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advantages afforded by “designer” lanthanide-based nanomaterials in medical application in the recent
5 years. We begin with a brief overview of the unique properties of lanthanide nanomaterials and then
move onto their synthesis, surface modification and bioconjugation strategies, which help one in the

design of promising agents for imaging and therapeutic applications. We discuss approaches to fabricate
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Lanthanide own-conversion, up-conversion and persistent luminescent probes for optical imaging. We present the
Nanoparticles recent development of lanthanide-based nanoprobes in T; and T, magnetic resonance imaging, which
Diagnostics show superior performances over currently used commercials agents. The potential benefits of multi-
Therapeutics functional lanthanide-based nanomaterials in multimodal diagnostics are also highlighted. An important
Upconversion feature of lanthanide-based nanomaterials is the external controllability of light emission from UV to
Magnetic NIR wavelengths. This unique capability makes this class of nanomaterials useful for not only con-
Toxicity trolled/triggered release of drugs and gene delivery but also photodynamic or photothermal therapy
at targeted sites. Finally, we discuss recent efforts to address concerns of short-term and long-term
toxicity of lanthanide materials. The wide range of unique features of lanthanide-based nanomaterials
accentuates their promise as efficient platforms for nanomedicine.
© 2014 Elsevier B.V. All rights reserved.
Contents
B R U5 T o Tc Tt o) 72
2. Characteristics Of [anthanide 10MS . ... ..o ottt ettt ettt ettt et ettt et e ettt 73
D2 B 5T 1o | 5 o) o5 ] (5 73
b2 T TR B o111 3 U] 17723 1 T ) I P 73
2.1.2. Upconversion (UC) .. ....veeerieeeiiiineeiie e eiiaeeeennneaanns 73
2.1.3. Strategies to enhance upconversion... 74
2.2, Quantumyield (QY)...covvvvieiiiiineeinnn.. 76
2.3.  Magnetic properties.........ccoeeveeiieeinaann. 77
3. Synthesis, surface modification and bioconjugation.. 77
152 B 7 U 3 1) (3 77
3.2.  Surface modification 77
1 TR = o Yol ) o)L 7=2= Y (o) o 77
L N 5] 0] Lo Y (o) 0 010 =0 ) 0 U< Tl 0o U 77
O O 1T T o o 1 Ul 77
5 O R © 5 (o | 00 = T 1 77
3 0 Y 2 {0 =T 1 = Y 83
5 TR |V (D02 o Ta U 00 = T4 10 84
N N 1 1<) =1 03 L of 86
4.2.1.  Drug delivery and TelEaSE . . ...ttt ettt ettt ettt ettt et e e et e et 86

* Corresponding author. Tel.: +65 63168829.
E-mail address: tytan@ntu.edu.sg (T.T. Yang Tan).

http://dx.doi.org/10.1016/j.jphotochemrev.2014.06.001
1389-5567/© 2014 Elsevier B.V. All rights reserved.


dx.doi.org/10.1016/j.jphotochemrev.2014.06.001
http://www.sciencedirect.com/science/journal/13895567
http://www.elsevier.com/locate/jphotochemrev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochemrev.2014.06.001&domain=pdf
mailto:tytan@ntu.edu.sg
dx.doi.org/10.1016/j.jphotochemrev.2014.06.001

72 Y. Zhang et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 20 (2014) 71-96

422, Genetherapy.....oocoeeiiiiiiiiiiiiiiiiiaeiieeiaennns

4.2.3. Photodynamic therapy

4.2.4. Antioxidanttherapy.........coooviiiiiiiiiineninnnnann.

4.2.5. Radiationtherapy.........ccooviiiiiiiiiiiinnniinnan.

4.2.6. Photothermal therapy............covvviiiiiiiiinna...

4.2.7. Lanthanide nanomaterials in other forms of therapy
Toxicity of lanthanide nanomaterialS................cccoviiiiiinnn..,
6. Conclusions, challenges and future prospects ...............cccevvvn...
02 (2] Y] Lol LS

v

Dr Yan Zhang received her bachelor degree from Tianjin
University, China in 2007. She obtained her Ph.D. degree
in 2012 under the supervision of Prof. Timothy Tan. Since
2012, she has been continuously working in the area
of tailoring multifunctional lanthanide nanomaterials for
nanomedicine.

Wei Wei obtained his BE degree from Beijing University
of Chemical Technology (China) in 2010. He is cur-
rently pursuing a Ph.D. degree under the supervision
of Prof. Timothy Tan in the School of Chemical and
Biomedical Engineering at Nanyang Technological Uni-
versity (Singapore). His research interest focuses on the
fundamental study and application of lanthanide-based
luminescent nanomaterials.

