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Molecular imaging (MI) is visualization and characterization of biological
processes at the sub-cellular level. Early diagnosis and monitoring of treatment procedure
are main advantages of this approach. Molecular probe with high affinity is one of the
important requirements of MI. Within the extensive group of nanoparticles, upconversion
nanoparticles that play a prominent role in optical MI cab be used as an MI probe.
Upconversion phosphors are ceramic materials in which rare earth atoms are embedded
in a crystalline matrix structure. The materials absorb light in the near infrared region
and emit in the visible region via several mechanisms. This agent can be used for optical
imaging, gene or drug delivery and photodynamic therapy. The present study reviews the
recent development in synthesis and modulating the characteristics of upconversion
nanoparticles and their applications in MI. Furthermore, recent research approaches
and future opportunities regarding the development of these nanoparticles are discussed.
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Molecular imaging (M) that is one part
of molecular medicineisdefined asanon-invasive,
guantitative and repetitive imaging of targeted
macromolecules and biological processesinliving
subjects at the cellular and molecular levelst2. In
this field, instead of diagnosing and classifying
disease by symptoms or systemic changes, tests
are being developed for the characteristic
biological and biochemical markersand processes
which occur in various types of disease®. The
ability of determination of pathologies tissues
without invasive biopsies or surgical procedures
is the main advantages of this process’. Tumors
may be spatially and temporally heterogeneousin
terms of gene expression®, metabolism®, hypoxia,
angiogenesis®, cell proliferation®, apoptosist® 1,
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and other phenotypic features, but this technique
can help investigators to better understand these
features. These features are important for tumor
detection, characterization, staging, prognosis
assessment, treatment planning, and early
treatment monitoring, aswell asfor monitoring of
cell trafGcking and new drug devel opment?® 14, Ml
for performance, have two basic requirements
include: (i) high affinity molecular probeswith the
ability to overcome hiologic delivery barriersand
(ii) a sensitive, fast, high special and temporal
resolution imaging modality to detection this
probe’®. M| probesthat provideimaging signal are
referred by many different names such asmolecular
beacons, reporter probe, tracers, smarts probe,
activatable probe, contrast agent, and
nanoparticles!®. The rapid growth of
nanotechnology and nanoscience could greatly
expand the clinical opportunitiesfor M1*". Thebasic
rationale is that nanometer-sized particles have
functional and structural properties that are not
available from either discrete molecules or bulk
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material s'® °* When conjugated with biomol ecular
affinity ligands, such as antibodies, peptides or
small molecules, these nanoparticles can be used
to target malignant tumorswith high specificity®.
Structurally, nanoparticles also have large surface
areasfor the attachment of multiplediagnostic and
therapeutic agents. Recent advances have led to
the development of biodegradable nanostructures
for drug delivery?. As discussed above, one of
themost important requirement of M1 isanimaging
modality??. Different modalitiescan beusedin Ml
include: single photon emission computed
tomography (SPECT), positron emission
tomography (PET), magnetic resonance imaging
(MRI), ultrasound (US) and optical imaging.
Sensitivity, spatial resolution, temporal resolution,
depth of signal penetration and cost of these
modalities are different®®. Between all of them,
optical imaging isthe safest method. Possibility of
real-timeimaging, fast dataacquisition (minutes),
relatively high spatial resolution and low cost are
the most important advantages of this
technique[24, 25]. Optical Ml is an imaging
disciplinethat measureslight released from either
endogenous sources or exogenously administered
agents that, encoded within its signal, bears
information about biological processes on a
microscopic scale?®. For improved signal-to-
background ratio (SBR) and targeting of speci(ic
biological activity, this imaging technique relies
on the excitation and detection of Ouorescence
from an exogenous contrast agent?”. During the
early 1990s, Huffman and Kraetschmer discovered
how to synthesize and purify large quantities of
fullerenes’®. Now, there are two different types of
fluorescent imaging contrast agents that can be
used in optical MI: endogenous and exogenous
agent. Endogenous agents to produce the optical
signal, work by enzyme-mediated processin cells
and tissues. Two important examples for
endogenous probesinclude: fluorescent proteins®
and luciferin/luciferase systems®. Need for
genetical modification of targeted cells and low
emission wavelength (510 nm) are the most
important limitations of fluorescent protein. In
addition, luciferin/luciferase systems suffer from
inhomogeneous scattering and limited light
penetration®. The exogenous contrast agents
which are inserted into a biological system from
outside can be classified into three different types:
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(1) organic dye, (2) quantum dots (QDs) and (3)
upconversion particles.

