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Tailoring Lanthanide Nanocrystals for Nanomedicine
Yan Zhang and Timothy T.Y. Tan*
School of Chemical and Biomedical Engineering
Nanyang Technological University, Singapore
ABSTRACT
Lanthanide nanocrystals have demonstrated strong potentials in nanomedicine due to its up-conversion and strong
magnetic properties, and low toxicity. This talk will focus on strategies in lanthanide nanostructure tailoring to achieve
up-conversion color emission tuning, MRI T1 and T2 contrast tuning, and the use of up-conversion fluorescence in drug
delivery and cancer cells ablation.
Keywords: Lanthanide, nanocrystals, magnetic resonance imaging, up-conversion fluorescence, drug delivery, cancer
cells ablation， nanomedicine.

1. INTRODUCTION
Nanomedicine is an emerging field that applies nanotechnology into medicine, mainly advanced diagnostics (imaging)
and therapeutics (drug delivery and target therapy).1 Over the past decade, there has been an explosive development of
nanosystems designed for purposes from diagnosis to treatment of various types of diseases including cancer. These
systems, such as dendrimers, gold nanoparticles, organic-inorganic hybrid, compared with traditional molecule-based
drug, enable a highly integrated design that incorporate multiple functions, such as intelligent drug delivery, imaging
devices or as medical sensors to detect and diagnose disease, into one system.2, 3 As such, early and accurate diagnosis
coupled with on-site delivery and treatment using suitable therapeutic agents at the early stage of the disease will
facilitate timely clinical intervention and can mitigate patient risk and disease progression.
In nanomedicine, molecular imaging is important as it provides visualizing, characterizing and monitoring the
abnormalities or biological processes at the molecular and cellular level.4, 5 It offers great potential in detecting molecular
and cellular changes caused by the disease before the abnormalities are large enough to cause change in the anatomical
structure that can be detected by the imaging modalities. Various imaging modalities (e.g. positron emission tomography
(PET), single photon emission computed tomography (SPECT), magnetic resonance imaging (MRI), optical, ultrasound)
have been widely used clinically to understand and diagnose various diseases.6 MRI, for example, has become a
prominent clinical imaging technique as it can provide highly resolved 3-dimentional imaging of whole body and soft
tissue contrast, therefore, distinguish pathological tissues from normal tissues. It provides high spatial resolution and
depth for in vivo imaging. Moreover, it is non-invasive, fast and avoids the use of ionizing radiation or radiotracers,
therefore, it is harmless to the patient. However, it suffers from low sensitivity.6 Optical imaging, on the contrary, has
high sensitivity but suffers from low tissue penetration depths.7 Every imaging modality has its own advantages and
disadvantages and no single technique possesses the full capacities to obtain comprehensive and accurate biological
information. Hence, multimodal imaging, where several detection techniques can be combined and visualized, is clearly
attractive as it combines the strengths of each imaging modality while offsetting the limitations of others, ensuring more
accurate and reliable data.8 Contrast agents are generally used in imaging modalities to help identify particular
biomarkers or pathways with high sensitivity and selectivity. Multifunctional nanomaterials, considering their
compatible sizes, intrinsic physic/chemical properties and ease of integrating multiple functions, hold great promise for
future therapeutic applications.
In this regard, lanthanide nanocrystals (NCs) have received ubiquitous attentions over the past decades. Lanthanide is a
series comprising of fifteen elements in the periodic table ranging from lanthanum to lutetium. They have a general
electronic configuration, with minor exceptions [Xe]6s24fn with n=0 (La) to 14 (Lu) and their most stable oxidation state
is +3 with a [Xe] 4fn configuration. These 4f orbitals are shielded from the atom's environment by the 5s and 5p electrons.
Consequently, they exhibit unique fluorescent and magnetic properties.
*Correspondence: Email: tytan@ntu.edu.sg; Telephone: (+65)6316 8829; Fax: (65) 6794 7553

