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ABSTRACT

Fluorescent labelling is widely used as an indispensable tool in biology for
the study of complex molecular interactions. Conventional downconver-
sion fluorescence labels with ultraviolet (UV) or short wavelength excita-
tion suffer from the presence of autofluorescence, low signal-to-noise ratio
and incident photodamage to living organisms. This chapter focuses on
upconverting fluorescent nanoparticles with excitation in near-infrared
region. This has several advantages including very low autofluorescence,
absence of photodamage to living organisms, high detection sensitivity and
high light penetration depth.
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6.1 INTRODUCTION

Most biomolecules lack sensitive detectable fluorescent signal; hence there is
a need for fluorescent labels to study their molecular interactions. Fluorescent
probes emit fluorescence at certain wavelengths which can be detected using
fluorescence microscope under in vitro and in vivo conditions. Exogenous
labels for biological analysis were first introduced by American scientists
Yalow and Berson in the form of radioimmunoassay (RIA). Apart from its
high sensitivity (10°-107'?) and wide application, it suffers from radioactiv-
ity and inherently short half-life. This has led to the introduction of various
non-radioactive labelling techniques based on enzyme-catalysed reactions,
bio/chemiluminescence and fluorescence. Of the three, fluorescent labelling is
widely used in biology and medicine. Fluorescence is the luminescence phe-
nomenon that occurs in fluorophores. It is a process by which a fluorophore
absorbs particular wavelength of light and excites to higher energy state with
emission of light. This emission energy corresponds to the energy difference
between excited state and ground state. The optical properties of fluorophores
such as fluorescence intensity, excitation spectrum, emission spectrum and
fluorescence lifetime help to encode the happenings around the molecule that
is monitored. For example, labels which are environmentally sensitive can
be used as molecular reporters. Information on what is happening in their
molecular environment can thus be derived from their fluorescence signals,
and their exact locations can be monitored using fluorescence microscopy.
Most of the conventional fluorescent labels follow the principle of Stokes
law. They are excited under UV or short wavelength excitation. The main
problems in using them are: autofluorescence (noise) from the analytes under
UV and short wavelength excitation which decreases the signal-to-noise
ratio, low light penetration depth and severe damage to living organisms'~>.
Some conventional fluorescent labels used are organic dyes, fluorescent pro-
teins, lanthanide chelates, semiconductor quantum dots (QDs), lanthanide
doped inorganic nanoparticles and fluorophoretagged latex/silica nanobeads.
However, the most commonly used are organic dyes and QDs.

Organic dyes, though popular owing to their low cost, availability and
easy usage, also pose some challenges such as short Stokes shift, poor
photo-chemical stability, susceptibility to photobleaching and decomposi-
tion under repeated excitation. However, recent research has overcome some
of these problems. Some commonly used organic dyes are fluorescein, rhod-
amine, cyanine and Alexa dyes. QDs are semiconductor nanoparticles com-
posed of atoms from groups II-VI or III-V of the periodic table. They are
generally defined as particles having physical dimensions smaller than the
exciton Bohr radius, typically 1-5nm. This small size leads to a quantum
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confinement effect, which endows nanoparticles with unique optical and
electronic properties. Advantages of using QDs over other fluorescent labels
include great assay sensitivity and stability and better emission selectivity.
QDs with different sizes and compositions can be excited simultaneously
with a single wavelength of light to produce emissions at different wave-
lengths useful in multiplex detection studies. Again QDs are not foolproof.
Major problems involve presence of autofluorescence and toxicity. These
obstacles in the application of conventional labels have paved the way to
develop a new class of labelling materials.

Upconverting nanoparticles (UCN) with near-infrared (NIR) excitation
are the best choice. The process in which the emission energies are found to
exceed excitation energies by 10-100 times KT violating Stokes law in its basic
statement is called upconversion (UC). Coupled lanthanide and uranide f ions
and transition metal d ions, when embedded in solids, produce UC fluores-
cence under moderate to strong excitation density. UCN convert low energy
exciting photons to visible emissions. They have various advantages such as
absence of autofluorescence and of photodamage to living organisms as excit-
ing NIR light does not excite the biological samples; deep tissue penetration as
NIR light shows low scattering effect; high emission signals as the UC proc-
ess occurring inside the host materials is not affected by external environment
such as pH, temperature, etc.; multiplex imaging as under same excitation,
the emission wavelengths of UCN can be varied by changing their doping
ions* °. This chapter gives an overview of UCN and their bioapplications.

