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1 Introduction 1

1 Introduction

1.1 Nanoparticles

Nanoparticles (NPs) have taken scientists around the world by storm. They promise to
revolutionize the world with a radical break through numerous areas such as materials and
manufacturing, electronics, medicine and healthcare, environment and energy, chemistry and
pharmacy, biology and agriculture, computation and information technology. ' NPs are small
clusters of atoms about 1 to 100 nanometers in size.” In general, when the dimension of a
material is reduced from a large size, the properties remain the same at first, and then little
changes occur, until finally, when the size drops to below 100 nm, dramatic changes in
properties can take place. Suitable control of the properties of nm-scale structures has become

. . . 1
a vast area of research with respect to new devices and technologies.

NPs can be formed from most elements of the periodic table,® and they can be
classified as metallic, semiconductor, ionic, rare gas or molecular according to their
constituents. NPs are further characterized as homogeneous if they contain only a single type
of atom,”* or heterogeneous if they comprise more than one constituent.” They may be neutral
or charged (anions or cations).® Also, NPs offer a lot of attractive possibilities in
biotechnology. First, they have controllable sizes ranging from a few nanometers up to tens of
nanometers, which places them at dimensions that are smaller than, or comparable to, those of
a cell (10-100 pm), a virus (20—450 nm), a protein (5-50 nm) or a gene (2 nm wide and 10—
100 nm long)’ giving them the ability to be coated with biological molecules to make them
interact with or bind to a biological entity providing a controllable means of delivering it into

biological systems.®

1.1.1 Metallic Nanoparticles

Metallic nanoparticles display fascinating properties that are quite different from those of
individual atoms or bulk materials. Their properties are affected by their electronic energy
levels, which contrast with the continuum of energy states found in bulk materials. The
existence of a surface has a major influence. Atoms at the surface are in a different

environment from those in bulk and this will modify the overall electronic, chemical and
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magnetic properties of the cluster. Even for clusters of 2000 atoms, about 20% of the atoms

lie on the surface.

Understanding the novel behaviour of these materials provides a challenge to the
experimental and theoretical techniques of fundamental science, but it is also a reward due to
their huge potential in future applications. They include, for example, catalysis,” chemical

. . 10,11
and biological sensors,'”

systems for nanoelectronics and nanostructured magnetism (e.g.
data storage devices). '* In medicine, there is interest in their potential as agents for drug
delivery. "* Understanding the properties of NPs is dependent on their behaviour as free
particles, but in most situations they are deposited on a substrate or embedded in a matrix of
another material and it is necessary to study the influence of their environment. In many
applications, the attachment of chemical or biological molecules to the NPs is of major

. 14
interest.

1.1.2 Magnetic Nanoparticles

In bulk materials, magnetism occurs in a limited range of the periodic table. Iron, cobalt and
nickel exhibit ferromagnetism due to the unfilled 3d electron bands. The rare earths, with
unfilled 4f shells, exhibit complex magnetic behaviour. At the atomic level, on the other hand,

the majority of elements exhibit a non-zero magnetic moment in the ground state.

An enhanced magnetic moment is observed for Fe, Co and Ni nanoparticles up to several
hundred atoms in size. It was anticipated that some metals that are non-magnetic in bulk
would exhibit a magnetic moment when in the form of small clusters but, apart from rhodium,
for which a moment has been observed in clusters of fewer than 100 atoms, the outcome has

been negative. The focus remains therefore on metals that are magnetic in bulk.

Magnetic nanoparticles (MNPs) obey Coulomb’s law and can be affected by an external
magnetic field. This, combined with the intrinsic penetrability of magnetic fields into human
tissue,” enables many applications involving the transport and/or immobilization of MNPs, or
of magnetically tagged biological entities. '° They can be used to deliver such things as an
anticancer drug to a targeted region of the body, such as a tumor.'” Furthermore, they can be
synthesized to resonantly respond to a time-varying magnetic field, transferring energy from
the exciting field to the nanoparticle. As a result of their special physical properties, there are

many potential applications of MNPs.'®
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1.1.3 Carbon Nanotubes

Carbon materials as adsorbents offer many advantages because of their low mass density.
Hydrogen storage in nano-scaled carbon materials has attracted much attention in recent years
owing to the development of carbon nanotubes and nanofibers, and the reported unusual high
storage c:clpacities.lg’20 Moreover, carbon nanotubes (CNTs) are an attractive material for the
development of biosensors due to its capability to provide strong electrocatalytic activity”'
and minimize surface fouling of the sensors.”” These result in successful developments of

biosensors based on CNT materials.

1.1.4 Quantum Dots

Quantum dots (QDs) are spherical, luminescent inorganic nanocrystals made of
semiconductor materials,” of the order of 2-10 nm arranged in a spherical crystalline core
and capped with a shell consisting of a second metal alloy composition. They are composed
of periodic groups of II/VI (e.g., CdSe) or INI/V (e.g., InP).** Their optical properties are size-
dependent.”® Owing to their optical and electronic properties, particularly their ability to
fluorescence at discrete wavelengths directly proportional to their sizes and material
compositions, QDs have been widely applied to many fields of science including medicine,

biology and electronic.”®*?’

The use of QDs is one of the fastest growing and most exciting interfaces of nanotechnology
in biology.” While the unique optical properties of QDs make them appealing as in vivo and
in vitro fluorophores in a variety of biological investigations,” QDs have a number of
advantages over organic dyes,’’ including resistance to photobleaching; narrow, nearly
symmetrical emission peaks; a broad absorbance band;’' the ability to excite at a single
wavelength an entire family of QDs having different emission characteristics, thus providing
multiplexed assay capability;’> the capacity to design QDs with emission characteristics
ranging from the low visible wavelengths to well within the IR region; and the potential for
relatively high quantum yield of fluorescence. Therefore, QDs are widely used in applications
involving imaging, labelling and sensing.®> Their toxicity has limited their use so far,

however.
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1.1.5 Polystyrene Nanoparticles

A common class of fluorescent materials is based on polystyrene latex beads in combination
with organic dyes.”* Generally, the dye incorporates the NPs by covalent attachment of the
dye molecules to the polymer chain or physical entrapment in a cross-linked particle,” thus
preventing probes from leaching, quenching and photobleaching. Meanwhile, as the number
of procedures regarding synthesis of the polystyrene nanoparticles (PSNPs) containing
differently sized fluorescent particles is rapidly increasing. This is also true for bioanalytical
applications of particulate labels and particle-based platforms.’®” Additionally, they are
widely used in biological application such as nanosensors, *° drug delivery,” and flow

cytometry.40

1.1.6 Gold Nanoparticles

Gold nanoparticles (GNPs) possess unique optical, electronic, and molecular-recognition
properties*! that make them useful for numerous applications.* The rich surface chemistry of
GNPs allows surface modification reactions with wide varieties of chemical and biochemical
species to impart specificity to their biological applications including imaging and therapy of
cancer.” The major advantages using GNPs in biomedical application are that they are stable
and excellent biocompatible to both in vitro and in vivo environments.** Further, the optical
properties of GNPs provide vast range of opportunities for constructing optical biosensors.*’
The basic principle involved in the design of a biosensor based on GNPs is that the GNPs are
functionalized or capped with a thiolated biomolecule which upon identifying the
complementary biomolecule causes change in the optical absorption of GNPs.** GNPs also

are widely used in lateral flow assays, for example in pregnancy tests.

1.1.7 Silica Nanoparticles

Silica nanoparticles (SiNPs) represent an interesting class of materials because they are
available in well defined size and size distribution, are rather affordable, and have fairly good
biocompatibility and a surface reactive enough to allow for various kinds of
functionalization.”” While SiNPs, in contrast to quantum dots, are not fluorescent by

themselves, they can be rendered fluorescent by methods such as incorporation of dyes into
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the interior of the material, or by methods that are comparable to processes that can be used to

modify glass surfaces.

One of the most promising applications of silica nanobeads is their use as fluorescent labels in
bioassays. In fact, fluorescent NPs have been used for various purposes® including

51,52

nanotechnology for gene delivery,”” drug delivery and scanning probe microscopy-

based imaging and sensing techniques.” Besides, silica-based NPs have been extensively

o . o . 54,55
used in bioanalytical applications, such as immuno and gene assays,” "

where they are
conjugated, for example, to biomolecules for analyte recognition and subsequent signal

generation.

1.1.8 Upconverting Nanoparticles

Inorganic rare earth (RE) (lanthanide) nanomaterials recently have been shown to be most
viable luminescent biolabels, as the rigid crystal host lattice protects the emitting RE dopants
from adverse environmental effects.’® Moreover, lanthanide ions are known to exhibit not
only downconversion (i.e. conventional Stokes type) luminescence but also efficient
upconversion (anti-Stokes) luminescence.”’ The term upconversion (UC) relates to an effect
by which low-energy near-infrared (NIR) radiation is converted to higher energy (visible)
light by (sequential) multi-photon NIR absorption and subsequent emission of shorter wave
luminescence. The phenomenon® has been known since 1960s but primarily been exploited
for the development of optical devices’” such as infrared quantum counters, temperature
sensors and solid-state lasers. Thus, the use of the UC effect has been limited to bulk glass or
crystalline materials for more than 30 years. Up from the late 1990s, however, when
nanoparticle (NP) research experienced fast momentum, the potential of UC materials for

bioanalytical assays and luminescent imaging was recognized.

UCLNPS inherit from the respective bulk material the advantage of being photoexcitable in
the NIR (most often at around 980 nm) where the auto-absorption of any biological matter is
quite weak, thereby reducing to virtually zero any background absorption and luminescence
(which would occur, along with Raman scatter, at wavelengths of above 980 nm anyway).
Also, the absorption of water is fairly weak at this wavelength. Secondly, the large anti-
Stokes shift allows easy separation of the discrete emission peaks from the excitation source.
Thirdly, the emission bands are rather narrow and this enables easy separation of bands. On
the other hand, one needs to keep in mind that many UCLNPs most often emit not only two if

not more major bands (all fairly narrow), but also side bands of weaker intensity which may
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overlap the band of a second dopant lanthanide ion. UCLNPs are chemically stable, do not
bleach and unlike many quantum dots (QDs) do not blink. The peak emission wavelengths of
the UCLNPs are not size dependent (as in the case of QDs), and multicolor emission can
easily be accomplished by varying host crystal and RE dopant. Applications of UCLNPs
(which are virtually invisible in low concentrations) include authentication and security in
general, anti-counterfeit, brand protection, flow cytometry, photodynamic therapy, and point-
of-care diagnostics. In bioanalytical terms, they have been demonstrated to be useful in
immunoassays and gene assays,”’ as luminescent labels,”® in chemical sensing,”' and in
imaging of cells.”” In order to be useful in affinity assays (such as in highthroughput
screening) and bioassays, the surface of UCLNPs has to be functionalized in order to enable

covalent immobilization of appropriate biomolecules.

Such surface chemistries are expected to be versatile so as to enable immobilization of
proteins, receptors, enzymes, or nucleic acid oligomers, to mention a few. Moreover,
UCLNPs whose surface is not appropriately modified may be suspended fairly well in certain
organic solvents but not so in water. This is crucial, however, with respect to many
bioapplications. Upconversion materials inorganic crystals in general do not display UC
luminescence at room temperature. The UC phenomenon typically occurs in singly or
multiply doped host systems. Hence, research concentrates on materials that consist of a
crystalline host and RE dopants added to the host lattice in low concentrations. The
composition is particularly crucial in the case of nanoscale materials with distinct optical
properties. At least two types of RE ions are needed as dopants to put into effect a material
emitting efficient luminescence. Quite a variety of UC materials are known but fluorides and
oxides are most frequently used as host crystals at present. The most common UCLNPs
consist of either NaYF4 or Y,03 as a host material. Sulfides are widely used in UC micro
particles but are hardly used in case of NPs. Most lanthanide ions are capable of emitting UC
luminescence. Their (weak) absorption bands peak at around 980 nm. Low-cost diode lasers
perfectly match this wavelength. However, excited states and intermediate states have to be in
energetic proximity so as to enable photon absorption and energy transfer, and thus to warrant
efficient emission. Such a ladder-like configuration of the energy levels is particularly
featured by the Er’" and Tm®" ions. These ions are frequently used as emitting dopants. The
ions of holmium,** dysprosium,” terbium,** praseodymium® and cerium® also have been
used in UCLNPs. Numerous and highly different emission colors can be obtained by the

variation of the kind and concentration of dopants.65
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1.2 Fluorescence Quenching

Fluorescence quenching is defined as any process decreasing the fluorescence intensity of
. . . 66 - .
substance. A variety of processes can result in fluorescence quenching,” including a

6768 or the

fluorescence resonance energy transfer (FRET) between two adjacent molecules,
energy transfer attributed to a collisional quenching.’® Both types require an interaction
between the fluorophore and quencher. Fluorescence quenching has been widely studied both
as a fundamental phenomenon, and as a source of information about biochemical systems.®
Further, it is widely used for determination of the quencher concentration such as heavy metal
ions or halides.®”"*"" Additionally, the most common method for oxygen sensing is based on

. . . . 72.73
the quenching of fluorescence from an appropriate chemical species. ™

1.2.1 Fluorescence Resonance Energy Transfer

Fluorescence or Forster resonance energy transfer (FRET) ¢7*

is a type of energy transfer
between two adjacent molecules. During this process non-radiative energy transfer occurs
from donor to acceptor, a donor (fluorophore) is excited by absorption of a photon, but instead
of emitting a fluorescent photon, the excitation is transferred to the acceptor molecule which
raises the energy state of the electron to higher vibrational levels of the excited singlet state.
As a result, the energy level of the donor fluorophore returns to the ground state, without
emitting its own fluorescence. This mechanism is extremely dependent on the dipole
orientations and the distance between the two molecules. FRET can typically be observed
over distances in the 10 to 100 A range.” Additionally, the fluorescence emission spectrum of
the donor molecule must overlap the absorption spectrum of the acceptor molecule.’® The
acceptor molecule can be a fluorescent’ or non-fluorescent’® molecule. If the acceptor
molecule is a fluorophore or luminescent nanoparticle,”’ the transferred energy can be emitted
as fluorescence, characteristic for that fluorophore. If the acceptor molecule is non-

fluorescent, the absorbed energy is released in the form of heat, and no fluorescent light is

emitted from the complex (“dark quenching”).
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1.2.2 Collisional Quenching

Dynamic or collisional quenching occurs when a fluorophore that is raised to its excited
state,”® is deactivated upon contact with another molecule in the same solution. Thereby, the
fluorophores return to the ground state without emission of fluorescence light. They undergo
radiationless deactivation. The extent of quenching depends on the nature of the fluorophore,
its structure, and the manner of its interaction with the other molecule. Examples of molecules

84,85

that can act as collisional quenchers are oxygen, " halogens,*"*** heavy metal ions, and

amines.*® Dynamic quenching of fluorescence is expressed by the Stern-Volmer equation:

A

fo S iik, o]
T 1

Where t,, I, and T, I are the luminescence lifetimes and intensities in the absence and the
presence of the quencher, respectively; kg, is the bimolecular quenching constant and [Q] the
quencher concentration. The Stern-Volmer equation is a linear equation, and hence it allows
for very easy experimental determination of the quenching rate constant k. If the emission
intensity (or lifetime) in the absence of quencher and then in the presence of incremental
amounts of quencher is measured, and the resulting ratio of emission intensities (Io/I) is
plotted as a function of quencher concentration, the resulting graph will have an intercept of 1

and a slope called the Stern-Volmer constant, Kgy.

1.2.3 Static Quenching

Besides collisional quenching, there is also static quenching which occurs when a ground
state complex is formed between the fluorophore and the quencher. If this complex absorbs
light, it immediately returns to the ground state without emission of a photon.®® The quencher
is somehow associated with the fluorophore in solution prior to light absorption. Therefore,
the reduction in emission intensity will be affected by the extent to which the quencher
associates to the luminophore and the number of quenchers present. In comparison between
dynamic and static quenching, the collisional quenching only affects the excited states of the
fluorophores, hence there is no change in the absorption spectra expected. In contrast the
ground-state complex formation in case of static quenching will frequently result in

perturbation of the absorption spectrum of the fluorophore.”
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1.3 Aim of the Work

The aim of this work was to investigate the potential of various kinds of luminescent
nanoparticles with respect to chemical sensing and biosensing. In the first part, I will describe
a complete set of colored SiNPs that were obtained by covalent attachment of fluorophores to
the amino-modified surface of SiNPs, with excitation maxima ranging from 337 to 659 nm
and emission maxima ranging from 436 nm to the near infrared (710 nm). These fluorescent
SiNPs were to be used in novel kinds of FRET-based affinity assays at the interface between

nanoparticle and sample solution.

Different types of nanoparticles (SiNPs, PSNPs, and UCLNPs) carrying longwave absorbing
and emitting fluorescent labels were to be prepared by conjugating reactive dyes to the
surface of amino-modified particles. This type of dyes have a reactive chloro group capable of
reacting with amino groups and thereby undergoing a change in color, typically from green to
blue. Furthermore, the dual emission property of labeled UCNP depending on whether their

luminescence is photoexcited with visible light or near-infrared light was to be demonstrated.

The UCLNPs were to be synthesized by coprecipitation and solvothermal methods with
different types of dopant particles Er’", Tm’" and Ho". Quenching of these luminescence
UCLNPs by heavy metal ions and halides was to be demonstrated in aqueous solution.
UCLNPs were prepared by the coprecipitation method and were to be modified by coating of
NPs with a thin layer of silica to improve dispersibility, followed by producing epoxy groups
on surface in order to covalently immobilize biomolecules on their surface such as avidin. The
resulting modified nanoparticles were to be used for application in affinity assays as detection

of biotin-avidin affinity binding based on gold nanoparticles.
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2. Physical Background

2.1. Silica Nanoparticles

2.1.1 Surface Modification and Bioconjugation

Numerous methods have been developed for surface modification of silica NPs (SiNPs) in
order to enable their coupling to biomolecular targets.' For example, DNA oligonucleotides,™’
proteins,4 and antibodies’ have been linked to SiNPs which, in turn, enabled sensitive
fluorometric bioassays. Different types of functional groups can easily be introduced onto the
SiNPs for conjugation with biomolecules. In addition, the silica surface renders such NPs
chemically inert and physically stable. These properties make SiNPs excellent labeling

) ) .. . : 7,8,9,10
reagents for bioanalysis and bioimaging techniques.”

Different procedures were used for functionalization of SiNPs through the silanol groups. The
surface hydroxyl group can react with various silane reagents such as carboxyethylsilanetriol
sodium salt for introduction of carboxy groups,'' 3-aminopropyltriethoxysilane for amino
groups,'? 3-(glycidyloxypropyl)trimethoxysilane for epoxy groups,”> O-(propargyloxy)-N-
(triethoxysilylpropyl)urethane for alkyne groups,'* (3-azidopropyl)triethoxysilane for azido
groups'*" or 3-mercaptopropyl trimethoxysilane for thiol groups. '® On the other hand, silica
surface modification is not limited to chemically-mediated procedures. Passive adsorption of
biomolecules such as attachment of avidin to the negatively charged SiNPs surface through

electrostatic interactions is common. The versatility of surface modifications of SiNPs offers a

great advantage for application in bioanalysis.

Amino group functionalization is a commonly used protocol for the immobilization of
enzymes and antibodies. The NPs are silanized with NI1-[3-(trimethoxysilyl)-propyl]
diethylenetriamine in acetic acid. After silanization, glutaraldehyde is added as a crosslinker
before subsequent binding with amino-containing groups such as enzymes and antibodies.
Alternatively, carboxy-modified NPs can be produced by using succinic anhydride in
dimethylformamide. The carboxy-modified particles can be further reacted with carbodiimide

hydrochloride before subsequent enzyme immobilization.'®

Another procedure for SiNPs functionalization is activation by Br-CN. Surface silanol groups
of SiNPs are first converted into their anions by addition of sodium carbonate, and a solution

of cyanogen bromide in acetonitrile would then be added to suspension to yield-OCN groups
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on the surface of the SiNPs. The particles would then be available for bioconjugation to the
biomolecules containing free amino groups. After the appropriate surface modification, the

SiNPs can then be directly used in bioanalytical applications.

As a result of producing active sites for conjugation with biomolecules, the functional groups
change the SiNPs stability in solution. Further, modification with amine-containing
organosilane compounds neutralizes the negative charge on SiNPs surface at neutral pH
which leads to decrease in the colloidal stability and increase in the aggregation probability of
SiNPs in aqueous solution. To overcome this problem, stabilizing agents, such as organosilane
compounds that contain polyethylene glycol (PEG), a neutral polymer, are introduced during
surface functionalization to prevent the aggregation of SiNPs. The PEGylated surface is

highly hydrophilic and enhances the aqueous dispersibility of the silica nanoparticles.'”'®

0 0
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Figure 2.1 Bioconjugation schemes for attaching biomolecules to surface-modified silica nanoparticles.

After the SiNPs have been modified with different functional groups, biomolecules such as
DNA oligonucleotides, antibodies, peptides can be immobilized by standard covalent
bioconjugation schemes (Figure 2)." For example, carboxy-modified nanoparticles provide
the opportunity to covalent coupling of proteins and other amine-containing biomolecules by
the aid of water-soluble carbodiimide reagents.” Disulfide-modified oligonucleotides can be
immobilized onto thiol-functionalized nanoparticles by disulfide-coupling chemistry."’