Colloidal Nanocrystals for Biomedical Applications VIII, edited by Wolfgang J. Parak,
Marek Osinski, Kenji Yamamoto, Proc. of SPIE Vol. 8595, 859516 · © 2013 SPIE
CCC code: 1605-7422/13/$18 · doi: 10.1117/12.2006288
Proc. of SPIE Vol. 8595 859516-1
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/31/2013 Terms of Use: http://spiedl.org/terms

Lanthanides exhibit sharp and intense fluorescence and exhibit several unique characteristics as follow: (i) a much longer
emission lifetime compared to other fluorescent agents such as dyes, fluorescent protein and QDs (μs to ms), which help
to diminish spontaneous background fluorescence from the biological specimen; (ii) the emission intensity can be tuned
by changing the type of host matrix, dopant and dopant concentration; (iii) multicolor luminescence can be easily
realized by varying the dopant and host matrix. Moreover, unlike the size-dependent emission of QDs, the emission of
lanthanide ions is not sensitive to particle size; (iv) up-conversion (UC) luminescence from Er3+, Tm3+ and Ho3+ etc can
be realized besides common down-conversion (DC) behavior.9 UC fluorescence is a process that converts two or more
low energy photons, usually NIR to high-energy emission through sequential absorption and energy transfer steps. It
provides tremendous advantages compared to DC emission when it comes to biomedical application due to the following
reasons: (i) longer-wavelength NIR emissions are more efficient in penetrating the human tissue than visible light,
therefore, resulting in significantly lower background autofluorescence from tissues.9 Other advantages of adopting UC
fluorescence in bioimaging include reduced light scattering, photobleaching, and photodamage to biological specimens;
(ii) it allows in vivo observation with high spatial resolution; (iii) it can be induced by a low cost NIR diode laser source
for the generation of simultaneous two-photon process by single wavelength excitation (980 nm).10 In addition, owing to
their small physical dimensions and biocompatibility, lanthanide UCNCs can be easily coupled to proteins or other
biological macromolecular systems and used in a variety of assay formats ranging from bio-detection to cancer therapy.
Therefore, they have been regarded as promising alternatives to organic fluorophores and quantum dots for applications
in biological assays and medical imaging.
Furthermore, lanthanide ions, such as Gd3+, Dy3+, Pr3+, Sm3+, Ho3+, are paramagnetic and can alter the relaxation of water
protons of the nearby tissues, which can potentially be used as contrast agents in MRI and enhance the visualization of
MRI signals.11 The use of MR contrast agents, which usually constitutes paramagnetic species, can enhance the contrast
between normal and malignant tissues by greatly enhancing the water proton’s longitudinal (T1) or transverse (T2)
relaxation rate, the effect which is widely known as proton relaxation enhancement (PRE).12, 13 T1 contrast agents, which
typically comprised of paramagnetic complex containing Gd3+ and Mn2+ ions, induce bright MR images in T1-weighted
experiments by increasing the spin-lattice relaxation rate of nearby water protons. Gd3+-chelates such as Gd-DTPA
(Magnevist®) and Gd(DOTA) (Dotarem®) have a very low toxicity, even at relatively high doses and have been applied
in clinical T1-weighted imaging.14 T2 contrast agents which are typically superparamagnetic nanoparticles (NPs) (e.g.,
iron oxide NPs) or Dy3+-chelates cause protons in their vicinity to undergo fast spin-spin relaxation which gives rise to
dark MR images in T2-weighted experiments.15, 16
As such, lanthanide NCs hold great promise as novel contrast agents for both fluorescence imaging and MRI. Through
their careful configuration and engineering at nanoscale, they can potentially achieve, simultaneously, efficient detection
and imaging, targeting and on-demand drug delivery as well as a non-invasive means of tracking and monitoring the
subsequent therapeutic effects.
In this article, we will highlight our recent works in tailoring lanthanide nanostructures to tune UC color emission, MRI
T1 and T2 contrast tuning, and applying them in drug delivery and cancer cells ablation.