Organic dyes are widely used as
Guorophoresin biomedical imaging and detection,
However they are also not good for multicolor
imaging, because of two inherent properties. (1)
organic dyes have relatively broad emission
spectraand henceresult inthe signal overlap from
different dyes; and (2) one organic dye can only
be suitably excited by the lights within a certain
narrow wavelength range and it thus needs nearly
the same numbers of excitation light sources as
the dyes used®. also most organic dyes suffer from
low quantum yields, rapid photobleaching, poor
stability®* 34, Another novel optical nanoparticles,
are gquantum dots (QDs) that have broad excitation
prodles, narrow and symmetric emission peaks
(commonly 25-35 nm full width at half maximum)=
and minimal spectral overlap®. Therefore, these
nanocrystals can be used for multiplexed detection
of molecular targets®” . However, the use of
guantum dots for biological recognition has
several drawbacks®. The potential toxicity of
guantum dots is an important concern for health
and environment®. In addition, their usefor labeling
individual biological molecules are limited by
intermittent emission (blinking)*. In addition, both
the organic Quorophores and quantum dots are
generally excited with ultraviolet (UV) and visible
light exposure. Absorption of these radiations by
the biological samples often induces
autoluorescence phenomenon interfering with
Guorescent signals obtained from exogenous
biomarkers. Prolonged exposure of the biological
samples to UV radiation can also cause
photodamage and mutation in the sample®?. These
limitations have necessitated devel opment of anew
type of high-quality and well-shaped nanomaterials
known as upconversion nanomaterials (UCNs)*
during the mid 1960s?. Upconversion phosphors
(UCPs) are ceramic materialsin which rare earth
atoms are embedded in a crystalline matrix. The
materials absorb light in the near infrared (NIR)
region and emit in the visible region via a two-
photon or multi-photon mechanism®. The aim of
thisarticleisreview of recent advancesand future
opportunities of UC nanoparticlesin MI.

M echanism of Upconversion

Conventional Guorophores exhibit the

downconversion phenomenon, i.e., higher energy
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photons are absorbed while lower energy onesare
emitted due to internal energy loss*. Compared
with downconversion, Upconversionisanonlinear
optical phenomenon characterized by conversion
of low energy radiation like NIR to a high energy
radiation likevisiblelight (Fig. 10)*. Thisprocess
reguires the absorption of two or more photonsto
provide the sufficient energy for the UC emission
to occur. There are four different classes of UC
mechanisms®. These four basic mechanisms are
discussed in detailsin following.
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Fig. 10. Schematic diagrams of two different optical
phenomena and corresponding energy levels:
downconversion process (left) and upconversion
process (right)+.

Excited StateAbsor ption:

Excited State Absorption (ESA)
upconversion mechanismisasingleion mechanism
based on a sequential absorption of two photons.
This mechanism was first proposed by
Bloembergenin 1959, Thegenera energy scheme
of ESA is shown in figure 11 and involves the
successive absorption of two photons. An electron

isexcited from aground state (E,) to ametastable
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Fig. 11. Schematic diagram of excited-state absorption
(ESA)®.
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intermediate state (E,) during a ground state

absorption (GSA) process. A second photon then
promotesthiselectron fromintermediate state () to
the higher excited state () in optical transition and
resultsin UC emission, when electronistransferred
from back to*.

Energy Transfer Upconversion:

Energy Transfer Upconversion (ETU)
mechanism was studied extensively in the mid
1960's. The pioneering contributions of Auzel
resulted in the observation of the ATPE effect™,
which was later termed energy transfer
upconversion. Compared to ESA, itsupconversion
efficiency isat least two orders of magnitude higher
than ESA andin thismechanism twoionsparticipate
in producing the upconversion emission, asshown
infigure 12. Thefirstion, sensitizer (energy donor),
isresponsiblefor absorption of excitation photons,
and the second ion, activator (energy acceptor),
emitsthe upconversion emission. First, by aground
state absorption, the sensitizer ion is excited to

energy state E,. Second, the sensitizer ion

energizes the activator ion to E1 state through a
nonradiative transfer, then itself relaxes to the
ground level. Third, the excited sensitizer transfers
another photon to the activator through a second
nonradiative transfer which excites the activator

from E, to E,. Consequently, the upconversion
emission relaxes the activator ion back to ground
state(E )%
Photon Avalanche:

The third upconversion mechanism is

photon avalanche (PA) which wasfirst introduced
by Chivian in 1979 [46]. In the PA process, after
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Fig. 12. Schematic diagram of Energy Transfer
Upconversion (ETU)*.
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absorption of the excitation radiation, an ion is
excited. The excitation radiation is usually not
resonant with the absorption transition from the
ground state to the intermediate states, but alittle

higher than E,. Through the cross relaxation, it

goes down to state. Energy transfer occurs
between the state electron and the state electron,
resulting inthe formation of two ionsinthe state.
One of them absorbs the excitation radiation and
is excited to the E state, in which it interacts with
state electrons and energy transfer Il occurs to
form three E1 electrons. Here, the excitation
radiation isresonant with the absorption transition
from E1 to E. By repeating the whole steps again
and again, the number of electrons in the E state
increases dramatically. When the el ectrons go back
to the EO state, a strong upconversion emission is
emitted (fig 13). PA is one of the most efficient
upconversion processes, but it suffers from
drawbacks such asits dependence on the excitation
power and the delay in response to excitation (up
to several seconds) because of the numerous ESA
and cross relaxation processes®.
Energy Migration-mediated Upconverson (EM U):
In this process four ions participate in
producing the upconversion emission, include
sensitizers(lon 1), accumulators (lon 2), migrators
(lon 3) and activators(lon 4) (fig 14). The sensitizer
is used to harvest pump photons through GSA
absorption, which promotes a neighbouring
accumulator ion to an excited state. The
accumulator ions receive electrons from the
sensitizer or rarely by absorbing the pump photon
to reach the highest excited level fromwhich energy
is transferred to a migrator ion thorough a non-
radiative relaxation. This step is followed by a
series of random hops of energy between migrator
ions until the activator ion receives the energy
thorough anon-radiative transfer from migrator to
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Fig. 13. Schematic diagram of photon avalanche™.
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activator. Finally, the radiative relaxation of the
activator ion resultsin an upconversion emission.
Animportant feature of EMU isthat the excitation
energy collected by sensitizer can be amassed in
the accumulator ions by successive energy
transfers, while enabling one step energy transfer
totheactivator. Second point isthat EMU provides
high conversion efficiency for low energy
excitation. And finally it provides tunable
upconversion emission possible by replacing
activator ionswith different activator ions®. EMU
isaredly efficient method especially for low energy
excitation, but it needs state of the art structural
engineering of the particles with core shell
structure. Therefore, ETU is the preferred and
practical mechanism for producing upconversion
with more than one dopant ions®.

Contrast Stainsfor Optical maging:

Zijlmans et a. in 1999 for the first time
have reported upconverting properties of
lanthanide-doped particles that can be useful in
bio imaging. Their finding demonstrated that by
using IR radiation for excitation of submicron-sized

¥,0,5: ¥b/Tm particles, to study the
distribution of prostate-specidc antigen (PSA) in
parafin-embedded sections of human prostate
tissue, non-specilc autoluorescence signal
associated with short-wavelength excitation are
completely eliminated. In addition, they have
reported that UC particles do not bleach after
continuous exposure to high excitation energy
levels. Therefore, UC particles labeled tissue
samples can be conveniently stored for permanent
records®.

Another application of UPCNs has been
reported by Zako et al for cellular imaging. They

foundthat ¥, 0, : E nanoparticles modiGed with
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Fig. 14. Schematic diagram of EMU process*
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cyclic arginine—glycine—asparatic acid (RGD)
peptide can specilcally bind to cancer cells with

elevated integrin g5, expression. This can

provide new opportunities to document tumor
integrin expression to evaluate treatment eficacy
inintegrin-positive patientg 90]. I n addition, Wang
et a. have used NaYF,: Yb/Er nanoparticles
conjugated with antibody for highly speci(c
staining and imaging of Hel.a cells with antigen
expressed on the cell membrane™.

In addition, these UC particles can be
used intissueimaging. In 2008 for thefirst timethe
in vivo imaging of deep tissues in the Wistar rat
using UCNPs has been reported by Chatterjee et
al. inthisstudy PEI (5wt%) and 100 ¥4 of resultant
UCNPs (4.4 mg/ml) wereinjected subcutaneously
into the groin and upper leg regions of therat with
a depth up to 10 mm. UPCNSs injected below the
abdominal skin, thigh muscles, and skin and
translucent skin of the foot. The rat was then
excited using a980 nm laser. Furthermore, in control
group, they injected QDs into the thicker skin or
abdomen. As aresult, the UCNPs injected below
the abdominal skin, thigh muscles, and skin
showed visible fluorescence under a 980 nm
excitation. However IN control, they did not show
any fluorescence under aUV excitation. Therefore
UCNPsexcited with NIR radiation therefore have
great potential for in vivoimaging®.