6.2 THE MECHANISM OF FLUORESCENT UC

A wide variety of mechanisms have been proposed for the occurrence of
UC either alone or in combinations of absorption and non-radiative energy
transfer steps. Absorption is in two basic forms, that is, the ground state
absorption (GSA) — promotion of ions from its ground state to an excited
state — and the excited state absorption (ESA) — promotion of ions from
its excited state to a higher excited state — as shown in Figure 6.1a. Non-
radiative energy transfer may take place between either like energy levels
or unlike energy levels. Energy transfer among like levels of like ions is the
common phenomenon of energy migration.

A similar process between unlike ions may lead to energy trapping or sen-
sitization effect. Energy transfer between unlike levels may result in energy
transfer upconversion (ETU) and cross relaxation (CR). ETU is a process in
which a low lying neighbour donates its excitation energy to a neighbour-
ing excited ion which is then promoted to a higher excited state. Figure 6.1b
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absorption (GSA/ESA); (b) ground state absorption followed by energy transfer upconversion (GSA/ETU);
(c) Cross relaxation (CR).

shows the mechanism of GSA followed by ETU. ETU is inherently a pair-
wise or multicentre effect which strongly depends upon concentration of
ions. CR is the reverse of ETU. In CR, an ion (at higher excited levels) is
partially deactivated through energy transfer to a ground state neighbour,
with both ions at lower excited levels, as shown in Figure 6.1c.

6.3 UPCONVERTING NANOPARTICLES

UC occurs in various ion-doped solids such as crystals® 7 and glasses®!'!.
Usually lanthanide (4f), actinide (5f) and transition metal (3d, 4d, 5d) ions
can produce UC fluorescent emission when embedded in solids or organic
ligand. Of these, trivalent lanthanides based UC are predominantly used.
This is because lanthanides have more than one metastable state (except
Yb?*) which makes them best suited for UC. This is due to the fact that the
spectroscopically active 4f electrons are well shielded from their chemical
environment by the outer-lying 5s and 5p electrons, resulting in particularly
small electron-phonon coupling strength for various excited f-f states. As a
consequence, luminescence processes are much more competitive with mul-
tiphonon relaxation in lanthanides compared to other ions, and their excited
lifetime is typically in the range of 107°~10"2s. Also, in lanthanide centred
f-f transitions, there is only a small displacement between the ground state
and the excited state. Lanthanide ions, Pr3¥, Nd3*, Dy, Ho®', Er®', Yb®",
Sm3* and Tm?", have been used widely for synthesis of UC fluorescent
materials'?>"'*, Transition metal based UC is considerably less explored due
to the much stronger electron-phonon coupling of d-electrons, which leads
to dominant non-radiative relaxation based on multiphonon processes for
most of the excited d—d states. Some examples are Ti*", Ni2¥, Mo, Re*"
and Os** doped halides'>~2.

The principal strategies for obtaining new inorganic UC nanoparticles
involve changing the host lattice and doping ions. Changing the host lattice
may dramatically influence the radiative and non-radiative (multiphonon



6.3 Upconverting Nanoparticles

IELICHCWE List of Examples of Upconverting Inorganic Nanoparticles

Host Absorber Emitter Emission(s) Wavelength (nm) Reference
Material lon lon
YF3 Yb Er Blue 411 [28]
GdFs Yb Er Green, red 520-550, 665 [29]
NaYFy Yb Er, Tm Green, red, blue 518-545, 652-655, [30]
475
LaFs Yb Er, Tm, Ho Green, blue, red 545, 475.2, 657.8 [31]
Y5058 Yb Er, Ho, Tm Green, red 520-580, 660-700  [26]
Green, red 550, 640-680
Blue, red 460, 640-680
Gd,0,S Yb Er Green, red 520-580, 650-700 [32]
Y503 Yb Er Red 662 [21]
La, (MoOy)3  Yb Er Green, red 519-541, 653 [33]
Zn0 Er Green 520-550 [34]
Gd,03 Yb Er Green, red 520-580, 660-700  [32]
Y3NbO; Er Green, red 550, 665 [35]
Luy03 Yb Ho Green, red 548, 667 [36]
Csy,NaGdClg  Tm Ho Blue, green 492, 543 [37]
Yellow, red 588, 657