2. TUNING UP-CONVERSION EMISSIONS OF LANTHANIDE NANOCRYSTALS
Each lanthanide ion has a unique set of energy levels and therefore exhibits a set of sharp, distinguishable emission peaks.
Tuning their emissions from ultraviolet (UV) to near-infrared (NIR) is quite important to meet their needs in photonics,
photovoltaics, biological imaging and therapeutics.9, 17 Controlling dopant-host combination and dopant concentration
are commonly used methods to achieve this purpose.
Varying dopant-host combination is the most straightforward approach to tune the emission colors of UCNCs. The NCs
should be photochemical stable, absorb strongly at a given excitation wavelength, and have well-resolved emission
spectra with narrow bandwidths. The host lattices are not only needed to closely match the dopant ions but also have low
phonon vibration energies so as to decrease the unnecessary cross-relaxation of the dopant. The luminescence from a
given lanthanide ion in different host materials may vary considerably due to the different size symmetries of the dopant
ions in the various host crystals. By adjusting different combinations of dopant ions and host materials, the emission
wavelength and relative intensity of emission peaks can be effectively controlled to modulate emission colors of the
lanthanide doped NCs. The most commonly used host lattice for synthesis of lanthanide doped UCNCs are oxides and
fluorides. So far, fluorides-based UCNCs (i.e. NaYF4, NaGdF4) have been recognized as one of the most efficient UC
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Dy3+ ion, another type of lanthanide element, have proven to efficiently induce T2 contrast due to its shorter electronic
relaxation time (~ 0.5 ps) and higher magnetic moment (10.6 μB).15, 29 For example, Elst et al. examined Dy-DTPA
derivatives as contrast agents in fields between 0.47 and 18.8 T.30 NCs, such as Dy2O3, Dy(OH)3 and NaDyF4,, have also
been investigated as negative contrast agents in high-field MRI (from 7 to 17.6 T).31-34 In our recent study, we have
reported ultrasmall Dy2O3 NCs as positive T2 contrast agents (r2 of 2.12 mM-1s-1), as shown in Figure 4.35 This r2 value,
compared with other T2 contrast agents, is much smaller, which indicated that the NCs possessed relatively large
T2relaxation time.16, 36 Contrast agents show both T1 and T2 relaxation but to a different extent. T1-weighted positve
contrast agents, for example, demonstrated both T1 and T2 relaxation properties, but shortening of T1 relaxation is
dominated over that of T2 relaxation. This results in the image being brighter within areas where the agents are taken up,
However, species with high T1 values lend themselves to darker images.13 Similarly, T2-weighted negative contrast
influences the signal intensity by shortening T2, thereby producing darker images while high T2 results in brightness of
the image. This bright T2 contrast agent is advantageous considering the poor contrast to noise from normal T2 negative
agents in organs such as liver, spleen or in tumors which have inherent low background signal.16

a
(c)

(

Figure 4. (a) T2-weighted MR images of silanized Dy2O3:Tb NCs in 1% agarose gel with increasing concentrations (0, 0.030,
0.125, 0.25 mM) from left to right. (b) Photograph of a nude mouse implanted with breast tumor (MCF-7) cells. The tumor
region is marked by a yellow circle while right and left arrows indicate the positions of the two tumors. (c) The in vivo T2weighted MR image of tumor regions. The positive contrast arising from Dy2O3 NCs is clearly seen at the injection site (right
arrow) while the tumor (left arrow) serves as a reference, where no NCs were injected.

