nm, (C) 53 nm × 31 nm, and (D) 179 nm × 63 nm.42 Reprinted

(adapted) with permission from The Journal of Physical Chemistry C. Copyright 2013 ©

American Chemical Society.
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Fig. 4.
Typical energy transfer and cross-relaxation pathways of resulting in (a) infrared and (b)

visible emissions from Yb, Er doped NaYF4 materials upon excitation at 980 nm.
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Fig. 5.
(a) Schematic for the cyclic RGD surface modification of albumin-coated REs,104 and (b)

human glioblastoma cells targeted without (top) & with (bottom) cyclic RGD-presenting

nanoparticles.37 Reprinted (adapted) with permission from Australian Journal of Chemistry.

Copyright 2013 © CSIRO Publishing Group.
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Fig. 6.
Surfactant effects on the upconversion emission intensity for the RE’s with different

adsorbed surfactants.70 Reprinted (adapted) with permission from ACS Applied Materials

and Interfaces. Copyright 2011 © American Chemical Society.
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Fig. 7.
A comparison of the performance of various IR-emitting fluorescent probes including IR-26

organic dye, PbS quantum dots, single walled carbon nanotubes and Ho- and Er-doped

phosphors: (a) visual image without any excitation and (b) images of IR emissions captured

by an InGaAs camera at optimal excitation wavelengths. (c) An integrating sphere was used

to quantify the power output of the probes.28 All materials were first dissolved in toluene at

20 mg ml-1 and excited by either 975 nm or 808 nm light at the exact same power (30 µ;W).

Reprinted (adapted) with permission from Nature Communications. Copyright 2013 ©

Nature Publishing Group.
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Fig. 8.
Molecular imaging using a customized small animal SWIR imaging platform. Freely

circulating albumin-modified REs pass into the tumor interstitial space between the poorly-

aligned endothelial cells lining the vasculature. Due to the EPR effect, the albumin modified

REs ((RE)ANCs) are retained within the tumors. In addition, the albumin coating may

utilize commonly known albumin binding sites and transport pathways to facilitate the

passage of the nanoparticles across the tumor endothelium and retention within the tumor

microenvironment.161–165
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Fig. 9.
Real time imaging of the biodistribution of intravenously injected REs in hairless mice from

the left lateral view, where SWIR emission was initially detected in the vasculature of the

tail and branching through the abdomen before progressing through the lungs (10 s), liver

(30 s) and spleen (30 s). REs were transiently seen in the kidneys (30 s).28 Notably, while

lung accumulation is to be avoided in nanoparticle delivery, the signal arising from the lungs

was observed shortly after injection and cleared the lungs within minutes. The accumulation

of signal in the liver and spleen is consistent with other nanoparticle imaging systems, and

was observed to diminish over the course of several days. Reprinted (adapted) with

permission from Nature Communications. Copyright 2013 © Nature Publishing Group.
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Fig. 10.
High-resolution imaging of irregular, branching emission patterns near melanoma

xenografts. These patterns were later associated with surrounding vasculature upon

dissection of nude mice. Mice were injected with REs intravenously and imaged over

time.28 Reprinted (adapted) with permission from Nature Communications. Copyright 2013

© Nature Publishing Group.
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Fig. 11.
Multiplexed SWIR imaging for proof of concept was performed with REs doped with Er

and Ho emitting at 1525 and 1185 nm, respectively. [in nude mice with developed

melanoma xenografts].28 Reprinted (adapted) with permission from Nature

Communications. Copyright 2013 © Nature Publishing Group.
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