Amine-modified nanoparticles can be coupled to a wide variety of haptens and drugs via



2 Physical Background 16

succinimidyl esters or isothiocyanates.”’ The bioconjugation or labeling strategy depends on
the biomolecular function available. After the bioconjugation step, the nanoparticles can be
separated from unbound biomolecules by centrifugation, dialysis, filtration, magnetism, or

other laboratory techniques."’

2.2 Upconversion

2.2.1 Luminescence Mechanism of Upconversion Process

Upconversion is a nonlinear optical process that is characterized by the successive absorption
of two or more pump photons with intermediate long-lived energy states followed by the
emission of the output radiation at a shorter wavelength than the excited wavelength. The
upconversion luminescence is classified into three main processes: excited state absorption
(ESA), energy transfer upconversion (ETU), and photon avalanche (PA). These processes
refer to sequential absorption of two or more photons and are completely different from the

multiple photon absorption process which occurs simultaneously.zz’B’24

In the ESA process, excitation occurs by successive absorption of two photons in a
single ion. The energy diagram of the ESA process is shown in figure 2.2a. The first pump
photon promotes the electron to transfer from the ground state (G) to the higher excited
metastable state E1 in a process known as ground state absorption (GSA). Subsequently, the
second pump photon promotes the electron to the higher metastable state E2, and this results
in upconversion emission corresponding to the E2 —» G optical transition. This process is

- . - . . 1222324
independent of the rare earth ion concentration of upconverting material “~=~>
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Figure 2.2 Schematic representation of the upconversion processes for rare earth doped crystals. (a)
Excited state absorption; (b) energy transfer upconversion; (c) photon avalanche. The dashed/dotted
lines refer to photon excitation, dashed lines to non-radiative energy transfer, and full arrows to

emissive processes, respectively.

The process of ETU is based on the same principle as ESA. ETU refers to sequential
absorption of two photons populating the metastable energy E2, but the excitation is realized
through resonant energy transfer between two neighboring ions. The first ion acts as sensitizer
(donor) and the second as activator (acceptor). Further, the two adjacent ions can absorb a
photon at the same energy and populate the metastable level E1, this step followed by a non-
radiative energy transfer process promotes one of the ions to emitting upper state E2 while
others relax to the ground state G (see figure 2.2b). EUT is dependent on the dopant rare earth

ion concentration that determines the average distance between neighboring doped ions.”*

The PA conversion is the most frequent upconversion luminescence process. The mechanism
is based on producing a strong emission from E2 metastable state without any resonant of
ground state absorption GSA. The process starts with population of E1 by non-resonant weak
GSA followed by a resonant ESA to populate the higher metastable state E2 (figure 2.2c).
Then, cross-relaxation energy transfer (or ion pair relaxation) occurs between the excited ion
and a neighboring ground state ion, resulting in both ions to occupation intermediate level E1.
The two ions can be promoted to level E2 by resonant ESA again, thus producing strong UC

Sl 23,25
emission as an avalanche process.

In all of three UC processes, the luminescence efficiency is considerably different from one
process to another. ESA is the lowest efficient UC process. Efficient UC is possible in PA
with metastable, intermediate levels that can act as a storage reservoir for pump energy. The

PA process suffers from pump power dependence and slow response to excitation (up to
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several seconds) due to numerous looping cycles of ESA and cross-relaxation processes. On
the other hand, ETU is instant independent of pump power, and occurs after excitation

without delay.”

2.2.2 Photochemical Characterization of Upconverting Materials

All luminescent light emitters are based on the known principle of the Stokes law which states
that excitation photons are at a higher energy than emitted ones or, the output photon energy is
weaker than input photon energy. However, in the upconversion processes the emission is
found to exceed excitation energies by 10-1000 times kT.** If two or more lanthanide f-block
ions and transition-metal d-ions are embedded in solids, the resulting crystals deviate from the
Stokes principle, producing upconversion emissions under moderate to strong excitation

density.**

In general, inorganic crystals do not display UC luminescence at room temperature but in case
of singly or multiply doped hosts the UC phenomenon occurs. Therefore, research is directed
to materials that consist of a crystalline host and rare earth dopants added to the host lattice in
low concentrations. The exact composition is extremely significant for studying the optical
properties of micro and nano upconversion materials. Two different rare earth ions are used as
dopants as localized luminescent centers in order to effect a material emitting ETU-
luminescence. In principle, efficient UC can be predicted from most lanthanide-doped
crystalline host materials and is realized by using a small number of well selected dopant-host

concentrations.?>**

The trivalent lanthanides commonly have long-lifetime excited states typically between 10 ns
to 100 us, which can operate as metastable state excited from a ground state to be excited
again or transfer its energy to another ion. This property is very important for efficient UC.
With the exception of La*", Ce**, Yb*" and Lu*", lanthanide ions have more than one excited

4f energy level and exhibit UC luminescence of small band width.**

In the case of the sensitized crystalline host with RE dopants, luminescence occurs from the
dopant ion radiation upon its excitation to a higher energetic state obtained from the non-
radiative transfer of the energy from another dopant ion. The ion that emits the radiation is
called an activator, while the donator of the energy is the sensitizer. To demonstrate the
efficient ETU process and to enhance UC luminescence efficiency between the sensitizer and

activator, a sensitizer with a sufficient absorption cross-section in the NIR region is usually
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co-doped along with the activator. The most common sensitizer used in synthesis of UC

crystals is Yb™ which exhibits an extremely simple energy level scheme with only one

. 2 24
excited 4f level of “Fs, (see figure 2.3).
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Figure 2.3. Energy transfer and upconversion emission mechanisms in a NaYF, nanocrystal doped
with Yb*, Er’’, and Tm’" doped under 980-nm excitation. The dashed-dotted, dotted, curly, and full
arrows refer to photon excitation, energy transfer, multi-photon relaxation, and upconversion emission.
The ***'L; notation applied to label the f energy states represent the spin (S), orbital (L) and angular (J)

. L2426
momentum quantum numbers according to the Russel-Saunders notation.””

The absorption band of Yb*" that is located around 980 nm due to the 2F7/2 - 2F5/2 transition
has a larger absorption cross section than other lanthanide ions. Furthermore, the 2F7/2— 2F5/2
transition of Yb** is well resonant with many f-f transitions of typical upconverting lanthanide
ions (Er3+, Tm’*, and Ho® ") which increases the probability of energy transfer from Yb* to
other ions. These unique optical properties of Yb*" enable in use as a UC sensitizer. The

concentration of the sensitizer is kept high (~ 20 mol%) in doubly or triply doped
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nanocrystals, while the activator is relatively low (< 2 mol%) in order to minimizing cross

- 24
relaxation energy loss.

The blue luminescent UC nanoparticles doped Tm ions show intense blue emissions at 451
and 478 nm corresponding to 'D, —» °F4 and 'Gy4 —» ’Hg transitions of Tm®" ions,
respectively. The weak red emissions at 650 and 695 nm are usually assigned to the
3F3/ SF2 Hg or 'G, —» °Fa. Additionally, the intense near infrared emissions at 800 nm
corresponding to Hy —» °Hg transitions of Tm’" ions.**?’ The green luminescent
nanoparticles doped with Er exhibit characteristic sharp emission peaks, which are located at
520 nm, 540 nm, and 655 nm and these peaks can be attributed to 2H9/2 — 4115/2, 2H11/2,
4S3/2 —» 415, and 4Fy, —» 4l;5, transitions of Er’" which is involving two photons

627 Ho*" doped NPs have two main emission peaks located at 547 and 651 nm and

processes.
can be refered to the F4°S, — » 518 and ° Fs —» 5Ig transitions of Ho™ with two photons
processes.”® Other rare ions such as Ce™ and Gd™ were used as activators ***° but the most

efficient UC processes were detected by using Er’", Tm®", or Ho>* as emitters.

The variation of the crystal structure in the host material exhibit a significant effect on the
optical properties of the nano-sized crystals. In case of using sodium yttrium fluoride NaYF,,
the optical properties can be attributed to the different crystal fields around the trivalent
lanthanide ions in matrices of various symmetries. The hexagonal crystals structure B-NaYF,4
increases by an order of magnitude of UC emission compared to that of cubic crystals
a-NaYF,. This can be interpreted as the uneven components in hexagonal crystals increase the
electronic coupling of 4f energy levels and higher electronic configuration and subsequently
increase f-f transition probability of the dopant ions. However, in the high symmetric cubic

host materials f-f transition is forbidden.’

2.2.3 Synthesis of Upconverting Nanoparticles

A variety of methods have been developed to prepare UCLNPs of different sizes. The co-
precipitation method is simple and convenient, and permits UCLNPs to be prepared in tunable
size and narrow size distribution. In a typical procedure, solutions of lanthanide nitrates (or
chlorides) are injected into a solution of the host material (such as sodium fluoride) to form
NPs of the type NaYF, or YF; that subsequently spontaneously precipita‘[e.30 Phosphoric acid
(rather than sodium fluoride) also has been used to yield NPs of the type LnPO4, where Ln
can stand for almost any trivalent lanthanide ion. Particle growth can be tuned and stabilized

using capping ligands (such as ammonium di-n-octadecyldithiophosphate)’' or chelating
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agents (such as EDTA).3O Heat treatment (also termed ‘annealing’ or ‘calcination’) is required
in case of NaYF4-based NPs in order to obtain UCLNPs with high upconversion efficiency
because co-precipitation preferably yields (cubic) o-NaYFs; which is not an efficient
upconverter. Calcination at high temperatures results in sharpening of the crystal structure or
even in an at least partial phase transfer to (hexagonal) B-NaYF,, which shows higher UC
efficiency.”® Fortunately, the co-precipitation method does not demand costly apparatus,
complex procedures, or harsh reaction conditions and is not time consuming either, but the
spectral properties of the resulting material in our experience seem to strongly depend on the
time course and the temperature profile applied. The surface of the resulting UCLNPs is rather
hydrophilic, possibly due to coordination of the RE ion by EDTA.

Thermal decomposition is another technique for synthesis and yields highly monodisperse
UCLNPs.***? In this method, RE trifluoroacetates are thermolyzed in the presence of oleic
acid and octadecene. The latter acts as a high boiling solvent (b.p. 315°C), whereas oleic acid
serves as a stabilizing agent to suppress particle agglomeration. In case of NaYF,, thermal
decomposition directly yields (hexagonal) B-NaYF,, with no need for annealing. Drawbacks
of this method are its expensive and air-sensitive metal precursors, and its toxic by-products.
The oleic acid used coordinates to the surface of the particles, thus rendering it hydrophobic.**
It is almost impossible to remove this layer from the surface. UCLNPs synthesized via
thermal decomposition can be well dispersed in organic solvents but hardly so in aqueous

solutions.

The hydro(solvo)thermal method uses a pressurized solvent and reaction temperatures above
the critical point to improve the solubility of solids and to accelerate reactions between solid
states. This approach allows for the preparation of highly crystalline material at much
lower temperatures and without the need for an annealing process. However, specialized
reaction vessels, known as autoclaves, which resist the high pressures during the reaction, are
37,38

required. Crystal size and morphology is tunable via mediation with polyols or micelles.

Recently, ionic liquids have been used to prepare p-NaYF, under relatively mild conditions.*

The sol-gel process provides UCLNPs for applications such as thin film coating or glass
materials. The method is based on the hydrolysis and polycondensation of metal alkoxide or
metal acetate precursors.*’ Usually, this is to be followed by a heat treatment process.
UCLNPs prepared by the sol-gel technique commonly are not suitable for biological
application and cannot be dispersed in aqueous solutions due to their tendency toward

41,42

aggregation. Other less common methods include combustion and flame synthesis.43 In
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summary, the proper choice of the method for synthesis allows for the development of

UCLNPs whose properties match the need for the applications envisioned.

The wavelength of the emission and its peak are hardly dependent on the size and chemical
composition of the UCLNPs. However, luminescence intensity can vary to a wide extent.
Generally speaking, smaller UCLNPs give weaker luminescence. Small NPs (5—10 nm) are
preferred, on the other hand, in most bioassays and in biophysics. Not all synthetic methods
presented here enable the preparation of very small and, at the same time, bright UCLNPs,
and improvements in terms of controlling size and size distribution are still sought. An

overview on representative types of NPs is given in Table 1.
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Host Dopant | Aexc Emission Diameter Method of Ref.
lattice ion [nm] peaks [nm] [nm] Preparation
Yb, Er | 980 518, 537, 652 33 - 166 Coprecipitation | *°
44
Yb, Tm | 980 449, 474, 644, 33 45
693, 800
Yb, Er | 980 521, 539, 651 21 Solvothermal 46
Yb, Er, | 980 | 449, 474, 525, 545, 20 47
Tm 644, 693, 800
Yb,Ho, | 980 450, 475, 545, Rods; diameter Hydrothermal 48
Tm 650, 695 110 nm;
length ~1 um
NaYF, g !
Yb, Er | 970 541, 647 100 ¥
Tb,Ce | 970 | 380,413, 436, 488, 70 30
542, 584, 620
Yb, Er | 980 510 -530, 530 — 25-70 Tonothermal 39
Yb, Tm 570, 635 — 675;
440 — 500, 630 —
670, 750 — 850
Yb, Ho | 980 542, 645, 658 5-20 Thermal 31
Yb, Er | 975 538, 667 20— 30 decomposition | s
Yb, Er | 980 540, 668 10 53
NaYbFs | Ho 980 540, 650 20 Solvothermal >4
Tm 476, 800
Er 520, 540, 655
CaF, | Yb,Er | 980 | 410,524, 541, 654 <10 Solvothermal 33
GdOF | Yb, Er | 980 521, 545, 659 ~4 Thermal 36
decomposition
BaTiO; | Yb, Er | 980 523,542, 662 ~20 Sol-gel >
Yb, Tm 461, 478 processing
La,O3 | Yb,Er | 976 | 240,335, 350, 380, ~50 Combustion 38
409, 460, 475, 495,
523, 548, 672
Lu,O; | Yb, Er, | 980 | 477/490, 540/565, ~ 40 Solvothermal 59
Tm 662
Y,0; | Yb,Er | 980 550, 660 200 Precipitation 60
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2.2.4 Surface Modification and Bioconjugation

If used in biosciences, UCLNPs typically are applied in aqueous solution. Hence, they have to
be dispersible in water. If used in-vivo, the lack of (cell) toxicity is an additional important
issue. Both plain (unmodified) UCLNPs and surface modified UCLNPs have been applied as
will be shown in the following. The introduction of functional groups to the surface of the
particle is essential for covalent attachment of biomolecules that usually provide
biorecognition capability, examples being proteins, antibodies, or polynucleotides. Physical
adsorption of biomolecules to the surface of the UCLNPs is possible. However covalent
linkage is preferred because the number and orientation of the immobilized reporter molecules
can be well controlled and because desorption is prevented. There is substantial literature
available on the chemical modification of the surface of UCLNPs which sometimes is event
entangling and probably reflects the fact that there is no universal method available that may

be applied to any of the many conceivable applications of bioconjugated UCLNPs.

Covalent surface modification of nanoparticles (NPs) is mostly based on the
introduction of carboxy, thiol, or amino groups.’’ Carboxy-modified NPs allow for the
coupling to biomolecules such as proteins or oligomers containing amino groups via
established carbodiimide chemistry. Disulfide-modified oligonucleotides may be linked to
thiol-functionalized NPs by disulfide-coupling chemistry. NPs carrying amino groups can be
attached to a large variety of amino-reactive entities via succinimidyl esters or
iso(thio)cyanates.”” Two major strategies have been pursued to render the UCLNPs water-
dispersible and biofunctional. In the first, reagents other than silanes are used, while in the
second strategy silanes are being employed that eventually also form a thin layer of silica on

the surface of the UCNP. These methods shall be discussed in the following.

2.2.4.1 Modifications without using Silane Reagents

Carboxy-functionalized UCLNPs can be prepared® by first synthesizing the particles via
thermal decomposition or rare earth trifluoroacetates in oleylamine. The oleylamine located at
the surface can then be replaced by a bifunctional poly(ethylene glycol) dicarboxy acid that
generates the hydrophilicity needed for applications in aqueous systems and also provides
carboxy functionalities. A general representation of the resulting UCLNPs (carrying a long-
chain substituent on their surface) is shown in figure 2.4a. Boyer et al.* have reported on a

similar method for preparation of UCLNPs possessing hydrophilic functionalities (and thus
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being water-dispersible) by introducing a poly(ethylene glycol)-phosphate ligand. In another
approach® towards rendering UCLNPs hydrophilic via ligand exchange, UCLNPs were
prepared by the solvothermal route which leaves oleic acid on the particle surface. The acid
was then replaced by the very hydrophilic citrate groups via ligand exchange. Kim et al.®
replaced the oleic acid ligand by tert-butyl N-(2-mercaptoethyl)carbamate. This ligand
possesses an acid-labile moiety that can be cleaved by UV light. As a result, the ligands are
shortened and becoming more hydrophilic, so that the dispersibility of the particles improves

significantly.

The microemulsion-based hydrothermal technique also enables®’ the preparation of UCLNPs
coated with the bifunctional ligand 6-aminohexanoic acid. The resulting amino-modified
nanoparticles were further conjugated to the carboxy group of folic acid using N-
hydroxysuccinimide based conjugation chemistry. The resulting particles were then applied to

both in-vitro and in-vivo targeting of HeLa cells overexpressing the folate receptor.

A

Figure 2.4 Common types of surface-modified UCNP. In A the UCNP is chemically modified with a
ligand R, that can be poly(ethylene glycol)-X or alkyl-X, where X can be NH,, COOH, N; or CHO. In
B, the UCLNPs are also coated with a polymer. In C, the UCLNPs are modified with 2 different kinds
of polymer with a layer by layer (LbL) technique.

Ligand oxidation provides another method® for obtaining particle functionalization.
Hydrophilic carboxy groups were introduced to oleic acid-stabilized NPs of the NaYF, type
by oxidation of the carbon-carbon double bonds in the oleic acid chain with the Lemieux-von
Rudloff reagent. The carboxy groups were then conjugated to streptavidin via a carbodiimide
route (see figure 2.5) Attachment of biotinylated oligonucleotides led to a FRET-based
nanoprobe for DNA. A rhodamine was used to label the reporter DNA. The absorbance of this
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dye (peaking at around 550 nm) overlaps the green emission of the UCLNPs. Hybridization of
the target DNA with the labeled reporter DNA and the particle-labeled capture DNA brings
the particle into close proximity to the rhodamine label so that energy transfer can occur from
particle to probe. Alternatively,69 ozone may be used to oxidize the oleic acid ligand so to
give azelaic aldehyde which then can be conjugated to a fluorescent probe or to 2-

aminoethanethiol to enable crosslinking with gold NPs.”

580nm
654nm 540nm e

Figure 2.5 Carboxy-functionalized UCLNPs obtained by oxidation of the oleic acid capped precursor

nanoparticle, and scheme of the DNA nanoprobe (from JACS with permission).

A further method for modifying the surface of UCLNPs consists of first covering them with a
thin layer of a polymer as schematically shown in figure 2.4b. Direct coating of UCLNPs with
a layer of polyethyleneimine (PEI) via a modified hydrothermal synthesis was reported by
Chatterjee and coworkers.*>”" PEI contains free amino groups and therefore allows for further

functionalization of the particle surface with proteins or other biomolecules.

Oleylamine-stabilized NaYF4 nanocrystals have also been modified by ligand attraction of an
additional layer of an amphiphilic block copolymer72 onto the particle surface so to render the
NPs water-dispersible and bioconjugatable. Surface coating of UCLNPs may as well be
accomplished with layers of poly(acrylic acid) (PAA) ™ or a protective block poly(ethylene

glycol) co-polymer’® in a one-pot solvothermal process.
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Hilderbrand et al.”” have obtained hydrophilic and functional UCLNPs of the Y,0; type
by first coating the particles with a layer of PAA (via electrostatic attraction). An amino-
modified PEG was then covalently linked to the carboxy groups of the PAA via standard
amide coupling chemistry. A green cyanine dye with NIR emission peaking at 797 nm) was
loaded on the surface of the UCLNPs (see figure 2.6). The resulting water-dispersible, dually
luminescent particles (~100 nm i. d.) were found to display low cytotoxicity. The probes
showed strong upconversion emission at 660 nm when excited at 980 nm, whilst excitation at
780 nm produced the fluorescence of the cyanine fluorophore peaking at around 790 to 800

nm.

o palyacrylic acid NIR carbocyanlne
amino polyathylene ghyeol

EDAC

NH,

o;s @[f“ _S0gH
6 OO
~ & ¥ -y
sosH

Figure 2.6 Surface modification of Y,0O; nanoparticles with polymers and NIR-emitting fluorophores.

The resulting particles display the characteristic emission of UCLNPs and the organic dye at 660 and
797 nm, depending on whether excited at 980 or 750 respectively.

A third method for modifying the surface of UCLNPs is based on the layer-by-layer (LbL)
technique as shown in figure 2.4c. Usually, an assembly of oppositely charged polyions**™ is
deposited on their surface. The LbL method is of the electrostatic type rather than of the
covalent type. Positively charged poly(allylamine) hydrochloride and negatively charged
polystyrenesulfonate were sequentially adsorbed onto the UCLNPs, thus forming a stable
amino-functionalized shell. The particles were then modified with biotin or oligonucleotides.
The LbL method provides versatile, highly stable, and biocompatible NPs with controllable
shell thickness and charge. Drawbacks include the washing steps that are required, and the
limitation of this process to hydrophilic UCLNPs. A similar method was used by Zhang et
al.”” to prepare UCLNPs of the NaYF; type that were additionally coated with gold nanolayer

to enable the plasmonic modulation of the upconversion emission of the NPs. This is

schematically shown in figure 2.7.
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The LbL methods seem to be quite attractive in requiring affordable reagents, being fairly
reproducible (up to 10 single layers), and in enabling the surface to be characterized by

established methods of spectroscopy, imaging, and electroanalysis.