relaxation as well as energy transfer) properties, leading to entirely different
UC luminescence behaviour. For example, one can reduce the efficiency of
multiphonon?! relaxation processes by changing the lattice from high pho-
non energies (fluoride, oxide, etc.)?>>° to low phonon energies (chlorides,
bromides, iodides, etc.)'® 8. But most of these low phonon energy lattices
are hygroscopic. Choosing a host with specific optical and/or magnetic
properties may also influence the UC emission properties of a dopant ion
through sensitization or perturbation by exchange interactions?’. Similarly,
a change in dopant ions has dramatic effect on UC emission. The most
obvious effect is the change in emission wavelength. The choice of host
lattice and co-dopant covers a very broad range of possibilities in the devel-
opment of compounds with new and unprecedented UC properties, leaving
much to the imagination and creativity of the researcher. Some upconvert-
ing nanocrystals are summarized in Table 6.1.

Usually lanthanide cations show very weak absorption that extensively
decreases their emission. This drawback is overcome in coordination chemistry
by the development of ‘antenna effect’. This allows an increase in luminescence
intensity through indirect excitation by tuning the absorption cross sections
into regions unabsorbed by the nanoparticles. Some examples are: energy
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transfer to lanthanide cations from anions present in bulk structure of phos-
phate and vanadate based nanoparticles; energy transfer from surface passi-
vating shells in SiO, coated nanoparticles; capping chromogenic ligands®*-°,

6.4 CONJUGATION OF BIOMOLECULES TO UCN

For bioapplications, UCN should be hydrophilic, biocompatible and should
possess functional groups to facilitate covalent bioconjugations®’. Most of
UCN are synthesized in organic solvents> *I 4> or at high temperatures®”
33 Organic surfactants such as cetyl-trimethylammonium bromide (CTAB)
or ethylenediamine tetra acetic acid (EDTA) are often used as ligands to
control the particle growth and stabilization against aggregation resulting
in a hydrophobic surface. Hence, surface modification is required for these
UCN before employing them in biological studies®” 3. The surface modi-
fication is much dependent on surface chemistry of UCN; so, it is difficult
to achieve all desired properties using one universal method.

The surface modification of UCN is made by coating a thin layer of either
silica or polymer. Silica coating is an attractive method, as their surface chem-
istry is well documented***”. The surface silica prevents nanoparticles from
flocculation and provides room for decoration with functional groups such
as thiol, amino and carboxyl groups, which allow greater control in conjuga-
tion protocols*®. On the other hand, hydrophilic, biocompatible and bifunc-
tional polymers are used as chelating and stabilizing agents for UCN. They
render the surface of UCN hydrophilic and provide functional groups for
bioconjugations. The polymers such as polyvinylpyrrolidone*® chitosan®’°?,
polyethylenimine (PEI)** >3, poly(acrylic acid)(sodium salt)(PAAcNa)** and
polyethylene glycol (PEG)°° are used for synthesis of UCN. The presence of
polymer does not affect the fluorescence spectrum of polymer/UCN. Figure 6.2
shows the fluorescence spectrum of PEI/NaYF,:Yb3*, Ln3* (Ln: Er or Tm)
nanoparticles. Also, further increase in functionality can be achieved by
encapsulating polymer/UCN with a uniform layer of silica. The schematic
representation of silica/PVP stabilized nanoparticles*® is shown in Figure 6.3.

6.5 UCN FOR BIOLOGICAL APPLICATIONS

6.5.1 UCN in immunoassays

The immunoassay is used to measure the concentration of substance in
biological liquid (serum or urine) using the bio-affinity between antibody
and antigen. It has important applications in the diagnosis of infectious
and genetic diseases. Labelling the antibody or antigen is commonly used
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for detecting their quantity. Downconverting fluorescence labels suffer from
photobleaching, toxicity, low luminescence intensity and decreasing fluo-
rescence intensity in biological fluids®®~>®. The development of biological
labels that are resistant to photobleaching, biocompatible, highly lumi-
nescent and ultrasensitive in both in vitro and in vivo bioassays remains a
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challenging task. Lanthanide doped UCN with NIR excitation can be a good
choice®”-°!. These nanoparticles are biocompatible, show high chemical sta-
bility and can be used for multiplex imaging. Most importantly, they show
very low background signal as the interfering biomolecules in question do
not get absorbed in the NIR region. The application of UCN as reporter
in homogeneous immunoassays®’®> and nucleic acid microarrays®® pro-
vides 10-100 folds better detection limits than conventional fluorescence
reporters.