Dr. Gautom K Das is currently doing his postdoc-
toral research in the Department of Mechanical and
Aerospace Engineering at University of California, Davis.
He graduated from the School of Chemical and Biomed-
ical Engineering of Nanyang Technological University,
Singapore under the supervision of Professor Timothy Tan.
He obtained BS in Chemical Engineering from Bangladesh
University of Engineering and Technology. His research
interest includes nanomaterials for imaging and sensing,
and the implication of nanomaterials in human and envi-
ronmental health.

Dr. Timothy T.Y. Tan is an associate professor at the
School of Chemical and Biomedical Engineering, Nanyang
Technological University, Singapore. He also holds con-
current appointments as the Associate Chair of Academics
and Director of Outreach in the School, and is the direc-
tor and founder of a spin-off company Agiplex Pte Ltd.
He obtained his B.Eng. and Ph.D. in Chemical Engineer-
ing in 2000 and 2004 respectively from the University of
New South Wales, Australia. Prof. Tan’s research interests
are in nano-architecture tailoring based on chemical engi-
neering principles for nanomedicine, energy harvesting
and water remediation. He has published extensively in
these fields and his publications can be found in Advanced
Materials, Nano Letters, Nature Protocol, Chemistry of Materials, Chemical Commu-
nication and others.

1. Introduction

The quest for diagnostics, therapeutics or theranostics of
enhanced performances has spurred greater research efforts in
nanomedicine. With well-defined physicochemical properties such
as size, shape, composition and surface chemistry, nanomaterials
can be engineered with imaging/detection/therapeutic func-
tionalities. The resulting nanosystems, capable of simultaneous
detection, diagnosis and treatment of disease, have shown superior

performances such as enhanced permeation and retention (EPR) in
the circulatory system, greater imaging contrasts and specific deliv-
ery of drugs to target sites. Therefore, nanomedicine is expected to
play a significant role in the dawning era of personalized medicine
[1].

Of various types of nanomaterials, such as iron oxide nanopar-
ticles (NPs) [2,3], quantum dots (QDs) [4], carbon nanotubes
(CNT) [5], gold NPs [6] and silica NPs [7] that have been investi-
gated, lanthanide nanomaterials emerge as superior candidates in
nanomedicine due to their unique optical and magnetic properties,
and low toxicity characteristics. Nanomaterials that can response
to light offer a unique opportunity in diagnostic and image-guided
drug/gene delivery. However, many nanomaterials engineered for
drug delivery lack of optical properties (such as fluorescence and
photothermal response) and therefore, their trafficking in the bio-
logical system is only possible when they are labeled with optical or
contrast moieties. The luminescence of lanthanide materials, in this
context, is helpful and superior over the traditional organic dyes,
green fluorescent protein (GFP) or even QDs as lanthanide elements
possess abundant metastable energy levels and rather long-lived
excited states in their 4f orbitals. Lanthanide ions have the ground
state electronic configuration [Xe]4f" (n=0-14). Shielded by the
outer 5s and 5p orbitals, 4f electrons do not directly participate
in bonding. Therefore, lanthanides exhibit narrow bands, intense
luminescence ranging from ultraviolet (UV) to visible and near-
infrared (NIR). Multicolor emissions can be achieved by simply
varying the dopant ions. Furthermore, as 4f-4f transitions in lan-
thanides are electric dipole ‘forced’ and normally forbidden or at
a low possibility of occurring, the excited state lifetimes tend to
be very long, in the order of micro- to milliseconds [8,9]. They
have been used in living systems to monitor cell-related process,
recognize pathogen or detect tumor, and enable drug delivery
and therapy. The delivery kinetics and treatment efficiency can be
monitored at the same time, which is significant in view of ther-
apeutic mechanism and possible toxicity evaluation. In addition
to their unique optical properties, certain lanthanide ions, such as
gadolinium (Gd3*), dysprosium (Dy3*) and holmium (Ho3*) are use-
ful as contrast agents in magnetic resonance imaging (MRI). MRI
is particularly useful to visualize internal structures of the body
in detail, especially soft tissues, such as the brain, muscle, heart.
Gd-DTPA (Magnevist®) was the first clinically approved contrast
agents, and is by far the most commonly used agent [10]. It can
increase the conspicuousness of cells and facilitate easy tracking
of cells in low-signal tissues. More than 10 million MRI studies
performed worldwide are using Gd3*-based contrast agents every
year [10]. And finally, multiple functions can be readily integrated
into the lanthanide nanomaterials to achieve multimodal imag-
ing and therapy. For example, Gd-based or doped NPs have shown
strong potential as contrast agents in both MRI and optical imaging,
which can generate more accurate and reliable data. By combining
with photosensitizers (PSs), they can be applied in photodynamic
therapy (PDT), which is especially useful for treatment of deep-
seeded tumors. They can even be engineered to trigger cell death
by the generation of reactive oxygen species (ROS), and used as
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