Conventional contrast agents respond only to a single imaging mode. They sometimes exhibit ambiguities in MR images,
especially when imaging small biological targets. A dual-mode imaging strategy, where T1 and T2 MR imaging modes
can be utilized simultaneously, has the potential to obtain more comprehensive diagnostic information.37 For such
purpose, Gd3+-labeled magnetite NPs were reported as dual-contrast agents for T1- and T2-weighted MR imaging.38 A
“magnetically decoupled” MnFe2O3-Gd2O(CO3)2 core/shell NCs were designed as the dual-contrast agents.39 Ultrasmall
superparamagnetic iron oxide (USPIO) NPs, capable of depicting enhanced T1 at low concentration range and weak T2
contrast effects, have been developed.40 FeCo-graphitic system has also exhibited high T1 and T2 contrast effect.
However, a thorough understanding of the mechanism by which these systems operate is still unclear.41
We have developed a new strategy to achieve tunable T1-T2 dual-mode MR contrast and UC fluorescence within a single
NC, of which all functionalities arise solely from lanthanide ions. This type of NC has the potnetial to deliver more
comprehensive diagnostic information. The NaDyF4:Yb3+ seed particles were first prepared, which underwent further
growth in a second reaction in the presence of Gd3+, Yb3+ and Er3+ to form nanorods. The relaxivity of Dy3+ ions in the
inner shell primarily originates from its magnetization and Curie Spin (CS) relaxation mechanism which becomes very
dominant at high magnetic field (Figure 5C).42, 43 According to the CS relaxation mechanism, the induced Curie magnetic
moment per Dy3+ ion is given by: μC = μS2B0/3kT; where μS is the magnetic moment, k is Boltzmann's constant and T is
the absolute temperature. This implies that induced magnetization of the Dy3+ ions increases with external magnetic field
and is proportional to the square of the magnetic moment of Dy3+ ions. Gd3+ ions on the outer layer of NCs efficiently
induce electron-nuclear dipolar interactions with the surrounding water protons, hence shortening the longitudinal
relaxation time (T1) and generating T1 MRI contrast. Interestingly, tunable positive and negative T1 enhancement can be
achieved by suitably employing a magnetization preparation module in a gradient echo (GE) or a spin echo (SE)
sequence. In Figure 5A, the images were acquired with a GE T1-weighted sequence with a magnetization preparation
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(inversion pulse) module which exhibits a genuine T1 contrast (positive enhancement). However, Figure 5B shows T1weighted images acquired with a SE sequence without any preparation module, which clearly shows negative
enhancement. The current NCs have the advantage of showing tunable properties of positive and negative T1 by applying
appropriate pulse sequences, as well as negative T2 MRI contrast. Depending on the tissue site of interest, the current
NCs can be selectively tuned to enhance imaging contrast by bright or dark T1 and T2-weighted MRI in order to achieve
complementary information that cannot be obtained by using single mode contrast agents.
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Figure 5. (A) Bright T1–weighted MR images using gradient echo sequence, (B) dark T1–weighted images using spin echo
sequence and (C) T2–weighted images of NaDyF4:Yb3+/ NaGdF4:Yb3+,Er3+ NCs at different concentrations (0, 0.0625, 0.125,
0.50, 1.00 mM).

4. APPLICATION OF LANTHANIDE NANOCRSTALS IN NANOMEDICINE
Lanthanide NCs have found potential applications in medicine, mainly in drug delivery, diagnostics and cancer cell
ablation. 7, 9, 10, 44 NIR-induced drug release and cancer cell ablation using up-converting NCs have generated much
interest because NIR radiation is safe to the body and can penetrate deeper into tissues. In one of our works, the UC
emissions of NaYF4:Yb3+,Tm3+ in the blue region were tuned and further excite to form electron-hole pairs in the
nitrogen-doped TiO2 under 980 nm irradiation and thereby create ROS, as discussed in section 2.20 TiO2 NPs are good
candidates for drug delivery and cancer therapy owing to their high reactivity, high stability, non-toxicity and low costs.
Existing reported works involving TiO2 on cancer therapy and drug release demonstrated the principle of electron-hole
pairs formation in TiO2 under UV light irradiation and thereby create highly reactive ROS.45 ROS can damage the cancer
cell membrane and induce programmed cancer cell death, while in drug release, ROS can sever the hydrocarbon chains
attached on the surface of TiO2 and thus leads to the release of drug.46 Using NIR irridation instead of UV light
eliminates intrinsic problems associated direct UV or blue irradiation onto biological specimens. The mechanism of the
targeted cancer cell ablation of using N-TiO2/NaYF4:Yb,Tm nanocomposites is shown in Figure 6. Briefly, NIR-induced
excitation generates blue emission from the core NaYF4:Yb,Tm, which in turn excites the N-TiO2 in the shell, generating
ROS.
Hz0
OH + OH 4-0. H202