Further enhancement in the detection sensitivity can be achieved by
introducing UCN coupled with either lateral flow assay or fluorescence res-
onance energy transfer (FRET). The lateral flow assays are a simple device
with a solid substrate, which is pre-treated with antibody or antigen, used
for the detection of target analytes in the test sample. UCN based lateral
flow assays lead to better detection sensitivity®” . FRET is one of the
most important techniques used to monitor binding interactions based
on the detection of proximity between a fluorescent energy donor and an
acceptor species. The basic principle of FRET is described as non-radiative
energy transfer from a donor to an acceptor species in close proximity with
a distance smaller than critical radius known as Forster radius (typically
<10nm)°. FRET is a very simple and convenient method. This is used to
measure changes in distance rather than the distance itself, thereby making
them best suited for measuring protein conformational changes®’, moni-
toring protein interactions®® and assaying of enzyme activity®®. They are
based on measurement of either donor quenching or sensitized emission
from acceptor. An example for UCN-FRET system for the detection of trace
amounts of avidin is shown in Figure 6.4. In this system, biotin conjugated
UCN and 7 nm gold nanoparticles were used as energy donor and acceptor,
respectively.

hv/ @

D Au-biotin .
e Ry o 5
Phospor-biotin Avidin Phospor-biotin
hve 980 nm hv ¥ 980 nm

IV MW Scheme of the FRET system with phosphor-biotin nanoparticles as energy donors
and Au-biotin nanoparticles as energy acceptors in the analysis of avidin. ET = energy transfer.
Source: Reproduced with permission from Ref. [43]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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Different concentrations of avidin were added to the mixture of these
two nanoparticles and their fluorescent spectra were measured as a function
of avidin concentration. It was observed that the luminescence was gradu-
ally quenched with increasing amount of avidin**. However, UCN-FRET
has intrinsic limitations such as large size of UCN and instable conjuga-
tion of biomolecules on the surface of UCN. The reduction in size of UCN
can increase its signal variation and decrease proximity based energy trans-
fer efficiency. Most efficient energy transfer can be achieved with particles
lesser than 40nm in diameter, in which larger proportion of the emission
ions can participate in non-radiative energy transfer due to short distances.
The instable conjugation of biomolecules on the surface of UCN is due to
the improper coating method that leads to dissociation of bioconjugates
from the surface of nanoparticles and decreases their assay sensitivity.
Further studies may pave the way to wider applications of these UCN in
ultrasensitive multicolour detection of nucleic acids and proteins, and fluo-
rescence immunoassays.

6.5.2 UCN in bioimaging

The morphological and optical properties of nanoparticles are key compo-
nents for in vitro and in vivo imaging of living cells and animals, respec-
tively. The nanoparticles ought to be compatible in size and chemical
composition with the imaging systems. The chemical stability, non-
photobleaching and biocompatibility of UCN over conventional labels make
them best suitable for bioimaging. UCN of few hundred nanometres were
used to image the digestive system of nematode Caenorhabditis elegans
(C. elegans)’’. Figure 6.5 shows the images of secretion of UCN in diges-
tive system of C. elegans under 980 nm excitation. In our lab, PEI stabilized
NaYF, nanoparticles of about 50nm diameter and with amino functional
groups were used for imaging of cells and deep tissues in animals’!. Folic

False colour two-photon images of C. elegans at 980nm excitation. The worms were
given food immediately after being fed with phosphors, showing decreasing amounts of phosphors at (a)
Oh, (b) 1hand (c) 2h.