Figure 2.7 Illustration of surface functionalization by the LbL method by sequential deposition of
(anionic) poly(acrylic acid) (PAA) and (cationic) poly(allylamine hydrochloride) (PAH), followed by
attachment of seed gold NPs and the growth of a gold nanoshell on the surface of the UCLNPs.

2.2.4.2 Modifications using Silane Reagents

Surface silanization is a powerful technique for covalent modification of various kinds of
surfaces including silica, metal oxides (including tin, iron, and the like), and even graphite.”

Silanization with reagents of the type shown in figure 2.8a can be performed in either of the
following ways: (a) Direct reaction with the particles to form a silane-modified surface ("end-
capping") to give particles of the type shown in figure 2.8b; or (b), coating the surface with
tetraethoxysilane (TEOS) to first create a layer of silica and thereby yielding particles of the
type UCNP@SiO,, and then coating this layer with a silanizing reagent (Fig. 2.8C). The
surface of the UCLNPs may however also be coated with a mixture of a tetraalkoxysilane and
a reagent of the type shown in figure 2.8A; this will result in simultaneous coating of the
UCLNPs with silica and its functionalization, and also requires one separation step only.*
The resulting UCLNPs are non-toxic,” monodisperse and can be well dispersed in aqueous
solution. The silica layer in particles of the type shown in 2.8C also protect the UCNP from

undesired external effects such as quenching, penetration by small species, or leaching.
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Figure 2.8 A: typical structure of a reagent for silane functionalization of oxidic surfaces, where X
represents a functional group such as amino or epoxy, and R a hydrolysable group such as alkoxy. B:
direct functionalization of UCLNPs (mainly of the Y,0; type) using a modified silane. C: coating of
the UCLNPs with a layer of SiO, and subsequent functionalization using a modified silane. This can

be performed either in a one-step or a two-step procedure.

In order to obtain particles of the type shown in figure 2.8b, UCLNPs were coated with
a thin layer of silica (SiO,) by controlled hydrolysis and polycondensation of precursors such
as TEOS or other tetraalkoxysilanes of the type (RO)4Si, where R is an alkyl substituent.
Aminosilanes (e. g. aminopropyl triethoxysilane) have been used most often in direct
modifications of the surface of UCLNPs. Amino-modified UCLNPs can be further
biofunctionalized by covalent attachment of biomolecules such as biotin,”® folic acid,*
peptides,® proteins,®” antibodies,*** and DNA.”** Hu et al.*® have used particles modified
with folic acid for the detection of tumor cells. A microemulsion method was applied to
obtain silica-coated and amino-modified UCLNPs. These were further coupled to activated
folic acid (FA). Fluorescein isothiocyanate (FITC) was incorporated into the silica shell as
secondary fluorophore. Cytotoxicity tests revealed a good biocompatibility of the resulting

particles (figure 2.9).
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Figure 2.9 Schematic illustration of the synthesis of UCNP@SiO,(FITC)-FA nanocomposites: (A)
Oleic acid-capped NaYF,:Yb,Er nanocrystals; (B) Amino-functionalized UCNP@SiO,(FITC)-NH,
core-shell nanocomposites; (C) UCNP@SiO,(FITC)-FA nanocomposites; (D) Folate-mediated
targeting with FR-positive [FR(+)] tumor cells. TEOS: tetraecthylorthosilicate; APS: (3-

aminopropyl)triethoxysilane

In order to immobilize antibodies, Wang et al.® first prepared silica-coated UCLNPs of the
type NaYF4:YD,Er by the Stober method, then amino-modified the surface with aminopropyl
triethoxysilane, and subsequently conjugated rabbit antigoat IgG to the surface using
glutaraldehyde. A sandwich-type luminescence resonance energy transfer (LRET) system was
established (see figure 2.10) in which the IgG-modified UCLNPs acted as energy donors, and
rabbit antigoat IgG-modified gold NPs acted as energy acceptors because the (red) gold
nanoparticles absorb maximally at around 540 nm where the green emission of the UCLNPs
(following excitation at 980 nm) has its peak. The addition of free goat antihuman IgG
resulted in the occurrence of LRET, which enables the determination of the concentration of

the goat antihuman IgG in the LRET system.
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Figure 2.10 Schematic illustration of the LRET process between NaYF,:Yb, Er UCLNPs (the donor)

and gold nanoparticles (the acceptor).

Carboxyethyl triethoxysilane in combination with TEOS enable®™ the coating of the surface
of such particles and to introduce anionic carboxy groups. The surface charge of these
modified particles is about - 30 mV. Neural polymers such as poly(vinyl pyrrolidone)®’ have
been used to stabilize the silica shell and control its thickness. The silica coating technique
can be applied to both hydrophilic and hydrophobic UCLNPs and enables the entrapment of
secondary reporters such as magnetic NPs of the Fe;0, type®™ or organic dyes.*” The
microemulsion technique was also applied89 to coat B-NaYF, with TEOS and aminopropyl
triethoxysilane, simultaneously also incorporating fluorescein or rhodamine derivatives, or
even quantum dots (QDs) into the silica shell. The emission of the UCLNPs excites the
organic dye or QD, thereby producing multicolor emission. This may pave the way for the use

of UCLNPs in multiplexing or encoding.

Silica coated UCLNPs also show potential for use in photodynamic therapy. Mesoporous
silica coated UCLNPs were prepared” by the microemulsion method by first coating the
UCLNPs of type NaYF, with TEOS (figure 2.11). Subsequently, the mesoporous layer was
formed by treating the silica layer with a mixture of TEOS and octadecyl trimethoxysilane
(C18TMS). The coated particles were calcinated at 500 °C to remove excess C18TMS to
obtain a mesoporous layer. The photosensitizer zinc phthalocyanine was then incorporated
into this layer. The upconversion emission of the UCLNPs activates the photosensitizer to

release active singlet oxygen which possibly kills cancer cells.
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Figure 2.11 Schematic image showing how to load zinc phthalocyanine (ZnPc) into a mesoporous

silica shell on NaYF4@SiO, nanoparticles and to use them for PDT.

The functional groups used for the conjugations discussed before (mainly amino, carboxy,
thiol) are abundant in proteinic biomolecules and thus may give rise to unspecific binding. In
addition, the introduction of amino groups (cationic at pH 6 - 8) or carboxy groups (anionic at
pH 6 - 8) will alter the overall charge of the particles. This can lead to a decrease in the
colloidal stability of the NPs and thus cause particle aggregation which is a major problem in
all biotechnologies based on the use of nanoparticles. Therefore, other functional groups
suitable for bioconjugation have been looked for. Among these, azido and alkyne are an
attractive alternative’’” because they undergo a mutual 1,3-dipolar cycloaddition that often is
referred to as a click reaction. This so-called click chemistry (one type of several) is an
attractive alternative because the functional groups involved (azido and alkyne) are hardly
present in biomolecules including proteins and oligomers. It is therefore said to be

“bioorthogonal”. Mader et al.”

used TEOS along with azido- or alkyne modified silanes
respectively to coat and functionalize the UCLNPs in a one-pot Stober process (figure 2.12).
The clickable UCLNPs thus obtained were further conjugated to appropriately “click”
modified biotin and maleimide to obtain versatile labels for avidin or thiol-group containing
biomolecules. Furthermore, the particles were conjugated to clickable fluorophores to obtain

dual-wavelength labels potentially suitable for encoding purposes.
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Figure 2.12 TEM image of silica-coated and azido-modified NaYF4 UCLNPs.

2.2.5 Bioimaging

The ability of UCLNPs to convert low-energy radiation to higher energy (visible)
fluorescence makes them very appealing for biological imaging applications due to their
insensitivity for autoluminescence derived from the luminescence of biological samples (e.g.
proteins, nucleic acids etc.). Moreover, the use of low energy, near-infrared (NIR) excitation
reduces photodamage and permits deeper penetration into tissue,”* as was demonstrated”
nicely (in comparison to quantum dots) by Zhang and co-workers (Figure 2.13). All these
factors contribute to an increased signal-to-noise ratio, which results in improved detection
limits compared to classical organic or inorganic (e.g. quantum dots, QDs). Moreover,

UCLNPs are easily internalized by many cells.
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UV excitation 980nm excitation

Figure 2.13 [n 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/NaYF4:Yb,Er nanoparticles
injected below abdominal skin (d), thigh muscles (e), or below skin of back (f) show luminescence.

QDs deposited on a black disk in (a, b) are used as the control.

2.2.5.1 Invivo Applications

In a recent paper, Hildebrand et al.” have reported on the use of multi-channel luminescent
UCLNPs for in-vivo imaging of blood vessels. The red-emitting (660 nm) particles of the type
Y,03:Er,Yb were first coated with amino-terminal poly(ethylene glycol). 7 The resulting
multi-channel imaging probes were then injected into mice in order to investigate their
practical utility in vascular imaging under excitation of clinically relevant low power density
laser excitation. Co-localization of the cyanine and upconversion fluorescence indicated that
the polymer coating remained intact in vivo (figure 2.14). Besides the acquisition of static
images, the emission originating from upconversion was bright enough to enable real-time

imaging providing a promising platform for in vivo diagnostic imaging.
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Figure 2.14 Optical imaging of blood vessels in the mouse ear following tail vein injection of the

nanoparticles (10 mg); (a) blood vessels imaged with a blue light filter, (b) upconversion image with

excitation at 980 nm and a laser power density of 550 mW cm % (c) fluorescence image of the

carbocyanine dye with excitation at 737 nm, (d) merged image of the upconversion and fluorescence

signals. Both the upconversion and carbocyanine fluorescence images were taken with an exposure

time of 10 s. (from Chem. Commun. with permission)

Wu et al.”® investigated UCLNPs of the f-NaYF4:Er,Yb type with respect to their suitability
in terms of luminescence imaging. Their findings further supported the excellence of UCLNPs
in imaging applications. They claimed that the improved s/n ratio is further increased by the
absence of photobleaching and non-blinking behavior of their ~30 nm NP system. The
particles were rendered water soluble by wrapping them with an amphiphilic polymer. The
well-dispersed aqueous UCLNPs were subsequently incubated with murine fibroblasts and
inoculated by endocytosis. The highly efficient upconversion process enabled the use of these

nanoparticles as single molecule imaging probes both in vivo and in vitro studies.

UCLNPs with tunable emission colors have been demonstrated in brilliant work®*” to
be well suited for purposes of immunolabeling and virtually zero-background imaging of
cancer cells. The visible color of the upconversion luminescence was tuned by using different
dopant ratios of Er, Tm and Ho salts. A silica shell on the nanoparticulate system provided
excellent water dispersibility. Co-doping of the Er’*, Tm’" and Er*" ions in a single NaYbF,
matrix resulted in multicolor emission including orange, yellow, green, cyan and pink
depending on the dopant concentration. Following further amino-functionalization of the
silica shell with aminopropyltriethoxysilane, the NPs were linked to rabbit anti-CEAS
antibody and then used as fluorescent labels for the imaging of live HeLa cells (figure 2.15).
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Figure 2.15 Fluorescence imaging of HelLa cells after being incubated with various UCLNPs
conjugated to rabbit anti-CEAS8 antibody and irradiated with 980 nm laser light. (a) NaYbF,:Er; (b)
NaYbF4:Tm; (c) NaYbF4:Ho. The left rows are bright field images, the middle rows are fluorescent

images (dark field), and right rows are overlays of the left and central rows.

Earlier studies”””® had proven the biocompatibility of silica coated nanoparticles. Following
this lead, Li and colleagues80 also presented the preparation of silica-coated and folic acid-
decorated UCLNPs that were used to image cells overexpressing folate receptors (FR) on their

surface. The FR positive cell-lines were then quantitatively analyzed by flow cytometry.

UCLNPs, in combination with paramagnetism, were used to demonstrate the versatility
of upconverting luminescence imaging together with magnetic resonance imaging (MRI) in
vivo.” NaGdF4 NPs, co-doped with Tm*>'/Er’*/Yb*", were coated with azelaic acid to result in
hydrophobic, upconverting and MRI-active nanoparticles. The gadolinium enhances the
contrast of MR images, whereas the upconversion luminescence can be used for luminescent
imaging. Besides being MRI active, this set up showed both NIR-to-NIR and NIR-to-visible
luminescence. Both being non-invasive techniques, the combination of paramagnetism and
UC luminescence enables deep tissue in-vivo imaging and 3D tomography. These dual-modal
imaging probes were found to show excellent signal-to-noise ratio, good water solubility, low
cellular toxicity and no obvious toxicity to the living body. Furthermore this probe did not

accumulate in the body. Though not yet investigated, the authors claim that the carboxy-
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functionalized surface can easily be modified further e.g. with sequences to specifically target

tissues.

In another dual-mode set-up the upconverting luminescence was combined with
ferromagnetism. Silica encapsulated magnetite nanoparticles were prepared with lanthanides
ions doped into the outer silica shell and shown'" to be ideal nanocomposites to targeted drug

delivery purposes with the ability for NIR luminescence imaging.

Finally, the work of Zhang et al.'®" is probably suitable to demonstrate all the
advantages of nanoparticulate systems that use the upconversion phenomenon. They used 50
nm diameter silica coated, non-aggregated UCLNPs to image transplanted cells of a living
mouse. The authors also demonstrated the excellent photostability of the nanoparticulate
system in comparison to common fluorescent organic dyes such as DAPI and Alexa Fluor
532. The fluorescence intensity of the latter two decreased to a minimal value within 15 min
of irradiation, while the intensity of luminescence deriving from the UCLNPs remained
unchanged. In order to image transplanted skeletal myoblast cells, they were loaded with
silica coated upconverting particles. A suspension of these cells was then transplanted into a
cryodamaged muscle of the hind limb of a mouse. Dynamic imaging of the labeled cells was
possible in this otherwise strongly autofluorescent medium with negligible background and at

least 1.3 mm deep in the tissue even 7 days after delivery (figure 2-16).

Figure 2.16 Dynamic real time tracking of cell migration in vivo. Time-lapse confocal imaging at a
single z-plane on the hind limb muscle of a day 3 mouse captured subtle movement of nanoparticle-
loaded cells over a 4 h time course. Snapshots from the movie displayed here at (A) 0 h, (B) 2 h and
(C) 4 h. Insets show an enlarged area (marked by the box) to better demonstrate the more obvious

(arrows) change in the cells' position as they migrate to new location (scale bar: 50 pm).
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Despite the drawbacks of using UCLNPs as signaling units (e.g. the lack of generalized

protocols for the synthesis and surface modification strategies) the overall gain the researchers

can get by using UCLNPs and the typical advantages of UCLNPS as outlined in the

introduction suggest that these methods hold promise for providing new and more sensitive

techniques for (deep) tissue imaging and early diagnosis.
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3 Novel Multicolor Fluorescently Labeled Silica Nanoparticles for
Interface Fluorescence Resonance Energy Transfer to and from
Labeled Avidin

3.1 Abstract

Fluorescent silica nanoparticles (SiNPs) were prepared by covalent attachment of
fluorophores to the amino-modified surface of SiNPs with a typical diameter of 15 nm. The
SiNPs are intended for use in novel kinds of fluorescence resonance energy transfer (FRET)-
based affinity assays at the interface between nanoparticle and sample solution. Various labels
were employed to obtain a complete set of colored SiNPs, with excitation maxima ranging
from 337 to 659 nm and emission maxima ranging from 436 nm to the near infrared (710 nm).
The nanoparticles were characterized in terms of size and composition using transmission
electron microscopy, thermogravimetry, elemental analysis, and dynamic light scattering. The
surface of the fluorescent SiNPs was biotinylated, and binding of labeled avidin to the surface
was studied via FRET in two model cases. In the first, FRET occurs from the biotinylated
fluorescent SiNP (the donor) to the labeled avidin (the acceptor). In the second, FRET occurs
in the other direction. Aside from its use in the biotin—avidin system, such SiNPs also are
believed to be generally useful fluorescent markers in various kinds of FRET assays, not the
least because the fluorophore is located on the surface of the SiNPs (and thus always much

closer to the second fluorophore) rather than being doped deep in its interior.

3.2 Introduction

Silica nanoparticles (SiNPs) play an important role in various areas of nanotechnology’
because they are nontoxic, commercially available, and can be easily separated from
aqueoussuspensions by centrifugation due to their higher specific density. Most SiNPs are
highly biocompatible, have a large specific surface that can be easily functionalized, and can
be delivered into the living cell, for example for purposes of intracellular biosensing and
imaging.>** On the other side, their tendency towards aggregation (to form clusters,
particularly in aqueous solution) is a severe disadvantage and is difficult to avoid, unless the

surface is modified, e.g., by PEGylation.’



3 Fluorescent SiNPs for interface FRET 45

Given the widespread use of fluorescence in biophysical and bioanalytical sciences,
various kinds of fluorescent SiNPs have been described so far. Bright and stable core-shell
fluorescent SiNPs were made by encapsulation of organic dye molecules that were first
covalently conjugated to a silica precursor in a Stober process. Fluorophores that cover the
entire UV—vis absorption and emission range were employed to result in monodisperse NPs in
the size range of 20-30 nm and amenable to specific labeling of antibodies for bioimaging.®
Dye-doped silica nanoparticles also were prepared by a water-in-oil microemulsion technique
as well.”® Other interesting examples include the co-encapsulation of two-photon fluorescent
dye nanoaggregates as energy up-converting donors and a photosensitizing photodynamic
therapy drug as an acceptor in SiNPs has been used to monitor the in vitro cytotoxic effect on
tumor cells due to singlet oxygen.” Another group has reported on particles that comprise a
fluorescein isothiocyanate-doped silica core coated with a monolayer of nanocrystalline CdTe

quantum dots followed by a silica shell."’

Among the luminescent dopants for silica, transition metal complexes and lanthanides
are frequently applied. Hybrid silica nanoparticles with a luminescent [Ru(bpy)s;] core
(bpy=2,2"-bipyridine), and a paramagnetic monolayer coating of a silylated gadolinium
complex may be applied as multimodal contrast agents for in vitro optical and magnetic
resonance imaging after cell uptake.'' A sensitive fluoroimmunoassay for recombinant human
interleukin-6 with functionalized Ru(bpy)s;-encapsulated core-shell silica nanoparticles has
been presented.'”  Core-shell SiNPs comprised of a Ru(bpy)s-doped silica core and a doped
silica shell were synthesized and post functionalized with encoding fluorescence for multiplex
imaging.”® Silica nanoparticles were doped with Eu’* or Dy’" and Au nanoparticles
incorporated into their surface." Ru(bpy); immobilized on silica nanoparticles together with
Au nanoparticles were reported for use in electrogenerated chemiluminescence detection.'

Hence, there is widespread interest in such nanoparticles.

Fluorescent SiNPs have advantages over organic (fluorescent) labels in being much
brighter because a single SiNP can contain hundreds of fluorophores. Moreover, the
fluorophore of a SiNP is mostly contained in a benign environment, which makes it less

sensitive to environmental effects (of proteins, for example) and more photostable. Hence,

16,17

fluorescent NPs have been used in DNA assays to monitor the delivery of DNA into the

nucleus and for monitoring the process of gene transfection in cultured cells,” in

8,18,19,20,21

. . 22 . .
immunoassays, and enzymatic assays.” Numerous kinds of SiNPs were shown to be

2526 2227

: 23,24 . . . ,
useful in sensor development,”™" drug delivery, modification of surfaces, and in
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context with magnetic separation (based on magnetic cores inside SiNPs).28 The group of
Wang and Tan” has presented various kinds of fluorescent SiNPs, mainly for purposes of
encoding and for detecting fluorescence resonance energy transfer (FRET) between different
kinds of particles. SiNPs were prepared that are containing up to three fluorophores insider the
SiNP, and FRET can occur there because the dyes are within the Forster distance (typically
<10 nm). As a result, the color of emission can be varied despite the wavelength of excitation
being the same in all cases. Such particles can be surface-modified with biotin and then bind

to other particles (usually microparticles carrying (strept)avidin on their surface).

The FRET-based affinity system described here is entirely different in that (a) the SiNPs
are labeled on the surface only (so as to remain within the Forster distance all the time), (b)
the affinity interaction is occurring at the surface of a single kind of particle (rather than two
kinds of particles), which makes the system more simple, and (¢) FRET is occurring directly
from (or to) the fluorophores at the surface to (or from) fluorescently labeled avidin, rather
than from particle to particle. The rate and efficiency of energy transfer is known to depend on
the negative sixth power of the distance between the donor and the acceptor, and all the
fluorophores in our system are likely to be within this distance. This results in high FRET
efficiency. The biotin—avidin system was chosen because it is one of the most widely used
model system in the literature and has been often used in various kinds of affinity assays
before.’”! We also are presenting here SiNPs with colors in absorption and emission that
range from the UV to the near-IR so as to enlarge the spectral variability of such SiNPs for

various kinds of other studies.