ROS

h+/ e°

Oí +H+HOi

eárqa ®®s

V%ti'

Figure 6. Diagram showing the mechanism of cancer cells killing of the N-TiO2/NaYF4:Yb,Tm nanocomposites upon irradiation with
980 nm laser.
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U
NIR exp
posure, anti-cA
Angptl4 Ab-N
NCs treated A5RT3 showedd a further ~2.5-fold
~
increease (31.49 %
%) in apoptottic cells. Although there w
was a slight in
ncrease in thee
percentage of apoptotic cells
c
in NIR exposed uncoonjugated NC
Cs treated A-5RT3 (9.8 %
%), this differrence was noot
ACS analysis also
a showed nno significant difference in the percentagge of apoptotic HaCaT cellss
statistically siignificant. FA
treated with unconjugatedd nanoparticles regardless oof NIR expossure, suggesting that the N
NCs exerted their
t
cytotoxicc
nalization of th
the NCs with anti-cAngptl44
effects only iin close proxiimity to the cells. This studdy shows that the function
antibody confferred selectivve anti-tumor property, whiich is activated
d/triggered by
y NIR irradiatiion
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Figure 7. a) Time-dependeent fluorescence spectra of tthe terephthalic acid solution
n (8 Χ 10-4 M
M) containing 10 mg of NN
Yb,Tm upon 980 nm irradiatio
on. Inset: photoographs show th
he light emissio
on of the 2-hyddroxyterephthallic acid solutionn
TiO2/NaYF4:Y
after NIR irrradiation; b) Fluorescence spectra of thhe 7-methoxyccoumarin-3-carrboxylic acid solution released from NN
TiO2/NaYF4:Y
Yb,Tm A) beforre and B) after NIR
N irradiationn. Inset: photographs show thee light emissionn of the 7-metho
oxycoumarin-3carboxylic acidd solution beforre and after NIR irradiation, rrespectively; c) FACS analysiss of apoptotic A
A-5RT3 cells (A
Annexin V+/PI+
+
and Annexin V /PI ) when treeated with anti--cAngptl4 Ab nnanoparticles an
nd unconjugated
d nanoparticless, in and in the absence of NIR
R
exposure. Perccentage of apopptotic cells befo
ore and after N
NIR exposure as analyzed by FACS (10,000 events). The sum
s
of Annexinn
V+/PI- (early apoptosis) andd Annexin V+
+/PI+ cells (latte apoptosis) were
w
considered apoptotic. M
Metastatic A-5R
RT3 cells weree
prelabeled withh Cell Tracker Blue
B CMAC. Representative
R
ddot plots from n=5
n independen
nt studies were sshown.

5. C
CONCLUSIO
ONS
There has beeen significannt advancemeents involving
ng lanthanide nanomaterialls for nanom
medicine, particularly whenn
multifunctionnal and hybrid platforms were
w
employeed. However,, many challeenges still rem
main and issues are to bee
resolved befoore these NCs can be translated to clinicaal application.50 Determinattion of the lonng-term toxiciity of the NCss
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is still one of the main hurdles that require the establishment of standards and testing protocols that can provide
benchmarks for the development of novel classes of materials including lanthanide materials.51 The lack of in vivo
studies involving lanthanide nanomaterials means that there is limited information about the long-term efficacy and
health implications of using these products. Limited in vitro studies focused on toxicology of lanthanide nanomaterials
showed that the concentration of lanthanide metals will affect the upregulation of inflammatory genes, whilst the type of
assay methods used to assess cytotoxicity needs to be optimized.52 In addition, further studies need to be carried out to
evaluate the post exposure effects of lanthanide nanomaterials on cell biology and physiology.
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