Source: Reprinted with permission from Ref. [70]. Copyright 2008, American Chemical Society.
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Bright field, confocal and superimposed images of live human ovarian carcinoma
cells (OVCAR3, top row) and human colonic adenocarcinoma cells (HT29, bottom row), with PEI/NaYF,
nanoparticles attached. The nanoparticles were surface modified with folic acid.

Source: Reprinted with permission from Ref. [71]. Copyright 2008, Elsevier.

acid coated PEI/NaYF, nanoparticles were used for imaging human HT29
adenocarcinoma cells and human OVCAR3 ovarian carcinoma cells. The
demonstration of its live cellular imaging is shown in Figure 6.6.

The deep tissue imaging of Wistar rats is shown in Figure 6.7. Anaesthetized
Wistar rats were injected subcutaneously at groin and upper leg regions with
100mL of PEI/NaYF,:Yb, Er. The nanoparticles injected show visible fluores-
cence from a depth of up to 10mm. The muscles with skin removed show
much stronger fluorescence from deep injection than intact skin at similar
depths.

In general, the morphological and optical features of UCN make them
best suited for continuous live imaging of tissues in small animal models,
which can then be utilized in monitoring tumour and exploring pathologies
without unnecessary sacrifice of animals. This is particularly important
when temporal series of data are required.

6.5.3 UCN for photodynamic therapy

UCN can be administered in therapeutic applications such as photody-
namic therapy (PDT). This involves destruction of pathological cells and
tissues using toxic oxygen species generated from dynamic interaction of a
photosensitizing agent with light and oxygen. This mechanism takes place
in three different phases: first, absorption of light by photosensitizing agent
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(c) UV excitation (d) 980 nm excitation

In vivo imaging of rat: quantum dots (QDs) injected into translucent skin of foot
(a) show fluorescence, but not through thicker skin of back (b) or abdomen (c); PEI/NaYF,:Yb,
Er nanoparticles injected below abdominal skin (d), thigh muscles (e) or below skin of back (f) show
luminescence. QDs on a black disk in (a) and (b) are used as the control.

Source: Reprinted with permission from Ref. [71]. Copyright 2008, Elsevier.

to attain an excited state; second, release of energy to surrounding oxy-
gen to convert them to oxygenated products or singlet oxygen and finally,
induction of cell death by toxic products. There are some technical diffi-
culties involved in PDT application which decrease their efficiency. They
are: (1) most photosensitizers are hydrophobic — they aggregate easily under
physical conditions and have low accumulation selectivity towards diseased
tissue; (2) photosensitizer absorbs in visible spectral region below 700nm
which cannot penetrate deeply inside tissue. The use of UCN overcomes
these drawbacks. UCN by themselves are unable to generate singlet oxygen
species from dissolved oxygen and require the attachment of an appropri-
ate photosensitizing agent with excitation band matching the emission of
nanoparticles. In principle, incident NIR light is upconverted by UCN to
visible light which is used by photosensitizer to produce singlet oxygen spe-
cies from dissolved molecular oxygen environment. In addition, it helps to
solubilize highly non-polar photosensitizer and target them to cancer cells.
Accordingly, UCN acts as energy transducer for photosensitizer. UCN,
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core-shell silica/NaYF,:Yb, Er with merocyanine-540"> and PEI/NaYF,:Yb,
Er with zinc pthalocyanine 7? are reported for PDT.

6.6 CONCLUSION

Conventional downconverting fluorescent labels suffer from autofluores-
cence, low light penetration and presence of severe photodamage to living
organisms. UCN with NIR laser excitation is a good alternative. Advantages
of UCN are strong anti-Stokes emission of discrete wavelengths, unmatched
contrast in biological specimens due to the absence of autofluorescence upon
excitation with NIR light and simultanecous detection of multiple target
analytes. With these advantages, UCN find potential applications in immu-
noassay, bioimaging®> and PDT’% 74, There is still room for improvement in
characteristics of UCN which include its larger size, absence of functional
groups for bioconjugations and its instability when dispersed in solutions.
In addition, synthesis of bifunctional UCN with both fluorescence and
paramagnetic properties has raised a significant interest in the field of bio-
labelling’> 7°. These bifunctional nanoparticles have potential application
in fluorescence imaging’’, targeting’®, bioseparation, cancer diagnosis and
treatment, DNA separation and magnetic resonance imaging (MRI)"°.
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