3.3 Experimental

3.3.1 Materials

SiNPs consisting of amorphous SiO; (99.5% purity), 15 nm in diameter, were purchased from
Nanostructured and  Amorphous  Materials  Inc. (www.nanoamor.com).  3-
Aminopropyltriethoxy-silane (APTS) (98%), N-(3-dimethylaminopropyl)- N'-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide, biotin N-
hydroxysuccinimide ester, fluorescein isothiocyanate (FITC), and rhodamine B isothiocyanate
(RITC) were purchased from Sigma (www. sigmaaldrich.com). Alexa Fluor 350 carboxy acid

succinimidyl ester, Oregon Green 488 (2',7'-difluorofluorescein), and fluorescein-labeled



3 Fluorescent SiNPs for interface FRET 47

avidin (from avidin egg white, dye-to- protein ratio 3:4:1) were purchased from Molecular
Probes (www.probes.com); Chromeo 642 was from Active Motif Chromeon
(www.activemotif.com); merocyanine UR-800 is from FEW Chemicals (Wolfen, Germany;
www.few.de). 4-Amino-1,8-naphthalimide-N-caproic (ANIC) acid was synthesized according

to literature procedures.’® Organic solvents were of analytical quality and used as received.

3.3.2 Instrumentation

Fluorescence spectra were acquired on an Aminco-Bowman Series 2 luminescence
spectrometer from SLM Inc. (www.thermoelectron.com) equipped with a 150-W c¢w xenon
lamp as the light source. Thermogravimetric analyses were performed on a thermal analyzer
(model TGA-7; from Perkin Elmer; www.perkinelmer.com) at a heating rate of 10 °C min™'
under nitrogen atmosphere. The specific surface area of the SiNPs was determined by the
nitrogen adsorption method of Brunauer, Emmett, and Teller” using an instrument from
Micrometrics (model ASAP 2010; www.micromertics.com). Particle sizes and zeta potentials
were measured on a Malvern Zetasizer 3000 DTS 5300 Instrument (www.malvern.com) at pH

6. It can measure particle sizes ranging from 0.6 nm to 6 pm. Transmission electron

microscopy was performed on a Tecnai F 30 instrument from FEI (www.fei.com).

3.3.3 Preparation of Modified SiNPs

In a typical reaction, 0.5 mL of APTS was added to 100 mg of SiNPs suspended in 25 mL of
toluene under nitrogen and heating to ~95 °C for 4 h. The resulting SiNPs (type A in figure
3.1) were isolated after several cycles of centrifugation (10 min at 4,400 rpm) and washing
(two times ethanol and two times acetone). The modified SINPs were dried on air at ~60 °C in

an oven for 12 h.

3.3.4 Preparation of Fluorescent SiNPs

A suspension of 5.0 mg of the amino-modified SiNPs of type A in a mixture of 3 mL of

ethanol and 150 pL of a 10 mmol L' borate buffer (pH 9.3) was reacted with 127 pL of
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reactive label (1 mg mL™" solution) in the dark for 2 h at room temperature. The resulting
NPs (type B) were isolated by four cycles of centrifugation (10 min at 4,400 rpm) and

washing (two times ethanol and two times acetone).

A different procedure was carried out with Oregon Green 488. First, the carboxy group
of Oregon Green dye (381 puL of a 1 mg mL™" solution in ethanol) was activated in the
presence of 2.0 mg EDC in 10 mL of water for 2 h at room temperature to give an active
imidoester. Then, without further purification, 10.0 mg of the aminomodified SiNPs was
added. The reaction was allowed to proceed for 2 h at room temperature in the dark. The
resulting green-fluorescent SiNPs were isolated again by four cycles of centrifugation (10 min
at 4,400 rpm) and washing (two times water and two times ethanol). The NPs were dried at

~60 °C 1n an oven for 12 h.

<™ _OH
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Figure 3.1 Schematic representation of the surface chemistry applied leading to amino-modified

SiNPs (type A) and subsequent conjugation of a fluorophore FL to form SiNPs of type B.

3.3.5 Preparation of Fluorescent SiNPs with the Merocycanine Label UR-800

A suspension of 20 mg of amino-modified SiNPs was treated with a mixture of 250 pL of
a 1 mg mL ™' methanol solution of the label UR-800 under nitrogen overnight at ~65 °C under

magnetic stirring. The color of the resulting fluorescent NPs changed to blue. The solvents
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were removed using a rotary evaporator, and the NPs deposited were washed by re-
suspending them in methanol, followed by four cycles of centrifugation (10 min at 4,400 rpm)
and washing (two times methanol and two times water). The NPs were dried at ~60 °C in an

oven for 12 h.

3.3.6 Preparation of Biotinylated SiNPs

A suspension of 40 mg of amino-modified SiNPs (type A) in 1.5 mL of phosphate buffer
(20 mmol L") of pH 7.4 was reacted with 200 pL of biotin N-hydroxysuccinimide ester
(1 mg mL™" in water) for 2 h. The resulting biotinylated SiNPs were centrifuged (10 min at
4,400 rpm), washed four times with phosphate buffer to remove unbound biotin, and then

dried and stored in a desiccator over diphosphorus pentoxide.

3.3.7 Preparation of Fluorescent Biotinylated SiNPs

A suspension of 30 mg of biotinylated SiNPs in 1.5 mL of phosphate buffer (20 mmol L™") of
pH 7.4 was reacted with 112 uL of a 1 mg mL™' aqueous solution of RITC for 2 h under
stirring. The resulting fluorescent biotinylated SiNPs were purified by four cycles of
centrifugation (10 min at 4,400 rpm) and washing (phosphate buffer) to remove excess label.
When washing the solutions, they also were ultrasonicated to assist in the removal of any
physically adsorbed fluorophores. The SiNPs were dried and stored in a desiccator over

phosphorus pentoxide.

3.3.8 Preparation of Avidin Labeled with the Longwave Dye UR-800 (Av-UR-800)

A solution of 66 uL of the chlorinated merocycanine dye UR-800 (1 mg mL™" in methanol)
was added to an aqueous solution of 1 mg of avidin in 1 mL of phosphate buffer of pH 7.4
(20 mmol L™"). The green mixture was slowly shaken in an Eppendorf thermomixer
(www.eppendorf.com) overnight at ~40 °C. During this time, the color of the resulting

solution changed to blue. This solution was used in further FRET experiments.
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3.3.9 Energy Transfer Study using Bt-SiNP-RhB and Av-Flu

Aqueous solutions of Bt-SiNP-RhB (0.011 mmol L™") and Av-Flu (0.044 mmol L") were
mixed in ratios according to table 3.1 and were made up to a total volume of 2.5 mL with
buffer of pH 7.4 (20 mmol L™"). The concentration of Bt-SiNP-RhB was determined by
photometry using a molar absorbance of 43,000 L (mol cm) ' for the conjugated dye (in
water). Spectra were acquired immediately after mixing using an excitation wavelength of 430

nm.

Table 3.1 Volumes of standard solutions (in pL) applied for the FRET system between Av-Flu (0.044
mmol L) and Bt-SiNP-RhB (0.011 mmol L), and resulting molar ratios.

Volume Volume of Volume of Resulting molar Associated
of Av-Flu | Bt-SiNP -RhB | phosphate buffer ratio spectrum in
solution solution (figure 3.9)

40 0 2460 1:0 A

40 75 2385 1:0.48 B

40 100 2360 1:0.64 C

40 150 2310 1:0.96 D

40 200 2260 1:1.27 E

40 225 2235 1:1.44 F

40 325 2135 1:2.10 G

0 325 2175 0:1 H

3.3.10 Energy Transfer Study using Bt-SiNP-RhB and Av-UR

Aqueous solutions of Bt-SiNP-RhB (0.044 mmol L™") and of Av-UR-800 (0.011 mmol L")
were mixed in ratios according to table 3.2 and made up to a total volume of 2.5 mL with
phosphate buffer of pH 7.4 (20 mmol L™"). The concentration of Av-UR was determined by
photometry using a molar absorbance of 174,000 L (mol cm)_1 that was found for the model
conjugate between UR-800 and isopropylamine in water solution. Spectra were acquired

immediately after mixing using an excitation wavelength of 450 nm.
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Table 3.2 Volumes (in pL) of standard solutions applied for the FRET system Av-UR-800 (0.011
mmol L) and Bt-SiNP-RhB (0.044 mmol L), and resulting molar ratios.

Volume of Volume Volume of Resulting molar Associated
Bt-SiNP -RhB | of Av-Flu phosphate buffer ratio spectrum in
solution solution (figure 3.12)

40 0 2460 1:0 A

40 40 2385 1:0.98

40 80 2360 1:1.30 C

40 120 2310 1:1.96 D

40 160 2260 1:391 E

40 160 2235 0:1 F

3.4 Results

3.4.1 Chemical Modification of SiNPs

The surface of the SiNPs was modified using the reagent 3-APTS in toluene solvent to yield
SiNPs carrying amino groups on their surface as shown as type A in figure 3.1. The presence

3435 after which the

of amino groups was proven by adding a solution of salicylaldehyde,
SiNPs immediately turned yellow as a result of the formation of a colored Schiff base. In a
control experiment, non-modified SiNPs gave no coloration with salicylaldehyde. Additional

proof is provided by the experiments described in the following using amino-reactive labels.

3.4.2 Fluorescent Labeling of Silica Nanoparticles

The SiNPs were rendered fluorescent by covalent attachment of the following labels to their
amino-modified surface: dansyl chloride (a sulfochloride), Alexa Fluor 350 (an amine-
reactive N-hydroxysuccinimide (NHS) ester), FITC (containing an amino-reactive
isothiocyanate group), RITC, Oregon Green (whose carboxy group first was made amino-
reactive using the reagent EDC), a fluorescent aminonaphthalimide (ANIC; after first being

converted into the NHS ester), and the blue (and red fluorescent) label Chromeo 642 (also an
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NHS ester). The labels were directly reacted with the SiNPs in ethanol suspension in the dark
for 2 h to give SiNPs of type B as shown in figure 3.1.

All kinds of reactive labels resulted in adequate labeling rates and efficiencies. The
effect of non-covalent adsorption of dyes and labels varies form case to case. While some
adsorption of the reactive dyes to the unmodified SiNPs can be observed in any case, a few
centrifugation and washing cycles completely remove the fluorophores (as verified by
fluorescence spectroscopy), while covalently labeled SiNPs could not be decolorized in this
way. As centrifugation and washing procedures were used to remove excess of reactive label

as well, it is assumed that the surface of the SiNPs was free of adsorbed labels.

The so-called chameleon labels represent a fairly new class of labels®® that is
characterized by the color change they undergo upon conjugation to amino groups. As a
result, the conjugates can be spectrally differentiated from the unreacted label even if present
in large excess. The blue pyrylium labels Py-1 (blue) and Py-5 (dark blue) were found to
easily react with amino-SiNPs to yield the respective pink (Py-1) and red (Py-5) conjugates,
which display a fairly strong fluorescence. Moreover, this is an additional proof for the

presence of amino groups on the surface of the modified SiNPs.

SiNPs with long-wave absorption and emission are particularly interesting because all
biomatter displays much less background luminescence in the long-wave part of the visible
spectrum and because most biomatter is much better permeable to long- than to short-wave
light. We have conjugated the chloro-substituted label UR-800 (see figure 3.2) to amino-
modified SiNPs in methanol by stirring the suspension at 65°C overnight under nitrogen gas

and magnetic stirring.

e @
803 303 Na
Figure 3.2 Chemical structure of the chameleon label UR-800.

The reactivity of UR-800 towards amino groups is due to an easily proceeding nucleophilic
substitution of the chlorine atom in the center of the conjugated (chromophoric) m-electron

system of the labels as shown in figure 3.3. This substitution reaction causes a significant
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short-wave spectral shift from green (Amax 800 nm) to blue (Amax 659 nm). Hence, this label
also may be considered as being a new kind of chameleon label. Most notably, it is virtually

non-fluorescent in free form but gives a fluorescent conjugate with amines (see figure 3.4).

Figure 3.3 Reaction scheme for blue conjugation of UR-800 to Silica Nanoparticles
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Figure 3.4 Chameleon effect of UR-800 on conjugation to amino-modified SiNPs. The absorption
spectrum of UR-800 (line a) undergoes a hypsochromic shift on conjugation to amino-modified SiNPs
(line c). The rather weak NIR emission of UR-800 in its nonconjugated state (line b) is spectrally well

separated from the distinctly stronger red emission of the labeled SiNPs (line d).
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3.4.3 Spectral Characterization of Labeled SiNPs

The spectra of the set of visible to NIR fluorescent SiNPs of type B are shown in table 3.3.
They have absorption maxima that range from ~337 to 659 nm and emissions with maxima
between 436 and 710 nm. The bandwidth (expressed here as BW@HM) vary to a large extent
(see figure 3.5).

Table 3.3 Fluorophores used, absorption and emission maxima (in nm) of the fluorescently labeled silica

nanoparticles, and spectral bandwidth of the emission band at half maximum (BW@HM) of emission band.

(w/w)
Fluorophore (mg) Ao (exc.) Amax (em.) | BW@HM | Dye (ng) /SiNPs
/SiNPs
(mg)
Conventional labels

dansyl chloride 337 492 98 -
Alexa Fluor 350 346 436 54 -
ANIC* 441 520 63 -
Oregon Green 488 488 520 32 -

FITC® 492 525 36 193.4

RITC® 540 565 40 147.3
Chromeo 642 642 662 37 -

Chameleon labels

Py-5 465 630 62 117.9

Py-1 503 602 94 174.2

UR-800° 659 710 64 116.8

(a) 4-amino-1,8-naphthalimide-N-caproic acid; (b) fluorescein isothiocyanate; (c) rhodamine B isothiocyanate;
(d) for an overview on UR labels and their nomenclature, see http://www-analytik.chemie.uni-regensburg.de /

wolfbeis/wolfbeis.htm.

The BW@HM value is a significant parameter in terms of using the particles in fluorescence
energy transfer-based assays, and in multi-labeling and encoding. The Stokes’ shifts range
from as little as 15 nm to substantial 155 nm, which also allows some variation in the choice
of labels. Furthermore, the weight ratio of the labeled dye in nanograms to SiNPs in

milligrams was determined by photometry.
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Figure 3.5 Emission spectra of (1) unmodified SiNPs; (2) Alexa Fluor 350-SiNPs; (3) dansyl chloride-
SiNPs; (4) Oregon Green 488-SiNPs; (5) ANIC-SiNPs, (6) FITC-SiNPs; (7) RITC-SiNPs; (8) Py-1-
SiNPs, (9) Py-5-SiNPs, (10) Chromeo 642-SiNPs, (11) UR-800-SiNPs.

It is mandatory to carefully control the quantity of label that is being conjugated onto the
surface of the SiNPs. Too high loading results in self-quenching of the fluorophores and thus

in reduced brightness. As a rule of thumb, it is recommended to prepare SiNPs of faint color.

3.4.4 Biotinylation of the SiNPs

Amino-modified SiNPs of type A were reacted with NHS-biotin in phosphate buffer to yield
biotinylated SiNPs. Biotinylation was proven by C, H, N, and S elemental analysis and zeta
potential measurements (see sections below). The remaining free amino groups on the
biotinylated SiNPs can then be reacted with RITC in phosphate buffer to yield fluorescent
biotinylated SiNPs that can act as both a donor and an acceptor in FRET experiments with

fluorophore—avidin conjugates.

3.4.5 TEM and Zeta Potentials of SiNPs

Transmission electron microscopy (TEM) images of the SiNPs show that they are aggregated

and amorphous, with particle sizes of typically 15 nm (see figure 3.6).>” Also, TEM images of
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amino-modified SiNPs show that the SiNPs have retained their size and aggregation

properties.

Figure 3.6 TEM pictures of SiNPs before (left) and after (right) amino-modification of the surface to
yield particles of type A.

As expected, surface modification is accompanied by a change of the surface charge of the
SiNPs as confirmed by measurements of zeta potentials at pH 6. Plain SiNPs are known to be
negatively charged at pH 6 due to silanol groups that are dissociated. If suspended in water of
pH 6, they have a zeta potential of —29.6 mV. Following modification with APTS, the
potential changes to +36.1 mV due the presence of amino groups, which are positively
charged at pH 6. The zeta potential of the biotinylated SiNPs is +16.1 mV, which obviously is
due to a decrease in the density of amino groups on the surface, some of which will be
consumed when conjugating biotin to the surface. Images of silica nanoparticles were
collected on a transmission electron microscope (on a Tecnai F 30 instrument). The species
were prepared by dispersing the nanoparticles in ethanol, placing a drop of it on a carbon-

coated copper grid, and allowing to dry at room temperature.
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3.4.6 Elemental and Thermogravimetric Analysis

The chemical composition of the surfaces of the SiNPs was investigated using conventional
elemental analysis. Data are presented in table 3.4. The presence of nitrogen in the amino-
modified SiNPs is clear evidence that APTS molecules have been bound to the surface. In
contrast, no nitrogen was detected on the surface of the non-modified particles. The presence
of a certain amount of hydrogen is due to alkyl group and also due to water bound to the
unmodified SiNPs. After reacting with biotin, the detection of sulfur is proof for its successful
attachment to the surface. Less than one third of the amino groups is modified with NHS-

biotin (see the next section), which introduces two nitrogen atoms as well.

Table 3.4 Results of elemental analysis of SiNPs

type of SiNPs % C %H % N % S
non-modified 0.00 1.90 +£0.030 0.00 0.00
amino-modified 6.02 £0.010 2.56+0.043 | 1.98 £0.035 0.00

amino-modified
6.61 £0.010 244+£0.010 | 1.93+£0.020 0.52 £ 0.060
and biotinylated

The resulting slight decrease of the nitrogen content of the biotinylated sample is well
expressed by the respective C/N ratio. Regarding the content of carbon and hydrogen, the
values of an elemental analysis of nanoporous materials need to be interpreted with caution
due to a hardly predictable adsorption of CO2, aliphatic hydrocarbons, and water (humidity)

from ambient air.

The modified SiNPs were also assessed by thermogravimetric analysis (TGA). Figure
3.7 shows the respective weight losses. The relatively small loss of plain SiNPs (plot a) is
mainly due to removal of adsorbed water (whose presence also is confirmed by the result of

the elemental analysis). Amino-modified SiNPs suffer from a larger weight loss, a fact that
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again indicates the presence of APTS which decomposes at above 450 °C. The highest weight

loss is observed for biotinylated SiNPs due to additional decomposition of biotin.

The loading of the surface with amino groups and biotin groups was quantified by using
data on the calculated number of functional groups and on the specific surface area (Sx,) as
obtained from BET measurements according to Brunauer, Emmett, and Teller.*® The Sn2 was
determined to be 566 m* g ', which is somewhat less than the value (640 m* g') given by the
supplier. The density da of aminopropyl groups on the surface was calculated 3 using the

following equation:

(AWCH B AWOH )N
MWSN2

A.107"°

d, (nm_z )=

where AWy and AWy are the ratios of weight loss for the modified and unmodified samples
as measured by thermogravimetry, Mw is the molar mass of the aminopropyl group or biotin,
Sne is the BET-specific surface area as measured from the nitrogen adsorption isotherm, and
NA is Avogadro’s number. Using the experimental data for AWy and AWy of figure 3.7, the
molecular mass of the aminopropyl group (58.1 g mol™") or biotin (227 g mol'; due to loss of
the OH group on conjugation), and Sy, (566 m* g '), the densities of the amino groups and the
biotin groups per unit area of the surface of the SiNPs were calculated to be 0.591 and 0.195

nm .
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Figure 3.7 Thermogravimetric analysis of silica nanoparticles (SiNPs). (a) Non-modified SiNPs; (b)
amino-modified SiNPs; (c) biotinylated SiNPs.

3.4.7 Fluorescence Resonance Energy Transfer Studies

FRET between a donor fluorophore and an acceptor fluorophore is an almost perfect

138394041 5 detect whether two fluorescent species have a spatial proximity of less than

too
typically 10 nm. FRET therefore is widely applied in bioanalytical sciences to study the
interaction of species such as antigens and antibodies and of nucleic acid oligomers with their

counterstrands, all of which display strong (non-covalent) interactions.

The biotin—(strept)avidin couple represents another kind of strong affinity binders, with
a K, as high as ~10" to 10"> mol L™". For FRET to occur, it is mandatory to label both binding
partners, usually with a donor fluorophore and an acceptor fluorophore. While this makes
FRET assays more tedious than methods based on single labeling, it has the advantage of
yielding two signals at two wavelengths whose intensity usually changes counterclockwise, so

that the ratio of the two signals is detected.
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a Flu (green) b UR-800 (dark red)

AV

Figure 3.8 Schematic representation of the FRET model systems. A Energy transfer occurs from
fluorescein-labeled avidin (the donor) to RITC-labeled biotinylated SiNPs (the acceptor). b Energy
transfer occurs from RITC-labeled biotinylated SiNPs (the donor) to UR-800-labeled avidin (the

acceptor).

We have investigated whether FRET may occur if avidin binds to the biotinylated SiNPs
presented before. Two model systems were studied. In the first (figure 3.8a), FRET occurs
from fluorescein-labeled avidin (Av-Flu) to biotinylated SiNPs labeled with rhodamine B (Bt-
SiNP-RhB). In the second system (see figure 3.8b), FRET is demonstrated to occur in the
reverse direction, i.e., from Bt-SiNP-RhB to avidin-labeled SiNPs with the long wave
absorbing dye UR-800 (=Av-UR-800).