In summary, there are several reasonsfor
the high potential of IR radiation in cell and tissue
imaging: (i) ahigh signal-to-noiseratio, (ii) strong
penetration ability and (iii) less photo damage to
the cell/tissue under long-term irradiation.
Therefore, RE doped UCNPs are promising
alternatives to traditional fluorescent biolabels
(such as organic dyes and QDs) for in vitro cell
and in vivo tissue imaging.

Photodynamic Therapy (PDT) Using UCNPs:

Photodynamic therapy is a therapeutic
option for cancer that relies on the interaction of
light and drugsto kill targeted cancer cells®. PDT
iseffectivein the treatment of early lung cancer®,
head and neck cancers®™, Barrett's esophagus®,
bladder cancer”, and to be theideal treatment for
skin cancer®. due to a better selectivity for the
tumor and alower systemic toxicity for fewer side
effects compared to radiation therapy and
chemotherapy®® 1%, This treatment modality has
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three basic components: light, photosensitizer (PS)
molecules, and oxygen. With the absorption of
light, a ground state PS is boosted into a high-
energy state, leading to energy transfer to
neighboring oxygen or other substrate molecules,
and then the generation of singlet oxygen or other
reactive oxygen species (ROS)(fig 16)*. Thesinglet
oxygen generated can oxidize critical cellular
macromolecules, including lipids, nucleic acids, and
amino acids, thereby inducing cellular permeability
alterations with the consequence of cell death by
necrosis or apoptosis or both'®. But one major
drawback of this treatment modality in clinical
applications is the low penetration of visible or
even UV light. Thusthistreatment is not suitable
for large or internal tumors'®?, New approach to
deliver light into deeper tissuesfor PDT treatment
isusing NIR-excitable upconversion nanoparticles
(UCNPs) asan energy donor'®, Thefirst report of
using UCNPsfor PDT application was published
by Zhang etal. Intheir study, UCNPswere coated
with asilica shell, into which PSmoleculeswere
doped'®. Since then, a number of papers have
reported similar strategies for the PS loading on
UCNPs'%17, Further effortsin thisfield may enable
a new photodynamic therapeutic approach with
greatly improved tissue penetration, suitable for
treatment of relatively large or internal tumors'%
110
Drug Releaseand GeneDelivery Using UCNPs:
Inrecently years, for remotely controlled
release of therapeutic drugs at the site of interest
such as tumors, photo responsive drug release
systems have received significant interests. A
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Fig. 16. Schematic design of UC nanoparticles-based
PDT for the treatment of a tumor cell. The design is
composed of ananoparticles core and aporoussilicaor
polymer shell impregnated with photosensitizers. The
shell isalso modided with functional groupsfor targeting
a speciQc tumor cell**
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specific classof UCNPswith Yband Tm, areable
toemit UV light under 980-nm NIR excitation, and
could have great promise in the design of NIR-
light responsive drug delivery systems!*2, For the
first time Carling and coworkers demonstrated the

useof NIR-to-UV UCNPs(NaYF4: ¥b Tm)for

NIR laser triggered molecular releasing. A caged
compound, 3", 5°-d (carboxymethoxy) benzoin,
which was usually photo activated by UV light,
was conjugated to NIR-to-UV UCNPs. Under NIR
laser irradiation, UV light generated by UCNPs
could trigger the uncaging process and result in
therelease of organic moleculesfrom UCNPs!3,
Recently, the use of NIR-to-UV UCNPs
for photo-controllable gene expression has been
reported by Jayakumar et al. the results of their
experiments, prove that these nanoparticles has
great potential inanumber of fieldsincluding gene
therapy for controlled and specific gene delivery/
knockdown, developmental biology for site-
specific gene knockdown, and patterning of
biomolecules using safe NIR light4,

CONCLUSON

Fluorescent nanoparticles have excellent
photostability, chemical stability and low toxicity.
advantages of these NPs over visible QDs and
organic dyedoped NPsistheir ability to be excited
in the NIR region, where autoQuorescence is
minimal, tissue penetration is maximum and there
isminimum photodamage. They a so do not exhibit
photoblinking, which is a phenomenon observed
in QDs. The upconversion Quorescence output of
UCNs is also higher than that of QDs. These
particles can beapplied for drug and gene delivery
due to the ability to protect their encapsulated
content and physical properties.
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