Fluorescence intensity
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Figure 3.9 Study on the FRET between fluorescein-labeled avidin (the donor) and rhodamine-labeled

biotinylated SiNPs (the acceptor). The molar ratio of rhodamine to fluorescein was varied from 1:0
(A),1:0.48 (B), 1:0.64 (C), 1:0.96 (D), 1:1.27 (E), 1:1.44 (F), 1:2.1 (G), and 0:1 (H). The emission
spectra of rhodamine-labeled biotinylated SiNPs in the absence of fluorescein-labeled avidin with

molar ratio of 0:0.48 (J) and 0:2.1 (I). See table 3.1
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The results of a study on the (Av-Flu) to (Bt-SiNP-RhB) FRET system are shown in
figure 3.9. There is a high degree of spectral overlap between the emission of fluorescein and
the absorption of rhodamine B (see figure 3.10). Plot A is the (green) emission of the Av-Flu
only (in the absence of Bt-SiNP-RhB), while plot H is the (yellow) emission of Bt-SiNP-RhB

only (i.e., in the complete absence of Av-Flu).
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Figure 3.10 Spectra of pure FITC and RITC dyes (FRET Pair). (a) absorption spectrum of FITC, (b)
emission spectrum of FITC, (C) absorption spectrum of RITC, (d) emission spectrum of RITC.

In a typical experiment, a solution of fluorescein-labeled avidin (Av-Flu) was prepared, and
increasing quantities of biotinylated SiNPs labeled with RhB (Bt-SiNP-RhB) were added
(details are outlined in table 3.1). As the labeled avidin is captured by the Bt-SiNP-RhB, the
two fluorophores come in close proximity and FRET can occur. As a result, changes in the
fluorescence spectra are found as shown in figure 3.9, where the fluorescence of Av-Flu at
520 nm decreases while that of the Bt-SiNP-RhB at 578 nm increases. The spectra clearly
demonstrate efficient FRET between fluorescein and RhB on varying the molar ratio of RhB
(on biotinylated NPs) from 0.48 to 2.1 (curves B to G) with respect to unit concentration of
fluorescein. The effect of the concentration of rhodamine B on the efficiency of the FRET
system was also studied. By comparing the fluorescence intensities of Bt-SiNP-RhB solutions
(a) in the presence of Av-Flu (at ratios of 1:0.48 and 1:2.1; plots B, H) and (b) in the absence
of Av-Flu but the same molar concentration of RhB (ratios of 0:0.48 and 0:2.1, respectively)
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(see curves J and I in figure 3.9), one can see that the contribution caused by the increase in

the concentration of RhB to the increase in FRET efficiency remains rather small.
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Figure 3.11 Spectra of pure RITC dye and amino modified UR-800 (FRET Pair). (a) absorption
spectrum of RITC, (b) emission spectrum of RITC, (C) absorption spectrum of amino modified UR-
800, (d) emission spectrum of amino modified UR-800.

In the second system studied, FRET occurs in the other direction, i.e., from the
rhodamine-labeled SiNPs to avidin labeled with the long-wave dye UR-800. There is
adequate spectral overlap between the emission spectra of RhB and the absorption spectra of
the NIR dye (see figure 3.11), and indeed, efficient energy transfer does occur as shown in

figure 3.12.
The emission of each single species of the binding couple is represented by spectra A and F.

In A, the ratio is 0:1, and this results in the yellow fluorescence of rhodamine only. In F, the
ratio is 1:0, and this results in the red fluorescence of UR-800 only. Increasing quantities of
Av-UR-800 were added to a fixed quantity of Bt-SiNP-RhB (details in table 3.2). The
increase of the fluorescence intensity of UR-800 can be seen in figure 3.12 (plots B to E).
Obviously, efficient FRET occurs and results in (a) a decrease in the fluorescence intensity of
biotinylated SiNPs-RhB at 578 nm and (b) an increase in the intensity of the long-wave
emission at 700 nm. By comparing the fluorescence intensities of Av-UR-800 both in the
presence of Bt-SiNP-RhB (at molar ratios of 1:0.98 and 1:3.91; see plots B and E) and (b) in
the absence of Bt-SiNP-RhB (plots H and G in figure 3.12), one can conclude that the
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contribution of the increase of concentration of the long-wave dye to the fluorescence increase

is very small with respect to the efficiency of the energy transfer process.
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Figure 3.12 FRET study using rhodamine-labeled SiNPs (as the donor) and UR-800-labeled avidin (as
the acceptor). The molar ratio of rhodamine label with biotinylated SiNPs to long-wave-avidin was
varied from 1:0 (A), 1:0.98 (B), 1:1.30 (C), 1:1.96 (D), 1:3.91 (E), and 0:1 (F). The emission spectra of
long-wave avidin in the absence of biotinylated SiNPs with molar ratio of 0:0.98 (H) and 0:3.91 (G).
See table 3.2

3.4.8 Specificity, Interfacial Effects, and Effects of pH

In order to exclude the possibility of unspecific binding to the surface of the SiNPs, the FRET
system between Av-Flu and SiNP-RhB was examined in the absence of biotin particles. Data
are given in figure 3.9 and in table 3.1. They show that virtually no energy transfer is
observed from the donor the acceptor (rhodamine) in the absence of biotinylated particles.
This indicates that our system completely depends on the avidin—biotin affinity. The pH
dependence of the affinity system based on FRET from fluorescein to rhodamine was carried
out with a series of solutions with pH ranging from 6 to 9 and at an excitation wavelength of

430 nm. Nanoparticles of the type

Bt-SiNP-RhB (as an aqueous colloid) and fluorescein labeled avidin (Av-Flu; 0.044 mmol
L") were mixed in a molar ratio as described in row F in table 3.1. As was to be expected in

view of the known pH dependence of the fluorescence of fluorescein, the intensity of the
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fluorescein peak was found to increase with the pH of the solution, while the intensity ratio of

Bt-SiNP-RhB to Av-Flu slightly decreased with increasing pH (see figure 3.13).
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Figure 3.13 Effect of pH on (A) the luminescence intensity of the fluorescein—avidin conjugate, (B)
the luminescence intensity of the rhodamine labeled biotinylated SiNPs, and (C) on the ratio of the
luminescences of rhodamine-Bt-SiNP nanoparticles to fluorescein-labeled avidin (type F with molar

ratio of 1.44:1 Rh/Flu; see table 3.1)

The pH dependence of system 2 (with the FRET occurring from rhodamine to the near-
infrared label UR-800) was also studied with a series of solutions with pH values ranging
from 6 to 9 and at an excitation wavelength of 450 nm. Avidin labeled with UR-800 (0.011
mmol L") and Bt-SiNP-RhB (0.044 mmol L") were mixed in the molar ratios given under D
in table 3.2. Not unexpectedly (in view of the known pH independence of the fluorescence of
rhodamines between 4 and 10), the intensity of the rhodamine peaks did not significantly
change with the pH of solution (data not shown). The pH dependence of the fluorescence of
the UR-800 labeled avidin also was measured in the absence of the donor particles (Bt-SiNP-
RhB) at excitation/emission wavelengths of 659/710 nm. Both the excitation and emission

peaks do not change with pH.
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3.5 Discussion

We show that fluorescent labeling of the surface of aminomodified SiNPs is easily
accomplished with various kinds of amine-reactive labels. These include conventional
reagents such as sulfochlorides and NHS-active esters, but also reactive labels of the
chameleon type. Long-wave absorbing and emitting SiNPs are certainly preferred for the
reasons outlined before. We also demonstrate that the binding of biotin to avidin can be
followed by FRET spectroscopy if one fluorophore is covalently linked to a SiNP. The
direction of FRET is not restricted since it can occur from either a labeled protein (Av-Flu) to
a biotinylated particle labeled with an acceptor, or vice versa. The (Av-Flu)-to-(Bt-SiNP-RhB)
FRET system exhibits good efficiency, with an up to 6.8-fold increase of acceptor
luminescence intensity. The FRET from (Bt-SiNP-RhB) to (Av-UR-800) also is efficient,
with an up to 7.3-fold increase of acceptor luminescence intensity. This is also due to the fact
that the distance for energy transfer is shorter, if the label is bound on the surface of the SiNP,
as compared to a label that is encapsulated inside the particle. FRET-based methods like the
one shown here are intrinsically self- referenced in that two signals can be measured (at two
wavelengths) that change counterclockwise. Hence, the ratio of signals obtained is self-
referenced and independent of variations in the intensity of the light source and the
photodetector and also of geometrical factors.*> Aggregation of the SiNPs is present according
to the TEM spectra (figure 3.6) but does not seem to compromise avidin—biotin recognition
and FRET. However, photoexcitation is better performed at 430 nm (in case of FITC) and at
450 nm (in case of RITC) in order to reduce the intensity of scattered light at the wavelength
where emission intensity is measured. The (strept)avidin/biotin couple is one of the most
widely used affinity systems. Recent applications include the avidin—biotin interactions on
Fe;0,4 nanoparticles,” its use in photoelectrochemical detection of biological affinity
reaction,”” in decorated core-shell nanoparticles for biorecognition studies by elastic light
scattering,™ in nanocomposites of colloidal gold particles and fatty acids,” in bioconjugations
to Ln(Ill) ion-doped lanthanum trifluoride nanoparticles,” in superparamagnetic
nanoparticles,”” and in quantum dot biosensors for ultrasensitive multiplexed diagnostics.*®
Conceivable features of the nanoparticle-based FRET system presented here include
applications in immunoassay and immunohistology, in labeling and in studies on
(bio)molecular interactions at interfaces, high-throughput screening and receptor—ligand

interactions, biosensing (and recognition at interfaces in general), DNA assay (that often is



3 Fluorescent SiNPs for interface FRET 66

based on FRET), and also other areas such as tumor targeting, ‘“lab-on-a-particle”

architectures, and intracellular delivery of drugs.
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4 Detection of Biotin-Avidin Affinity Binding by Exploiting a Self-
Referenced System Composed of Upconverting Luminescent
Nanoparticles and Gold Nanoparticles

4.1 Abstract

We demonstrate an affinity system based on the interaction of two types of nanoparticles. The
first type consists of upconverting NaYF4:Yb,Er nanoparticles (UCLNPs) with a size of 40 —
100 nm, absorbing light in the infrared and showing green luminescence at 521 and 543 nm
and red luminescent at 657 nm. The second type consists of gold nanoparticles (Au-NPs) with
a size of about 50 nm absorbing the green luminescence of the UCLNPs. By labeling the
UCLNPs with avidin and the AuNPs with biotin we established a model system for a self
referenced affinity system applicable to sensing in biological samples. In the presence of
avidin-modified UCLNPS, the biotinylated Au-NPs can be detected in the range from 12 to
250 pg'mL™ by rationing the intensity of the red (analyte-independent) emission band to that
of the green (analyte-dependent) emission band. All nanoparticles were characterized in terms
of size and composition using transmission electron microscopy, thermo-gravimetry, and

FTIR spectroscopy.

4.2 Introduction

The avidin/biotin system is w5-affinity and non-covalent coupling system and widely used for
non-covalent conjugation.'”” Its unusual affinity (with a Ka of > 10-12) has made it quite
useful in specific targeting applications including immuno-assays,” high-throughput
screening,5 678 detection and immobilization of DNA,>'*'12 and biofunctionalization," in
vitro cytotoxicity,'* to mention only a few. The fair ease of biotinylating biomolecules

without compromising their function has further contributed to its popularity.

In order to make nanoparticles (NPs) useful for purposes of biosensing, their surface has to be
(bio)chemically modified. Typical examples include labeling of NPs with species such as
biotin, avidin, proteins (such as antibodies), or DNA. Various kinds of NPs have been
modified in this way, for example those made from silica,’® carbon nanotubes,'®!” or

semiconductor inorganic NPs of the zinc oxide type.'® Gold NPs are particularly often used in
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biophysical and bioanalytical sciences because they are nontoxic and their surface can be
easily modified with various types and modifications of alkyl thiols'’ and with polymer that
previously have been end-capped with specific biomolecules.”’ Gold NPs modified with
biomolecules such as biotin were used in nummerous bioapplications including

. .21 . . s 22
1mmunosensing and in nanomedicine.

Infrared-to-visible upconverting nanoparticles (UCLNPS) are capable of converting
near-infrared (NIR) light into visible luminescence. They often are based on the matrix
material NaYF, that is doped with trivalent lanthanide ions such as ytterbium or erbium which

determine the color of emission. UCLNPS have found numerous applications including

25,2627 28,29

sensing ,>** labeling of biomolecules and in enzymatic and affinity assays.
Compared to organic labels or classical (luminescent) nanoparticles,” they display fairly high
quantum yield, tunable emission wavelengths, lack of blinking, and photostability. Auto-
fluorescence from biomaterial and Raman scatter are completely absent in the visible part of
the spectrum because luminescence is excited by NIR laser light, typically at 980 nm. It is
noted here that 980-nm light can be generated with low-cost and battery-powered diode lasers
of the laser pointer type, whilst most luminescent nanoparticles (including the so-called
quantum dots) requite shortwave (or even UV) light sources which are more expensive. The
use of UCNP type of labels leads to higher signal-to-noise ratios and thus to improved

33,34

. . 3132 . . . . .
performance in bioassays,” ”~ imaging, and in terms of detection limits. Moreover, NIR

light is safe to tissue which it can penetrate to a depth of up to several mm.*>~

Given this, there have been substantial efforts in order to functionalize the surface of

such NPs with respect to bioconjugation, ***7

among others. Recently, UCLNPS have been
shown to be useful in energy transfer-based sandwich immune assays.3 24041 I these systems,
the emission of the UCLNPS is reabsorbed by the fluorescently labeled biomolecules on the
UCNP. Interestingly, it is stated that the effects are based on fluorescence energy transfer
(FRET) even though distances are longer — at the average — than the typical distances (up to

10 nm) over which FRET can occur.

It is a most welcome coincidence that the bands of the green luminescence of UCLNPS
of the type NaYF4:Yb,Er (with emission maxima at 521 and 543 nm) match the absorption
band of gold nanoparticles (Au-NPs) that are red or pink (depending on size)** and in our case
have an absorption maximum at 541 nm as seen in figure 4.1 . We perceived that if Au-NPs
are attached to green emitting UCLNPS, the green fluorescence of the latter will be screened

off by an inner filter effect. Wang et al.”® have studied the interaction used biotinylated Au-
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NPs along with biotinylated UCLNPS. On addition of avidin, the two types of particles come
in close proximity, and this was said to result in FRET which however cannot be the only
reason for the reduction in the intensity of the emission of the UCLNPS simply because of the
size of the particles compared to the maximal distance (7 to 10 nm) over which FRET can

. . . 4344
occur according to the Forster equation.™

The model system they chose (two types of
biotinylated particles) is rather unrealistic from a bioanalytical point of view because in most
practical situations (from high-throughput screening to immunoassays and gene assays) it is
the interaction of a biotinylated species with an avidin conjugated species that is to be

detected, rather than the interaction of two biotinylated species.
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Figure 4.1 (a) Emission spectrum of avidin labeled UCLNPS following photo-excitation with a diode
laser at 980 nm; (b) absorption spectrum of the biotinylated 50-nm gold nanoparticles

In another report,* the interaction between UCLNPS and Au-NPs was used in a sandwich-
type of immunoassay. The system is based on the interactions of (a) an antibody conjugated to
an UCNP; (b) a secondary antibody, and an (c) antigen linked to AuNPs. Equilibration
typically takes more than 1 h. Luminescence resonance energy transfer (LRET) was again
invoked as the mechanism for quenching. This is, however, unlikely to be the cause for the
reduction in intensity ("quenching") for the reasons outlined before. Rather, we believe that
the effect is caused by an inner filter effect in that the green emission of the UCLNPS is
absorbed by the red (or pink) gold NPs. The system presented here is based on silica-coated
UCLNPS (NaYF, nanocrystals doped with Yb*" and Er’*) which are more biocompatible than
uncoated UCLNPS. It was designed in order to be useful in all the typical bioassay formats
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where the high-affinity interaction between biotin and avidin is exploited. We also
demonstrate that the dual emission of most UCLNPS has a beneficial feature by enabling
rationed measurements because only one of the two emission bands is analytically sensitive,

whilst the second one is inert and represents a most useful reference signal.

4.3 Materials and Methods

4.3.1 Materials

Yttrium(III) chloride hexahydrate (99.99%), ytterbium(III) chloride hexahydrate (99.99%),
Erbium(III) chloride hexahydrate (99.99%), tetracthoxysilane (TEOS), ammonium hydroxide
solution (28% in water) and avidin (from egg white) were purchased from Sigma
(www.sigmaaldrich.com). Hydrogen tetrachloroaurate(Ill) hydrate (49% Au) was purchased
from Chempur (www.chempur.de), trisodium citrate dihydrate and ethylene-
diaminetetraacetic acid (EDTA) from Merck (www.merck-chemicals.de), hydroxylamine
hydrochloride from Alfa Aesar (www.alfa.com), 3-(glycidyloxypropyl)-trimethoxysilane
(98% purity) from ABCR (www.abcr.de), and biotin terminated undecylthiol (HS-(CH,);:-
NH-CO-biotin) from Prochimia (www.prochimia.com). The phosphate buffer used (20 mM)
had a pH of 7.4.

4.3.2 Instrumentation

Luminescence spectra of particles were recorded on a Cary Eclipse fluorometer (from Varian;
www.varianinc.com). A 980-nm fiber optic diode laser with power regulation (max. 5 W cw;
from Roithner Lasertechnik; www.roithner-laser.com) was used as the light source for
upconversion photoexcitation. Transmission electron microcopy images were acquired using a
120-kV Zeiss (www.smt.zeiss.com) instrument (type Leo 912AB) equipped with a Proscan
CCD (www.proscan.de) camera. DR-FTIR spectra were acquired on a FT/IR — 6100 IR
spectrometer distributed by Jasco (www.jascoinc.com). A diffuse reflectance accessory
(EasiDiff) provided by Pike Technologies (www.piketech.com) was used for sample
preparation. Thermogravimetric analyses were performed on a thermal analyzer (model TGA-

7; from Perkin-Elmer; www.perkinelmer.com) device at a heating rate of 10 °C min-1 under
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nitrogen atmosphere. Particle sizes and zeta potentials were measured on a Malvern Zetasizer
3000 DTS 5300 instrument (www.malvern.com) at pH 6. It can measure particle sizes ranging

from 0.6 nm to 6 um.

4.3.3 Synthesis of NaYF .. Yb,Er Upconverting Nanoparticles

NaYF,:Yb,Er UCLNPS were prepared using the coprecipitation method.*® In a typical
procedure, solutions of 16 mL of 0.2 M of YCls, 3.4 mL of 0.2 M YbCl; and 0.6 mL of 0.2 M
ErCl; were mixed with 20 mL of a 0.2 M EDTA solution in order to form the respective
EDTA complex. This solution was quickly injected into 60 mL of a 0.05 mol solution of
sodium fluoride, and the mixture stirred for 1 h at room temperature. The resulting precipitate
was centrifuged, washed three times with water and once with ethanol. The precipitate was
then dried in a drying furnace and under vacuum. Annealing of the nanoparticles was carried
out in an atmosphere of argon by heating them to 400 °C at a rate of 20 °C per min,
maintaining this temperature for 5 h, and cooling to room temperature under the same
atmosphere. The resulting (partial) conversion of the cubic into the hexagonal phase*® yields

particles with higher upconversion efficiencies.

4.3.4 Synthesis of silica shell NaYF;:Yb,Er Upconverting Nanoparticles

The above nanoparticles were covered with a silica shell that was created by the hydrolysis of
tetraethyl orthosilicate.*’ In a typical procedure, 40 mg of the UCLNPS were stirred in 25 mL
ethanol for 30 min. Then, 500 uL of water, 300 pL of ammonium hydroxide and 325 pL of
TEOS were added to the solution, the mixture heated to 40 °C and then gently stirred for 30
min. Finally, 15 pL of 3-(glycidyloxypropyl)trimethoxysilane were added and the mixture
stirred for another 2 h. The modified UCLNPS were isolated after several cycles of

centrifugation (10 min at 4400 rpm) and washing (two times ethanol, two times water).

4.3.5 Preparation of Avidin-Labeled NaYF ,:Yb,Er Upconverting Nanoparticles

A solution of 25 mg of silica-modified UCLNPS was dispersed in 1.5 mL of the pH 7.4 buffer

by ultrasonication for 20 min. Then, 1 mg of avidin was added to react with the surface epoxy
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groups. The mixture was shaken in an Eppendorf thermomixer (www.eppendorf.com)
overnight at room temperature to allow for the reaction to complete. UCLNPS were isolated
after several cycles of centrifugation (10 min at 6000 rpm) and washing (three times with
buffer of pH 7.4). The avidin labeled UCLNPS were redispersed in 10 mL of buffer,
sonicated, and stored at 4 °C. This solution was used in further experiments. The following

scheme (figure4.1) shows the modification procedure of the UCLNPS.

+ (EtO)4=Si
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NH,OH
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Figure 4.1. Surface chemistry leading to epoxy-modified silica shell UCLNPS, and subsequent
conjugation of avidin to the surface.

4.3.6 Synthesis of 20-nm Gold Nanoparticles (Au-NPs)

The colloidal gold nanoparticles were synthesized as described by Turkevich® et al. In a
typical experiment, a volume of 47.5 mL of a solution of 5 mg of chloroauric acid (HAuCly)
were brought to reflux, and 2.5 mL of a 1% sodium citrate solution added to the boiling
solution. The reduction of the gold ions by the citrate ions is complete after 5 min. The red
solution (refered to as solution A) was further boiled for 30 min and then left to cool to room

temperature. This method yields spherical particles with an average diameter of about 20 nm.
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4.3.7 Synthesis of 50-nm Gold Nanoparticles (Au-NPs)

The 20-nm colloidal gold solution was used as seed solution for growth of the larger spheres
of 50 nm. These nanoparticles were obtained by the reduction of fresh HAuCls with
hydroxylamine in the presence of 20 nm gold nanoparticles as described by Turkevich*et al.
Solution A (0.9 mL) was treated with 15 mL of a solution of chloroauric acid (containing 1.5
mg of HAuCly) then with 2 mg of solid hydroxylamine hydrochloride. The resulting solution
was left to stay for at least 30 min so to allow for particle growth to give a red suspension of
gold nanoparticles (refered to as solution B). The volume of the seed solution was estimated

with the Turkevich equation.*

4.3.8 Synthesis of Biotinylated Gold Nanoparticles

A solution of 8 mL of biotin-terminated undecylthiol (100 uM in water:ethanol; 50% v/v) was
added to 15.9 mL of solution B. The vial is left to stay overnight. The resulting red
nanoparticles were isolated and purified by several cycles of centrifugation (10 min at 14000
rpm) and washing (three times with phosphate buffer of pH 7.4). The biotinylated gold NPs
were redispersed in 5 mL buffer, sonicated, and stored at 4 °C. This stock solution (refered to

as solution C) was used in further experiments.

4.3.9 Study on the Interaction Between Avidin labeled UCLNPs and Biotinylated Au-
NPs

The affinity interactions of the avidin labeled UCLNPS and the biotinylated Au-NPs was
investigated by luminescence spectroscopy. In a typical procedure, aqueous solutions (200 pL
of a 1 mg L' solution of avidin-labeled UCLNPS) was mixed, in increasing ratios (0 - 500
uL), with an aqueous solution of 0.5 mg mL"' of biotinylated Au-NPs (after centrifugation and
resuspension), and made up to a total volume of 2.0 mL with buffer of pH 7.4. Luminescence

spectra were acquired immediately after mixing.
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4.4 Results and Discussion

The epoxy-functionalized UCLNPS can be easily dispersed in water to form a colloidal
solution. The TEM picture given in figure 4.2 shows that the UCLNPS are coated with a layer

of silica and spherical in shape, with a size distribution ranging from 120 to 170 nm.

200 R

Figure 4.2 Transmission electron microscopy image of silica-coated upconverting nanoparticles

showing a core consisting of UCLNPS and the (epoxy-modified) silica coating. Scale bar: 200 nm.

UCLNPS were first characterized by thermogravimetric analysis (TGA). Plain UCLNPS
display a rather small loss which is due to evaporation of adsorbed water. Epoxy-modified
UCNP suffer from a larger weight loss due to the presence of (3-glycidyloxy-
propyD)trimethoxysilane which decomposes at above 450 °C. The highest weight loss is
observed for avidin labeled UCNP due to additional decomposition of avidin. The differences
in weight loss between the unmodified UCLNPS, epoxy modified UCLNPS, and avidin-
labeled UCLNPS are good proof for surface modification (see figure 4.3).
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Figure 4.3. Thermogravimetric analysis of UCLNPS. (a) plain UCLNPS; (b) epoxy-modified silica
shell UCLNPS, (c) avidin-labeled silica shell UCLNPS.

4.4.1 FTIR Spectra of Epoxy-Modified UCLNPs with a Silica Shell, and of Biotinylated
Gold NPs

The surface modification of the UCLNPS and Au-NPs was assessed by FTIR spectroscopy of
the epoxy-modified UCLNPS with a silica shell, and of the biotinylated gold NPs. The
characteristic IR absorption signals for modified samples are given in figure 4.4. the FTIR
spectrum which displays a sharp band peaking at ~940 cm™ (epoxy groups) and C-H
stretching vibrations at 2920 cm™ and 2840 cm™. The spectra of the gold NPs show two
characteristic peaks at 2943 cm™ and 2880 cm™ that can be attributed to CH, stretching
modes. These peaks clearly demonstrate the presence of alkyl chains. The peak at 1650 cm™ is

attributed to the biotin amide carbonyl group.
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Figure 4.4 FTIR spectra of UCLNPS (top). (a): plain particles; (b): epoxy/silica modified particles),
and Au-NPs (bottom) (a): plain particles, (b): biotinylated Au-NPs.

The colloidal gold nanoparticles have an average diameter of about 20 nm figure 4.5. Such
Au-NPs have absorption maxima at 523 nm which is not a perfect match with respect to the
green emission of the UCLNPS. In order to obtain a better spectral match, the 20 nm Au-NPs
were used as a seed to grow the spheres to a size of ~50 nm (figure 4.5) which shifts the
absorption maximum to 534 nm. The Au-NPs where characterized in terms of TEM and DLs

as show in figures 4.5 and 4.6.
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Figure 4.5 TEM images of gold nanoparticles (Au-NPs). The picture on the left shows the 20-nm Au-
NPs that were used as seeds for the 50-nm Au-NPs shown on the right. Scale bars: 200 nm).
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Figure 4.6 Dynamic light scattering spectra. of the Au-NPs with an average diameter of about 20 nm

(left) and of about 50 nm (right).

The surface of gold nanoparticles can be easily modified by reaction with thiols.”' We are
using a biotinylated undecylthiol of the chemical structure HS-(CH>);;-NH-CO-biotin whose
thiol group readily reacts with the surface of the Au-NPs. This is accompanied by a change in
the zeta potential { of the particles from -20.6 mV to -2.4 mV due to the replacement of the
citrate ligands on the surface of AuNPs by biotinylated undecylthiol.

Interestingly, an additional red-shift to 541 nm is observed following surface modification
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(see figure 4.7). The spectrum of the resulting pink solution now perfectly overlaps the 543-
nm emission band of the UCLNPS.
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Figure 4.7 Absorption spectra of (a) 20-nm seed solution of gold NPs, (b) 50-nm NPs and (c)

biotinylated gold nanoparticles in water.

The detection scheme for the bioaffinity assay is straightforward and schematically
outlined in figure 4.8. The biotinylated Au-NPs have a high affinity for the avidin modified
UCLNPS of the type NaYF4:Yb,Er. On binding, the gold nanoparticles form a kind of coating
on the surface of the UCLNPS whose green emission bands (peaking at 521 and 543 nm) then
will be absorbed by the Au-NPs. We have intentionally chosen UCLNPS that display a strong
second emission band at 657 nm which however is not screened off and thus can serve as a
reference signal. The analytical information of the system is obtained by rationing the
intensity of the red (analyte-independent) emission and the green (analyte-dependent)
emission. This option makes the assay particularly attractive because referenced fluorometric
methods are independent of fluctuations of light sources and geometrical as well as other
factors, and thus are more robust’” than assays based on measurement of intensities at

identical wavelengths.
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Figure 4.8 Schematic of the binding of biotinylated gold nanoparticles to avidinylated upconverting
nanoparticles. The green emission of the UCLNPS is absorbed by the biotinylated gold nanoparticles.
The red emission of the UCLNPS, in contrast, is not absorbed and may serve as a reference signal.
Photographs: (a) colorless suspension of UCNP under visible light; (b) UCLNPS with green

luminescence following 980-nm laser excitation; (c), red gold NPs under visible light.

In order to demonstrate the affinity assay to work, varying concentrations of biotinylated Au-
NPs were added to a fixed quantity of avidin-labeled UCNP. The luminescence of the UCNP
at 541 nm was measured following each addition of aliquots. Figure 4.9 shows that the
intensity at 541 nm (I,) is strongly reduced in the presence of Au-NPs, whilst that of the (red)

reference band at 657 nm (I;) remains virtually unchanged.
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Figure 4.9 Luminescence of the UCLNPS (photo-excited at 980 nm) after addition of different

concentrations of biotinylated gold nanoparticles.
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Similar experiments were carried out by titrating (a) non-labeled UCLNPS with non-
biotinylated Au-NPs, (b) non-labeled UCLNPS with biotinylated Au-NPs (see figure 4.5, left
part), and (c) labeled UCLNPS with non-biotinylated Au-NPs (see figure 4.10, right part). No
reduction in luminescence is observed in either of these cases which is excellent proof for (a)
the specificity of this affinity system, and (b) the absence of unspecific binding of proteins or

particles to surfaces.
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Figure 4.10 (a) Upconversion luminescence spectra of UCLNPS without avidin at different
concentrations of biotinylated gold nanoparticles. (b) Relationship between I,/I; and the concentration
of biotinylated gold (left). Upconversion luminescence spectra of avidinylated UCLNPS at different
concentrations of 50-nm Au-NPs without biotin upon diode laser excitation at 980 nm. (d)

Relationship between I,/I; and the concentration of the gold nanoparticles (right).
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Calibration plots for determining the concentration of Au-NPs based on (a) the intensity of the
luminescence of the UCNP (I;), and (b) the ratio between the relative intensities of the
luminescence of the UCLNPS at two wavelengths (I,/I;) are shown in figure 4.11. The
dynamic response ranges from around 12 to 250 pg of biotinylated Au-NPs per mL of sample

solution.
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Figure 4.11 Left: Relationship between the intensity of luminescence and the concentration of
biotinylated gold NPs. I, and I;, respectively, are the intensities of the luminescence of the 657-nm
(red) peak and the 543-nm (green) peak; (right) relationship between the concentration of biotinylated
gold NPs and the rationed intensities of luminescence (I/1;; left), I,/1, (right).

4.4.2 Ratio of the Intensities of the Two Bands of UCLNPs in Presence of Gold NPs for
the Situation Where one kind of Particles is not Containing the Affinity Partner.

In one set of experiments, non-labeled UCLNPS with biotinylated Au-NPs (see figure 4.5) to
give plot c in the figure below. In the second set of experiments, avidinylated UCLNPS were
titrated with non-biotinylated Au-NPs (see figure 4.12, right part) to result in plot (d) in the

figure below.
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Figure 4.12 Ratio between the intensities of the emissions at 657 nm (I;) and 541 nm (I;) versus (c)
the concentration of biotinylated gold nanoparticles in presence of no-unlabeled UCLNPS (left plot);
and (d) versus the concentration of non-labeled 50-nm gold NPs in presence of biotinylated UCLNPS
(right side plot). Also see Figure 4.10.

Wang et al.* have presented an UCNP-based immunoassay using a material that has a
very weak emission in the red (665 nm) and which is not suitable for self-referencing, which
is a major aspect of the work presented here. The analytical information in their method is the
ratio between the analyte-dependent intensity of the green emission (I) and the "unquenched"
green intensity (Ip). This ratio is, however, prone to the usual interferences of fluorometry
because the two intensities cannot be determined simultaneously (unlike the intensities of the
red and the green emission in our case). Moreover, FRET (and LRET) based methods (as
claimed by the authors) are sensitive to even minute changes in the distance of the two
luminophores involved due to the dependence on the inverse 6™ power of the efficiency of

FRET.

4.5 Conclusion

We demonstrate here a new kind of affinity scheme based on the strong interaction between
avidin and biotin. It is based on the spectral overlap between the luminescence of the
NaYF4:Yb,Er upconversion nanoparticles (UCLNPS) and the absorption band of the gold
nanoparticles. If placed in close spatial proximity via biotin-avidin binding, an inner filter
effect is observed that leads to an apparent decrease in the quantum yield as a result of the re-
absorption of light emitted by the UCLNPS. The effect can be used to detect binding between
avidin and biotin. The method represents an attractive alternative to systems where organic

labels are applied and where the efficiency of FRET between two (organic) fluorophores
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yields the analytical signal. One very attractive feature of this system relies on the fact that it
is displaying two emission bands. One is affected by the biotinylated gold particles, but the
other not, thus leading to a self-referenced signal. Specific other features include NIR
photoexcitation, lack of blinking, exceptional photostability, good solubility of the
nanoparticles in aqueous solution, and facile biofunctionalization of surfaces. We expect this
system to be applicable to wherever the avidin-biotin system is being employed, for example
to study protein-proteins interactions, ligand-receptor interactions, the formation of DNA
duplexes, and in high-throughput screening as outlined in the introduction. Conceivably, it can
be extended to the interaction of other species (such as antigens and antibodies; or oligomers
and their counterstrands) if one species is linked to the Au-NPs, and the other to UCLNPS. It

therefore is believed to have wide applicability.
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5 Preparation of Nanoparticles Labeled with Longwave
Absorbing and Emitting Chameleon Labels, and a Method for
Detecting Amino Groups on Surfaces

5.1 Abstract

Nanoparticles carrying longwave absorbing and emitting fluorescent labels were prepared by
conjugating reactive dyes to the surface of amino-modified particles. The dyes have a reactive
chloro group capable of reacting with amino groups and thereby undergoing a change in color,
typically from green to blue. Specifically, we report in particles made from silica, polystyrene,
and from lanthanide-doped NaYF, nanocrystals. The latter show the effect of upconversion in
that near-infrared laser light is converted into visible luminescence. They also show the
unusual property of displaying dual emission, depending on whether their luminescence is
photoexcited with visible light or near-infrared light. All particles are characterized in terms
of size and spectra. The chameleon effect (i. e., the color change from green to blue) can be

used to detect the presence of amino groups on the surface of nanoparticles.

5.2 Introduction

Fluorescently labeled nanoparticles have found substantial interest in recent years. They are

1.2,3,45,6,7 ,9,10

typically made from materials such as silica, polystyrene *'° or polyacrylonitrile,

HAZ13 panocrystals,'* and quantum dots.'> Applications of fluorescent nanoparticles include
the labeling of biomaterials such as proteins,16 antibodies,'’ oligomers,18 and even stem cells,”
in FRET studies,” and the like. Other than conventional labels, they are carrying thousands of
fluorophores per single particle and thus can render biomolecules much more fluorescent.

Labeled microparticles, on the other side, have been used in cytometry,”'**** bioanalysis in

1 24,25 26,27 28,29
9

genera screening, imaging and fluorescence-activated cell sorting.
We are reporting here on deeply colored and fluorescent nanoparticles tagged with a

new class of longwave labels. These show the interesting property (refered to as the

chameleon effect) of undergoing a color change on conjugation to an amino group, typically

from green to blue. The

chameleon labels presented here complement previous labels of that kind whose color

changes from blue to red on conjugation.’® Longwave labeled nanoparticles are of particular
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interest in biosciences because red and NIR light causes much less fluorescence background
of biological matter than light of wavelengths of below 500 nm, and because biomatter is
much better penetrated by longwave light than by shortwave light.”' The new particles are
considered to represent attractive alternatives to those used so far. Moreover, the change in the
color of the labels from green to blue on reaction with amino-modified nanoparticles is shown

to be useful for detecting the presence of amino groups on such particles.

5.3 Experimental

5.3.1 Materials

Silica nanoparticles consisting of amorphous SiO; (99.5% purity; 15 nm in diameter) were
purchased from Nanostructured and Amorphous Materials Inc. (www.nanoamor.com).
Amino-modified polystyrene nanoparticles, 100 nm in diameter, were from Polysciences Inc.
(www.polysciences.com). APTS (3-aminopropyl) triethoxysilane (98%) and the lanthanide
chlorides were acquired from Sigma (www.sigmaaldrich.com), EDTA from Merck
(www.merck-chemicals.de), and the merocyanines S-0121, S-0306, S-0378, S-0749 from
FEW Chemicals (www.few.de).

5.3.2 Instrumentation

Fluorescence spectra were acquired on an FP-6300 High Sensitivity Fluorescence
Spectrometer from Jasco, UK (www.jasco.co.uk). Luminescence spectra of the UCLNPs
were recorded on a Cary Eclipse fluorometer (from Varian; www.varianinc.com). A 980-nm
fiber-optic diode laser (maximally 5 mW cw; from Roithner Lasertechnik; www.roithner-
laser.com) was used as the light source for upconversion photoexcitation. The specific surface
area of the silica NPs was determined by the nitrogen adsorption method of Brunauer, Emmett

and Teller (BET)™ using the ASAP 2010 system of Micrometrics (www.micrometrics.com).

5.3.2 Preparation of Amino-Modified Silica Nanoparticles (SiNPs)

In a typical reaction, 0.5 mL of APTS was added to 100 mg of the SiNPs suspended in 25 mL
of toluene, and the mixture heated to 95 °C for 4 h. The resulting NPs were isolated by

centrifugation (10 min and 4400 rpm) and washing cycles using two times ethanol and two
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times acetone. The amino-modified SiNPs were dried at ~60 °C for 12 h and stored in a dry

atmosphere.

5.3.3 Preparation of Labeled SiNPs

A suspension of 20 mg of the amino-modified SiNPs was treated with a mixture of 250 uL of
a 1 mg mL" methanol solution of the merocycanine labels. Then, 200 pL of a 10 mM borate
buffer solution of pH 9.3 was added and the mixture stirred under nitrogen overnight at ~ 65
°C. The color of the green colloidal suspension changed to blue. The solvent was removed
using a rotary evaporator, and the blue NPs deposited were washed by re-suspending them in
methanol, followed by four cycles of centrifugation (10 min at 4400 rpm) and washing (two
times methanol and two times water). The NPs were dried at ~60 °C in an oven for 12 h and

stored in an Eppendorf cup.

5.3.4 Preparation of Fluorescently Labeled Polystyrene Nanoparticles

In a typical reaction, a solution of 100 pL amino-modified polystyrene nanoparticles (PSNPs;
diameter 100 nm; a 2.5% suspension in water) was treated with a mixture of 165 pL of a 1 mg
mL™" ethanol solution of the respective label in an Eppendorf vial and subsequent stirring in a
thermomixer (at 950 rpm and 60 °C) for 12 h (2 h only in case of the more reactive label S-
0378). The green color of the colloidal solution changed to blue. The solvents were removed,
and the particles were purified via four cycles of centrifugation (10 min at 4400 rpm) and
washing (two times ethanol and two times water). They were dried at ~60 °C in an oven for

12 h.

5.3.4 Synthesis of the NaYF,Yb,Er Upconverting Luminescent Nanoparticles
(UCNLPs)

These were prepared by the coprecipitation method.”® In a typical procedure, 16 mL of a 0.2
M solution of YCI3, 3.4 mL of 0.2 M YbCls, and 0.6 mL of 0.2 M ErCl; were mixed with 20
mL of a 0.2 M EDTA solution in order to form the respective EDTA complexes. This solution

was quickly injected into 60 mL of a 0.05 mol solution of sodium fluoride, and the mixture
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stirred for 1 h at room temperature. The resulting precipitate was centrifuged, washed three
times with water and once with ethanol. The precipitate was then dried in a drying furnace and
under vacuum. The nanoparticles thus prepared are rather weak upconverters when
illuminated with 980-nm light, but their efficiency is distinctly enhanced if they are annealed
at high temperatures upon which they undergo a transformation from the mainly cubic phase
to a hexagonal phase. Annealing of the nanoparticles was carried out in an atmosphere of
argon by heating them to 400 °C at a rate of 20 °C per min, maintaining this temperature for 5
h, and cooling to room temperature under the same atmosphere. The resulting (partial)
conversion of the cubic into the hexagonal phase yields particles with higher upconversion

efficiency.

5.3.5 Preparation of Amino-Modified UCLNPs

The respective UCLNPs (150 mg) were suspended in 25 mL of dry toluene in a 100 mL
Schlenk flask and flushed with dry nitrogen. APTS (0.5 mL) was added and the mixture
stirred for 4 h at 90 °C. The mixture was allowed to cool. The particles were separated by
centrifugation (20 min at 4000 rpm), washed several times with ethanol and acetone (via

centrifugation/washing cycles), dried in a furnace at 60 °C, and stored in an Eppendorf cup.

5.3.6 Labeling of UCLNPs

(A) In water/methanol using labels S-0378 or S-0121: A solution of 100 pL of a 1 mg mL™
methanol solution of the respective merocycanine was added to a mixture of 20 mg of amino-
modified UCLNPs suspended in 5 mL of methanol and 200 pL of a 10 mM borate buffer
solution of pH 9.3. The mixture was stirred overnight at ~ 65 °C using a magnetic stirrer. The
color of the resulting nanoparticles changed to blue. The solvent was removed using a rotary
evaporator, and the deposited NPs were purified by four cycles of centrifugation (10 min and

4400 rpm) and washing using two times methanol and two times water. The NPs were dried at

~60 °C for 12 h.

(B) In toluene (using label S-0749): The amino-modified UCLNPs (20 mg) were suspended in
5 mL of toluene and treated with 100 pL of a 1 mg mL™" toluene solution of S-0749. The

mixture was stirred under nitrogen overnight at ~65 °C. Toluene was removed using a rotary
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evaporator, and the blue NPs deposited were washed by re-suspending them in toluene,
followed by four cycles of centrifugation (10 min at 4400 rpm) and washing (two times

toluene and two times water). The NPs were dried at ~60 °C in an oven for 12 h.

5.4 Results

5.4.1 Choice of Labels, and Mechanism of the Chameleon Effect

Figure 5.1 gives the chemical structures of the (known) exemplary dyes that have been
investigated for their reactivity towards particles carrying amino groups on their surface.
Figures 5.2 and 5.3 show the absorption and emission spectra of the free longwave dyes
before their reaction with amines. All labels have a fairly reactive chloro group in the center
of the chromophore. The dyes carrying sulfo groups are water soluble (to a varying extent),
while S-0749 lacks such groups and is soluble in organic solvents such as methanol,

dimethylformamide, acetone or toluene only.
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®_
N = / = N

S-0121: R=S0; X= Na'
S-0749: R=H X =PF¢

S-0306

Figure 5.1 Chemical structures of the cyanine type chameleon labels.
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Figure 5.2 Absorption spectra of four chameleon dyes in methanol (before conjugation)
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Figure 5.3 Fluorescence emission spectra of four chameleon dyes in methanol (before conjugation)
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The dyes (labels) undergo facile nucleophilic substitution by amines in organic and — in case
of labels with sulfo groups — aqueous solution at typically 40 — 60 °C as shown in Scheme 1.
This is accompanied by a hypsochromic color change (from green to blue) to which we refer

3034 practically all

to as chameleon effect. With the exception of the so-called Py dyes,
fluorescent labels do not undergo a significant color change on conjugation. The color change
observed here is in accordance with color theory™ because the strongly electron-withdrawing
chloro substituent is being replaced by the electron-donating amino group. Label S-0378 is
particularly reactive, probably because the chloro atom is located at a 5-membered ring. It

reacts smoothly (within 2 h at ~40 °C) with amino-modified particles as shown in Scheme 5.1.

.

SO, SO; Na'

NH,

amino-modified
nanoparticles

labeled
nanoparticles

Scheme 5.1 Schematic representation of the reaction of an amino-modified particle with a

chloro-reactive chameleon label.



5 Nanoparticles labeled with longwave dye 97

5.4.2 Labeled Silica Nanoparticles

The amino-modified silica nanoparticles (SiNPs) were modified with the reagent 3-
(aminopropyl)triethoxysilane (APTS) by an established procedure.” The resulting particles
were characterized by thermogravimetric analysis, the results of which are shown in figure
5.4. The loading of the SiNPs with amino groups can be adjusted by varying the quantity of
reagents employed. The relatively small loss of plain SiNPs or UCLNPs is mainly due to
removal of adsorbed water. Amino-modified NPs suffer from a larger weight loss a fact that
again indicates the presence of APTS which decomposes at above 450 °C. Further, surface
modification is accompanied by a change of the surface charge of the SiNPs as confirmed by
measurements of zeta potentials at pH 6. Plain SiNPs are known to be negatively charged at
pH 6 due to silanol groups that are dissociated. If suspended in water of pH 6, they have a zeta
potential of -29.6 mV. Following modification with APTS, the zeta potential changes to +36.1

mV due the presence of amino groups which are positively charged at pH 6.

100

100.04 UCLNPs
951 99.6
290 99.2
S X
S 851  Amino-modified SiNPs £ 98.8{ Amino-modified-UCLNPs
80 98.4
754+——————————1— 98.0 Lb———————————
0 100 200 300 400 500 600 700 100 200 300 400 500 600 700
0]
Temperature/ ~C Temperature/OC

Figure 5.4 Thermogravimetric analyses of silica nanoparticles (SiNPs; left) and of upconverting

nanoparticles (UCLNPs; right).

We find a loading with 0.6 amino groups per nm™ of the surface (as determined by
thermogravimetry and BET according to ref.*® to be best in terms of reproducibility and small
self-quenching of the labels. The amino-modified SiNPs were labeled with all four dyes.

Those carrying sulfo groups were applied in methanol solution and S-0749 in toluene
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solution. The resulting SiNPs, after isolation by centrifugation and several wash cycles,
display blue color and dark red luminescence. The supernatant, in contrast, remains more or
less green (depending on the excess of label applied). Figure 5.5 gives a picture of the color

change observed.

+ SiNPS-NH2
—

before labeling after labeling

Figure 5.5 Schematic representation of the color change from green (left) to blue (right) on labeling

amino-modified silica nanoparticles with label S-0378.

5.4.3 Labeled Polystyrene Nanoparticles

To explore the scope of the method, we also have labeled other types of nanoparticles.
Amino-modified polystyrene nanoparticles (PSNPs) are commercially available. Labeling of
these particles with dyes S-0121 and S-0378 in methanol solution proceeds with the same ease

as in case of the SiNPs. A typical protocol is given in the Exptl. Part.

5.4.4 Labeled Upconverting Luminescent Nanoparticles

Upconverting luminescent nanoparticles (UCLNPs) are capable of upconverting longwave
light (>800 nm) into visible luminescence.’’® They usually are based on a NaYF, structure
that is doped with rare earth elements such as the trivalent ions of Eu, Tb, Yb, or Er. The
particles used here have sizes ranging from 50 to 90 nm as shown by TEM (see figure 5.6).
They were surface-modified in toluene solution using the reagent APTS by exploiting the fact
that NaYF,4 nanocrystals (like many other crystals) carry hydroxy groups on their surface that
undergo chemical reactions with triethoxysilanes such as APTS. The resulting particles were
characterized by thermogravimetric analysis, the results of which are shown in figure 5.4.

Labeling of the amino-modified UCLNPs with S-0121, S-0749 and S-0378 gave the particles
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whose spectral properties are given in table 5.1.

Figure 5.6 TEM pictures of the UCLNPs with 50-90 nm particle size, Scale bar: 200 nm.

5.4.5 Absorption and Emission Spectra of the Nanoparticles

The absorption and emission spectra of the SiNPs labeled with S-0378 are given in figure 5.7.
The loading of the SiNPs and UCLNPs with amino groups can be governed by the quantity of
reagents employed. Typical absorption and emission spectra of the SiNPs labeled with S-
0121, S-0749, and S-0378 are given in figure 5.8, and those of the PSNPs in figure 5.9. Table

5.1 summarizes the spectral properties of all particles.
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Figure 5.7 Normalized absorption spectrum (a) and emission spectrum (b) of SiNPs labeled with S-

0378.
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Figure 5.9 Absorption spectra (a) and emission spectra (b) of PSNPs labeled with UR- chameleon dye.
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Table 5.1 Fluorophores used and absorption and emission maxima (in nm) of the labeled silica
nanoparticles(SiNPs), upconverting luminescent nanoparticles (UCLNPs), and polystyrene

nanoparticles (PSNPs), and spectral bandwidths of the emission bands at half maximum.

Fluorophore/nanoparticle | Amax (abs.)” Aax (em.)” | band width™
S-0378-(SiNPs) ¥ 641 708 105
S-0121-(SiNPs) ¥ 618 734 120
S-0749-(SiNPs) ¥ 622 739 82
S-0306-(SiNPs) ¥ 644 786 90
S-0121-(PSNPs) © 623 743 122
S-0378-(PSNPs) 641 708 125
S-0121-(UCLNPs) @ 624 738 102
S-0749-(UCLNPs) @ 621 739 80
S-0378-(UCLNPs) @ 642 707 92

(@ ) (c) d)

after conjugation; ” average size 10 nm;  average size 100 nm; “ average size 50-90 nm.

It is virtually impossible to determine the molar absorbances of surface-immobilized labels.
Therefore, we have reacted the labels S-0378, S-0306 and S-0121 with n-propylamine to
obtain model compounds whose molar absorbances were determined. The respective values
are 174,000, 165,000 and 170,000 cm M. The molar absorbances of the (blue) conjugates are
smaller than those of the (green) labels which are higher by typically 40%.

The labeled UCLNPs display a most interesting property. If excited with visible light at
~ 620 nm, the typical deep red fluorescence of the chameleon label is visible. If excited with
980-nm laser light, the upconverted luminescence (green and red; two bands) can be seen.
Such particles are of substantial interest in terms of encoding trade named products, in the
authentication of documents or banknotes, and in security and anti-terror technology.”” Figure
5.10 shows spectra of the UCLNPs labeled with S-0121 under 620 nm and 980 nm excitation,
respectively. Compared to unlabeled UCLNP (see figure 5.10, right panel), the typical green
and red emission of the UCLNPs can be seen, but the intensity of the red peak is reduced in

the labeled UCLNPs (plot d) due to an inner filter effect caused by the longwave label on their
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surface. Typical absorption and emission spectra of the UCLNPs labeled with S-0749, and S-
0378 are given in figure 5.11.
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Figure 10. Left panel: Absorbance spectra (a) and emission spectra (b) of UCLNPs labeled with S-
0121 under 620-nm excitation. Right panel: Fluorescence spectra of UCLNPs before (c) and after (d)
labeling with S-0121 at 980-nm laser diode excitation. The intensity of the red band is screened off in

the presence of the label.
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Figure 5.11 Left panel: Absorbance spectra (a) and emission spectra (b) of UCLNPs labeled
with UR- chameleon dyes S-0749 and S-0378 under 620-nm excitation. Right panel:
Fluorescence spectra of UCLNPs before (c) and after (d) labeling with the two chameleon

dyes. Excitation at 980 nm using a laser diode.
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5.4.6 Detecting Amino Groups on the Surface of Nanoparticles

The color changes associated with the conjugation of such chameleon labels also enable the
visual detection of free amino groups. The method is simple in that a dilute (green) solution of
label S-0378 in methanol is added to the solid or suspended amino-modified NPs. After a
reaction time of 2 h at 40 — 50 °C, the NPs are separated by centrifugation and washed with
methanol. NPs carrying amino group assume a blue color, while NPs without amino groups

remain colorless. This is shown in Figure 5.12.

While some adsorption of the reactive dyes to the unmodified NPs can be observed in
all dyes, a few centrifugation and washing cycles completely remove the fluorophores (as
verified by fluorescence spectroscopy), while covalently labeled SiNPs cannot be decolorized

in this way.

Figure 5.12 Photographs of silica nanoparticles (SiNPs) reacted with label S-0378. Left: SiNPs

without amino groups. Right: SiNPs containing amino groups on the surface.

5.5 Discussion

The chloro groups in the labels shown in figure 5.1 are known to easily react with amines and
sulfides.***"** Most notably, this reaction is accompanied by a large shortwave spectral shift
and typically proceeds smoothly at temperatures between 30 to 80 °C to give particles that
will be described in the following. The dyes used here have been used by Patonay et al*’ as

the starting material in the synthesis of amino-reactive labels by first reacting them at the
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chloro substituent with thiophenols, this followed by modification to end up — in several steps
— with a label for amines. Our protocol, as applied here to amino-modified nanoparticles, is
distinctly much simple. We note that the labeled particles have very longwave absorption and
emission which is desirable when working with biological samples. Such labels, like the
squaraines,” can be photoexcited with low cost (diode) lasers which results in easily

detectable fluorescence.

The method for detecting the presence of amino particles is simple in that a
commercially available reagent (S-0378) is reacted at slightly elevated temperatures with the
nanoparticles or surface to be tested. Even visual inspection already gives semi-quantitative
information. The method is comparable to the one reported by Resch et al. for amino-

modified surfaces* where a dye is used whose color changes from blue to red.
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6 Quenching of the Luminescence of Upconverting Luminescent
Nanoparticles by Heavy Metal Ions

6.1 Abstract

This chapter reports on the finding that the luminescence of upconverting luminescent
nanoparticles (UCLNPs) is quenched by heavy metal ions and halide ions in aqueous solution.
The UCLNPs consist of hexagonal NaYF, nanocrystals doped with trivalent rare earth ions
and were synthesized by both the oleic acid (solvothermal) method and the
ethylenediaminetetraacetic acid (coprecipitation) method. Quenching was studied for the ions
Cu(Il), Hg(II), Pb(1l), Cd(1I), Co(II), Ag(I), Fe(Ill), Zn(II), bromide and iodide, and is found
to be particularly strong for Hg(II). Stern-Volmer plots are virtually linear up to 10 — 25 mM
concentrations of the quencher, but deviate from linearity at higher quencher concentrations
where static quenching causes an additional effect. The UCLNPs display two main emission
bands (blue, green, red or near-infrared), and the quenching efficiencies for these are found to
be different. The effect seems to be generally associated with UCLNPs because it was
observed for all particles doped with trivalent lanthanide ions including Yb(III), Er(IIl),
Ho(III), and Tm(III). The results are discussed in terms of quenching mechanisms and with

respect to potential applications such as optical sensing of heavy metal ions.

6.2 Introduction

Colloidal nanoparticles (NPs) are neither mono-dispersed molecules nor can they be
considered as being a bulk material. Their properties often are highly different from those of
the species they are made up from.' Virtually all solid species can be converted into NPs, >’
but those made from carbon,’ (noble) metal ions,” certain semiconductors,” or the
zinc/cadmium sulfide/selenide nanoparticles (also refered to as quantum dots or Q-dots).” The
latter have attracted considerable attention in the past years as they display a (size-dependent)
luminescence. Q-dots have been widely used as biolabels and in imaging.” Most notably,
their luminescence is quenched by various inorganic ions,*”'’ by organic species such as
amines,"’ biphenol A" nitro compounds,13 and by ruthenium-bipyridyl complexes in the

presence of DNA,' to give a few examples. The efficiency of the quenching by heavy metal
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ions'*!'® such as by Hg(Il),'” Cu(Il)," Ag(I)'"® or Pb(Il) ions® is surprisingly strong. This

21,22,2324 25
~o22" or explosives.” Surface-

effect was applied to the determination of heavy metal ions
modified (such as cysteine-capped) Q-dots also were used as fluorescent probes for Cu(Il) and
Ni(II) ions.***’ Quenching by certain chromium(IIl) complexes is associated with the release
of the messenger molecule NO from the respective Cr(IIl) complex.”! The potential cell
toxicity” of Q-dots, and the numerous possibilities they provide in context with biological

systems” has been discussed recently.

Infrared-to-visible upconverting luminescent nanoparticles (UCLNPs) represent a rather
new class of nanomaterials that have attracted attention owing to their unusual optical
properties. They often are composed of NaYF, host crystals doped with trivalent lanthanide
ions. UCLNPs are capable of converting low energy (near-infrared) radiation to higher-energy
(visible) light by multi-photon absorption and subsequent emission of dopant-dependent

. 30,31
luminescence.””

The peak emission wavelengths of the UCLNPs are not size-dependent (as
in the case of Q-dots), and multi-color emission can easily be accomplished by varying the

kind of host crystal and the rare earth dopant (such as terbium or erbium).

UCLNPs possess attractive spectral properties.3 2 They usually display two emission bands
in the visible, and their large anti-Stokes shift (ranging from —100 to —500 nm) allows for an
easy separation of the emission peaks from the (laser) excitation light source and from Raman
scattering. They have the advantage of being photoexcitable in the NIR (around 980 nm), a
wavelength where the auto-absorption and auto-luminescence of biological matter is quite
weak if present at all. Even if auto-luminescence does occur, it will be at wavelengths of >980
nm, thereby reducing background of luminescence spectra in the visible to zero. In addition,
they display fairly high quantum yields, narrow emission bands, high chemical stability, and
do not bleach nor blink. Moreover, NIR light is safe to tissue which it can penetrate to a depth

33,34
of up to several mm.””

UCLNPs have found applications in chemical sensing,’ labeling of biomolecules,’®"**

and in enzymatic and affinity assays'®*' and in intracellular sensing of temperature* because of
their brightness and other attractive features, but also because the rigid crystal host lattice
protects the emitting rare earth dopants from environmental perturbances. Despite many
studies on the spectral properties of UCLNPs, it is rather surprising that the quenching of their
luminescence by HMs has not been investigated so far. It is known, however, that UCLNPs
undergo surface quenching effects associated with the size-dependent luminescence,” but this

not related to external quenchers. We are reporting here for the first time that the
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luminescence of UCLNPs nanocrystals is strongly quenched by heavy metal ions (HMs). We

also discuss the mechanism of quenching and envision application of this new effect.

6.3 Experimental

6.3.1 Materials

Yttrium(III) chloride hexahydrate (99.99%), ytterbium(IIl) chloride hexahydrate (99.99%),
erbium(IIl) chloride hexahydrate (99.99%), thulium(IIl) chloride hexahydrate (99.99%),
holmium(III) chloride hexahydrate (99.99%), and oleic acid 90% were purchased from Sigma
(www.sigmaaldrich.com) and ethylene diaminetetraacetic acid (EDTA) from Merck

(www.merck-chemicals.de). Organic solvents were of analytical quality and used as received.

6.3.2 Instrumentation

Luminescence spectra of particles were recorded on a Cary Eclipse fluorometer (from Varian;
www.varianinc.com). A 980-nm fiber optic diode laser (maximally 5 mW cw; from Roithner
Lasertechnik; www.roithner-laser.com) was used as the light source for upconversion
photoexcitation. Transmission electron microcopy images were acquired using a 120-kV Zeiss
(www.smt.zeiss.com) instrument of type Leo 912AB equipped with a Proscan CCD

(www.proscan.de) camera.

6.3.3 Synthesis of NaYF ;:Yb,X ( X = Er, Ho, Tm) by the Solvothermal Method

In a typical protocol,** a total of 1 mmol of the respective lanthanide two chlorides was
dispersed in 6 mL of oleic acid and 15 mL octadecene in a 50 mL bottle and heated to 150 °C
with stirring to form a homogeneous solution. The ratio of lanthanide chlorides was adjusted
as specified in table 6.1. The solutions were then left to cool to room temperature. After 30
min, 10 mL of a solution of 100 mg (2.5 mmol) of sodium hydroxide and 148 mg (4 mmol) of
ammonium fluoride in methanol were added to the flask to quickly form a precipitate. The
suspension was stirred for another 2 h to ensure that all fluoride has been consumed.
Subsequently, the suspension was slowly heated to 90 °C (for around 10 min to evaporate

methanol), then to 300 °C in a fume cupboard and maintained at this temperature for 1.5 h
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under an atmosphere of argon. Nanocrystals were then precipitated from the cooled solution
by adding 10 mL of ethanol and isolated and purified via three cycles of centrifugation (10

min at 4400 rpm) and washing (two times ethanol, one time acetone or toluene).

6.3.4 Synthesis of NaYF ;. Yb,X (X = Er, Ho, Tm) by the Coprecipitation Method

These were also synthesized according to a procedure described in the literature.* Briefly,
solutions of 15.6 mL of 0.2 M of YCl;, 4 mL of 0.2 M YbCl; and 0.4 mL of 0.2 M XCl; were
mixed with 20 mL of a 0.2 M EDTA solution in order to form the respective EDTA complex.
The ratio of the lanthanide chlorides was adjusted according to table 6.1. This solution was
then quickly injected into 60 mL of a 50 mM solution of sodium fluoride, and the mixture
stirred for 1 h at room temperature. The resulting precipitate was centrifuged, washed three
times with water and once with ethanol. The precipitate was then dried in a furnace under
vacuum. Annealing was carried out under an atmosphere of argon by heating the particles to
400 °C at a rate of 20 °C per min, maintaining this temperature for 5 h, and cooling to room
temperature under the same atmosphere. The resulting (partial) conversion of the cubic into

the hexagonal phase yields particles with much higher upconversion efficiency.

6.4 Results

6.4.1 Synthesis

The NaYF, nanoparticles were prepared by two methods. The first is the so-called oleic acid
(solvothermal) method* and gave nanoparticles (NPs) referred to as UN-1 to UN-3. The
second is the coprecipitation (EDTA) method® and gave particles UN-4 to UN-6. The
composition and essential properties of the particles are listed in table 6.1. Varying
concentrations of the dopants Yb**, Er’", Tm’" and Ho’" were adjusted. The UCLNPs display
bright visible luminescence if excited with 980-nm laser light. All have two major emission

bands whose peaks are also given in table 6.1.
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Table 6.1 Composition of the UCLNPs studied in this work, ratio of dopants, wavelengths of main
emission peaks (in nm), visible colors of emission, and average diameters (in nm).

Code Composition | Fraction of dopants Emission Colors of Diameter
peaks (innm) | emission
UN-1 | NaYF4Yb,Er ¥ | Yb(20%), Er(2%) 543,657 | green, red ~35nm

UN-2 | NaYF4:Yb,Tm® | Yb(20%), Tm(0.5%) 475,802 | blue, NIR | ~35nm

UN-3 | NaYF4:Yb,Ho ? | Yb(25%), Ho(0.5%) 541, 645 green, red ~35nm

UN-4 | NaYF4Yb,Er ® | Yb(20%), Er(2%) 543,657 | green,red | 60—90 nm

UN-5 | NaYF4Yb,Tm 2 Yb(20%), Tm(0.5%) 475, 802 blue, NIR | 60 —90 nm

UN-6 | NaYF4:Yb,Ho ® Yb(25%), Ho(0.5%) 541, 645 green,red | 60 —90 nm

9 solvothermal ("oleic acid") method; ® coprecipitation ("EDTA") method

A TEM image of UN-1 nanocrystals is given in figure 6.1a and shows them to be hexagonal
in shape, with a fairly uniform size of ~35 nm in diameter. They obviously self-assemble on
the copper grid with a long range order. The NPs of type UN-1 were washed several times
with toluene and ethanol to remove excess oleic acid on the surface and then were submitted
to spectroscopy in order to remove the (shielding) oleate ligands from their surface. The
stability of colloidal solutions of the UCLNPs was studied in aqueous solution (see figure
6.2). The slow decrease in the intensity of upconverted luminescence is indicative of good but

not perfect temporal stability in aqueous solution (acetate buffer solution at pH 4).




6 Quenching of the luminescence of UCNPLs 112

Dl

bﬁ-

L AT T R TE R T e s L (T T e T

Figure 6.1 Transmission electron microscopy images of NaYF,:Yb,Er nanoparticles. Left: Hexagonal
upconverting luminescent nanoparticles of type UN-1 made by the solvothermal ("oleic acid") method,
with a typical size of ~35 nm. Scale bar: 100 nm. Right: Type UN-4 nanoparticles made by the co-
precipitation ("EDTA") method with a typical size of ~50 — 90 nm. Scale bar: 200 nm.
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Figure 6.2 shows the luminescence intensity vs. time relation of UN-1 and UN-4 (concentration 0.2
mg/L) which demonstrates a good stability in acetate buffer solution at pH 4 upon diode laser

excitation at 980 nm. Over 30 min showing very slow sedimentation.

The other UCLNPs of type UN-4 to UN-6 were synthesized via the co-precipitation method to
give crystalline particles with diameters ranging from 60 to 90 nm (see figure 6.1b). These
nanoparticles are less efficient upconverters but efficiency is distinctly enhanced if the
particles are annealed at temperatures of ~400 °C for 5 h upon which they undergo a

transformation from the mainly cubic phase to a hexagonal phase.*® The NPs of type UN-3 to
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UN-6 seem to have a higher tendency towards aggregation after the annealing process

compared to the particles of type UN-1 and UN-4.

6.4.2 Quenching of the Luminescence of Nanoparticles of Type UN-1 by Heavy Metal
lons
The luminescence emission spectra of UN-1 under 980-nm laser excitation were recorded in
acetate buffer solution of pH 4 in the presence of various concentrations of Hg(II) ion. The
results are given in figure 6.3a and reveal efficient quenching even by millimolar
concentrations of Cu(Il), typically by around 20% in presence of 1.5 mmol L™ of the ion.
figure 6.3b shows that the respective plots are linear up to around 25 mM concentrations of
quencher. Interestingly, the luminescences of the green band (peaking at 543 nm); and the red
band (peaking at 657 nm) are quenched with different efficiency. Obviously, the respective
main electronic transitions, which are of the 4S3/2) — “Lisp and the *Fop = “Lisp type,
respectively, are quenched by Hg(Il) ions with different efficiency. The quenching of the
luminescence of the UN-1 particles by the ions Cu(Il), Pb(Il), Cd(II), Co(Il), Ag(l), Fe(III)

and Zn(II) was also examined and is shown in figure 6.4.
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Figure 6.3 (a) Effect of the concentration of Hg(II) ions on the luminescence emission of particles of
the type UN-1. The concentration of UN-1 is 0.2 mg mL™", and the concentrations of copper ions range

from 0 to 10 mmol L. (b) Respective Stern-Volmer plots for the two main emission bands.
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Figure 6.4 Quenching of the luminescence of NaY,:Yb,Er nanoparticles (UN-1) by heavy metal ions

in aqueous colloidal solution.
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Dynamic quenching luminescence can be described by a Stern—Volmer relationship:

Fo/F =1+ Kgvy [Q]

where Fy and F, respectively, are the luminescence intensities of the UCLNPs in absence and
presence of HMs, [Q] is the concentration of the copper(Il) ions, and Kgy is the Stern-Volmer

constant. Data for the quenching of the luminescence of UN-1 and UN-4 by heavy metal ions

are compiled in table 6.2.

Table 6.2 Stern-Volmer constants (Ksy, M) of nanoparticles UN-1 and UN-4 for the quenching by
heavy metal ions and anions.

UN-1 (NaY4:Yb,Er) UN-4 (NaY4:Yb,Er)
Quencher (Q) | Ksvi@543 nm | Ksv,@657nm | Ksvi@543 nm | Ksv,@657 nm

Hg(1I) 1385 738 278 356

Fe(III) 822 707 412 360
Co(II) 255 173 61 29

Ag(D) 224 192 158 129
Cu(Il) 162 140 109 63
Pb(II) 90 81 43 36
Cd(II) 77 69 63 71
Zn(II) 61 56 45 50
I 110 142 56 64
Br 89 58 55 51

The mechanism of quenching at low concentration of metal ions is quite likely to involve
dynamic quenching resulting from the collisions between HMs with the UCLNPs. The
quenching constants are in the order of 60 to 180 M and indicative of dynamic quenching.
Static quenching also occurs but only at higher concentrations as will be shown below. The
best way to differentiate between static and dynamic quenching is via measurement of decay
times (which is strongly affected by static quenching, but not by dynamic quenching).
However, the decay times of UCLNPs (which are in the order of 0.5 to 8 ms)***” are quite

complex due to the many electronic transitions that occur in parallel, so that decays are hardly
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mono-exponential. Hence, they do not give a clear indication of whether static or dynamic
quenching is operative.

In order to make quenching by HMs comparable, the quenching efficiencies were
determined for all HMs in 2.3 mM concentration. Again, both emissions (with peaks at 543
and 657 nm, respectively) are strongly quenched. The data given in figure show the
luminescence of UN-1 to be sensitive to Cu(Il), Hg(II), Pb(Il), Cd(I1I), Co(Il), Ag(I), Fe(II)
and Zn(II), while alkaline and earth alkaline ions in up to 20 mM concentration have virtually
no effect. Respective Stern-Volmer plots (figure 6.5) are linear in up to 10 mM

concentrations.
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Figure 6.5 Stern-Volmer plots for the quenching of the luminescence of particles of type UN-1 by
Cu(1l), Fe(I1I), Co(II), Pb(1I), Cd(11), Ag(I) and Zn(II) ions.
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Figure 6.6 reveals that quenching by mercuric ions is particularly efficient, a finding that
may pave the way to sense or image this ion. Quenching by >60% is observed in 2.3 mM
concentration. Assuming that the intensity of the green emission band can be reliably detected
if amounts to -2%, this will result in a detection limit of ~15 mM, equivalent to ~3 ppm, of
mercury ion. One alternative way of read-out (possible only with dual emitters whose bands
are quenched with different efficiency) is to determine the ratio of the intensities of the two

bands. This also is a highly specific feature of UCLNPs.

Figure 6.6 Effect of HMs ions (all in 2.3 mM concentration) on the intensity of the red and green
emission of nanoparticles of the type NaY4Yb,Er (UN-1) at pH 4. Quenching by ferric ion is

particularly strong.
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6.4.3 Quenching of the Luminescence of Nanoparticles of Type UN-4 by Heavy Metal
lons
The same procedure was applied to study the luminescence quenching of UN-4 (doped with
Yb and Er; prepared by the coprecipitation method) by Hg(Il) as shown in figure 6.7. Like in
the case of the particles of the type UN-1 (which were prepared by the solvothermal method),
the luminescence intensities of peaks at 543 and 657 nm are quenched, and Stern-Volmer
plots showed good linear relationships in the range of 0 to 25 mmol L™, but the Stern-Volmer
constants are somewhat smaller in general than those for particles of type UN-1 as can be seen

from the data in table 6.2.
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Figure 6.7 (a) Effect of various concentration of Hg(Il) ions on luminescence of UN-4. The
concentration of UN-4 is 0.2 mg/mL"', and the concentrations of copper ions range from 0 to 25 mmol

L. Right panel (b): Stern-Volmer plots for Hg(II) induced quenching of the UCLNPs.

Next, we have studied the quenching of UCLNPs of type UN-4 by Hg(Il), Pb(II), Cd(II),
Co(Il), Ag(l), Fe(Ill) and Zn(II). Again, linear Stern—Volmer plots are obtained if the
concentrations of the metal ions are below 10 — 20 mM. The respective Kgy values (table 6.2)

show that quenching is less efficient than in case of UN-1.

6.4.4 Static Quenching of the Luminescence of UCLNPs at Higher Concentration of
Heavy Metal lons
The quenching of the luminescence of UCLNPs by heavy metal ions (HMs) deviates from
linearity at concentration of higher than 5 to 10 mM depending on the ion. Plots of F(/F versus
the concentration of Cu(Il) and Fe(III) are shown in Figure 6.8. Such a plot is typical"*® for
situations where both dynamic quenching and static quenching occur. Dynamic quenching
involves the collision and subsequent formation of a transient complex between an excited-
state fluorophore (here the UCLNPs) and a ground-state quencher (here the HM ion) during
the excited-state lifetime of the UCLNPs. The excited-state complex dissociates upon
nonradiative deactivation, leaving both the UCLNPs and quencher in the ground state. The
Stern-Volmer relation is linear if either static quenching or dynamic quenching are the only
mechanisms for deactivation. This is the case here for quenchers present in concentrations of
up to typically 5 to 10 mM depending on the kind of ion, and quenching constants are typical
for dynamic quenching. Static quenching, in contrast, implies the formation of a ground-state

(and non-fluorescent) complex between the UCLNPs and the HMs. This complex is
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temporally stable and thus quite different from the uncomplexed UCLNPs and the excited

state complex formed during dynamic quenching.*
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Figure 6.8 Deviation from linearity in Stern-Volmer plots of the quenching of the luminescence of

nanoparticles of the type UN-1 by Cu(Il) and Fe(III) ions at higher quencher concentrations.

6.4.5 Quenching of the Luminescence of UN-1 and UN-4 Particles by Halide lons

Bromide and iodide (unlike fluoride and chloride) are notorious quenchers of luminescence.
We therefore also have studied their effect and find the luminescence of both peaks (at 543
nm and 657 nm) of the two kinds of UCLNPs to be strongly quenched (figure 6.9). Plots of
Fo/F versus the concentration of HMs ions fit conventional linear Stern—Volmer equation as
shown in figure 6.10, and Kgy values are given in table 6.2. Like in case of cations, the

quenching constants are different for the green and red emission bands.
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Figure 6.9 Quenching of the luminescence emission spectra of UCLNPs of type UN-1 by bromide

and iodide in acetate buffer of pH 4 under 980-nm diode laser excitation.
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Figure 6.10 Stern-Volmer plots of the quenching of the luminescence of UCLNPs of type UN-1 by
bromide and iodide in acetate buffer of pH 4. Quenching constants again are different for the two main
emission bands (i.e., the kind of electronic transition from the excited state).

6.4.6 Variation of Dopants

The effect of quenching of luminescence is not limited to particles of the type UN-1 and UN-
4. In fact, all the other UCLNPs studied show the effect. For example, the luminescence of the
UCLNPs doped with Yb,Tm (UN-2) or Yb, Ho (UN-3) are quenched by Cu(Il) ions in
concentrations between 0 and 15 mM (see figure 6.11). The particles of type UN-2 (doped
with Yb and Tm) display a blue peak at 475 nm (assigned to the 'G4 — *H transition), and a
near-infrared peak at 802 nm (the *Hy — “Hg transition). Particles of type UN-3 (doped with
Yb and Ho) display a green peak at 541 nm (the °F4/°S, — ’Ig transition) and a red peak at 645
nm (the °Fs — °Is transition). Again, quenching constants are different for the respective
(blue, green, red, or near-infrared) emissions as can be seen from the data given in table 6.3.
Similar results were obtained with other ions. Plots of Fo/F versus [Q] showed good linear
relationships for the quenching by Cu(Il), Fe(Ill) and Pb(Il) ions as shown in Figures 6.12
(particles of type UN-2) and 14 (particles of type UN-3) in the Suppl. Information. However,

this is the case only at quencher concentrations of up to 10 to 20 mM.
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Figure 6.11 Effect of Cu(Il) ions concentration on the luminescence of UCLNPs of type UN-2 and
UN-3. The concentration of UCLNPs is 0.2 mg mL™. (a) Particles of type UN-2. (b) UCLNPs of type

UN-3.

Table 6.3 Stern-Volmer constants (Kgy, 1/M) for the quenching of the two main emission bands of
UCLNPs of type of NaY4:Yb,Tm and NaY,:Yb,Ho.

Particle type: NaY,.Yb,Tm

Quencher UN-2  (solvothermal) UN-5  (coprecipitation)
Ksvi@ 475 nm Ksvo@ 802 nm | Ksvi@ 475 nm | Ksvo@ 802 nm
Cu(Il) 142 160 116 68.5
Fe(IlI) 1417 898 410 502
Pb(II) 167 189 144 181
Particle type: NaY,:Yb,Ho
Quencher UN-3 (solvothermal) UN-6  (coprecipitation)
Ksvi@ 541 nm Ksvo@ 645 nm | Ksvi@ 541 nm | Ksvo(@ 645 nm
Cu(Il) 210 208 165 154
Fe(I1D) 1225 1610 645 632
Pb(ID) 145 121 60.9 44.1
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Figure 6.12 Stern-Volmer plots for the quenching of the luminescence of nanoparticles of type UN-2
by heavy metal ions in acetate buffer solution of pH 4.
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Figure 6.13 Stern-Volmer plots for HMs concentration dependence of the luminescence of particles of

type UN-3 in acetate buffer of pH 4 and at diode laser excitation at 980 nm.
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6.4.7 Effect of pH Value

The effect of the pH value on quenching was studied for the of the 543-nm and 657-nm peaks
of the UN-1 particles in the presence of a constant concentration (4.55 mM) of Cu(Il). The
plot in figure 6.14A gives the effect of pH value on the ratio F/F (where Fj is the intensity of
luminescence in absence of quenching, and F is the intensity at a given pH value. The plot
reveals that luminescence intensity decreases with increasing pH values in the range from 4 to
6. Quenching is rather weak at pH values above, probably because the metal ions are
precipitated as their hydroxides at such high pH values. The effect of pH on the quenching
constant is given in figure 6.14B which also reveals that pH values of 4 or higher should be

chosen if strong quenching is desired.

Figure 6.14 Effect of pH on (A) the relative luminescence intensity of UN-1 and (B) the quenching
constant of UN-1 in presence of copper(Il) ion (4.55 mM).
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6.5 Discusion

We demonstrate here that the luminescence of the NaYF, nanoparticles doped with the rare
earth metal ions Yb, Er, Ho/Tm is strongly quenched in the presence of HMs or halides in
aqueous solution. The decrease in the quantum yield of the emission is a result of both
dynamic and static quenching processes and not limited to a single kind of UCLNPs. The
differences in the efficiencies of the quenching of the two main luminescence bands are
explained by differences on the interaction between quencher and respective excited state
species. The Kgy values for the UCLNPs prepared by the solvothermal method are higher than
those of the coprecipitation method. This may be due to the formation of EDTA complexes by
the EDTA ligand on the surface of the UCLNPs. This is supported by FTIR data (see figure
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6.15). FTIR measurements wear carried out for two samples of UN-4, before and after
annealing at 400 °C. The spectra show that the spectra do not significantly change as a result
of the annealing process. The peaks at 1647 and 1413 cm™ are assigned to the carboxy groups
of EDTA. The broad band centered at 3375 cm™' is attributed to the stretching vibrations of

hydroxy groups, water molecules in the interlayer, and physically adsorbed water.
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Figure 6.15 FTIR-Spectra of UN-4 (a) as prepared NPs and (b) after NPs annealed at temperature of
~400 °C.

In addition, the "H NMR spectrum (300 MHz, CDCI3) of UN-4 has a strong peak at 1.5
ppm which is typical for the CH, group of EDTA. Both findings are good proof for the
presence of EDTA on the surface of the NPs of type UN-4. Mechanistically seen, the presence
of EDTA will cause the formation of respective metal ion complexes, and this — in turn — will
decrease the effieciency of dynamic quanching and — possibly — cause stronger static

quenching.

Compared to the well-studied quenching of the luminescence of quantum dots (QDs) (table
6.4) , we note that Stern-Volmer constants are distinctly smaller for UCLNPs, possibly
because the data we have available are for surface modified QDs. Table 6.4 summarizes the
data available for QDs. They reveal that quenching constants are higher by factors from 1,000
to 10,000. This can be explained by the fact that the surface-to-volume ratio of the QDs with
their diameters between 3 and 10 nm is much larger than that of the UCLNPs studied here
(with diameters of ~35 nm and 60 — 90 nm, respectively). As a result, the probability of a
collision between an emitting center of the UCLNPs, and even the probability of coming close
to it, is distinctly smaller. However, other effects are also likely to be operative, but are more

difficult to elucidate than quenching processes that occur in molecular solutions due to the
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complexicity of the photophysics of colloidal UCLNPs.

The efficient quenching of the luminescence of such nanoparticles by HMs and halide ions
has several implications. The effect may serve to sense and even image heavy metal ions, for
example inside cells (and in a non-destructive manner), or in microstructures and volumes
where other methods cannot be applied easily. The feature of photoexcitation in the near-
infrared red (980 nm) is particularly attractive because this is in the optical window of most
biomatter so that penetration depths of up to 5 cm become possible if hemoglobin is not
present in respective tissue. The effect also may be used for rapid and cost effective general

screening for metal ions.

Table 6.4 Stern-Volmer constants (K, M) for the quenching of different types of quantum dots by

heavy metal ions and related quenchers.

Quantum dot (material) Size quencher K, Ref.
L-cysteine-capped CdS 5-10 nm Cu(II) 23-10° 15
Hg(II) 6.3-10°
Co(II) 0.9 -10°
Ni(ID) 0.2-10°
Glutathione-capped ZnCdSe 3 nm Pb(II) 13-25-10° 20
Thiol-capped CdTe 3.3 nm Pb(II) 1.3-10* 24
2.6 nm Pb(II) 9.2 - 10*
L-cysteine capped ZnS 8-10 nm Cu(ID) 22 -10° 26
Glutathione-capped CdTe 3.4 nm Ru(bpy)s*" 2.5-10° 14

Quenching is not selective and limited to heavy metals and two halides. It was shown,
however,® that the selectivity and efficiency of the quenching of CdS Q-dots can be markedly
enhanced by proper modification of the surface. Polyphosphate-capped Q-dots are sensitive to
nearly all mono- and divalent cations and show no selectivity for ions. Thioglycerol-capped
Q-dots are sensitive to only copper and iron ions but cysteine-capped dots are sensitive to zinc
ions but insensitive to other physiologically important cations, such as copper, calcium, and
magnesium ions. Mercaptopropionic causes strong quenching by copper ion,” We expect
that similar improvements in selectivity can be achieved by modifying the surface of the

UCLNPs reported here.
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7 Summary

7.1 In English

This thesis describes the potential of various kinds of luminescent nanoparticles with respect
to chemical sensing and biosensing. First, fluorescent silica nanoparticles (SiNPs) were
prepared by covalent attachment of fluorophores to the amino-modified surface of SiNPs with
a typical diameter of 15 nm. The SiNPs were used in novel kinds of Forster resonance energy
transfer (FRET)-based affinity assays at the interface between nanoparticle and sample
solution. Various labels were employed to obtain a complete set of colored SiNPs, with
excitation maxima ranging from 337 to 659 nm and emission maxima ranging from 436 nm to
the near infrared (710 nm). The nanoparticles were characterized in terms of size and
composition using transmission electron microscopy, thermogravimetry, elemental analysis,
and dynamic light scattering. The surface of the fluorescent SiNPs was biotinylated, and

binding of labeled avidin to the surface was studied via FRET in two model cases.

Secondly, the upconverting luminescent nanoparticles (UCLNPs) consist of hexagonal NaYF,
nanocrystals doped with trivalent rare earth ions were synthesized by both the oleic acid
(solvothermal) method and the ethylenediaminetetraacetic acid (coprecipitation) method. The
nanoparticles were codoped using Yb>" as the sensitizer ion, Er’", Tm>", or Ho’" respectively
as the emitting activator ions. An affinity system was demonstrated based on the interaction of
two types of nanoparticles. The first type consists of UCLNPs of the type NaYF4:Yb,Er
absorbing light in the infrared and showing green luminescence at 521 and 543 nm and red
luminescence at 657 nm. The second type consists of gold nanoparticles (Au-NPs) with a size
of about 50 nm, which absorb the green luminescence of the UCLNPs, but do not influence
their red luminescence. A model system for a self referenced affinity system were established
by labeling the UCLNPs with avidin and the AuNPs with biotin. In the presence of avidin-
modified UCLNPs, the biotinylated Au-NPs can be detected in the range from 12 to 250
pg'mL™ by rationing the intensity of the red (analyte-independent) emission band to that of
the green (analyte-dependent) emission band. All nanoparticles were characterized in terms of
size and composition using transmission electron microscopy, thermo-gravimetry, and FTIR

spectroscopy.
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Thirdly, different types of nanoparticles (made from silica, polystyrene and UCLNPs)
carrying longwave absorbing and emitting fluorescent labels were prepared by conjugating
reactive dyes to the surface of amino-modified particles. The dyes have a reactive chloro
group capable of reacting with amino groups and thereby undergoing a change in color,
typically from green to blue (the so-called chameleon effect). The latter show the effect of
upconversion in that near-infrared laser light is converted into visible luminescence. They also
show the unusual property of displaying dual emission, depending on whether their
luminescence is photoexcited with visible light or near-infrared light. The amino groups on
the surface of nanoparticles were detected via the chameleon effect of the applied amino-

reactive dyes.

Fourth, the quenching effect of heavy metal ions and halide ions on the luminescence of
UCLNPs in aqueous solution was studied. The effect was investigated for the ions Cu(Il),
Hg(II), Pb(Il), Cd(I), Co(II), Ag(I), Fe(Ill), Zn(Il), bromide and iodide, and was found to be
particularly strong for Hg(II). Stern-Volmer plots were virtually linear up to 10 — 25 mM
concentrations of the quencher, but deviate from linearity at higher quencher concentrations
where static quenching caused an additional effect. The UCLNPs display two main emission
bands (blue, green, red or near-infrared), and the quenching efficiencies for these found to be
different. The effect seems to be generally associated with UCLNPs because it was observed
for all particles doped with trivalent lanthanide ions including Yb(III), Er(IIl), Ho(IIl), and
Tm(III).

7.2 In German

Diese Doktorarbeit beschreibt das Potential verschiedener Arten lumineszenter Nanopartikel
in Hinblick auf ihren Einsatz als Bestandteil chemischer Sensoren und Biosensoren. Zuerst
wurden fluoreszente Silica Nanopartikel (SiNPs) mit einem typischen Durchmesser von 15
nm durch kovalente Bindung von Fluorophoren an die amino-modifizierte Oberfliche der
SiNPs hergestellt. Die SiNPs wurden fiir neuartige Forster Resonanz Energie Transfer (FRET)
basierte Affinititsassays an der Grenzfliche zwischen Nanopartikel und Probeldsung
eingesetzt. Diverse Fluoreszenzmarker wurden verwendet um einen kompletten Satz von
farbigen SiNPs zu erhalten, deren Anregungsmaxima zwischen 337 nm und 659 nm und

Emissionsmaxima zwischen 436 nm und dem Nah-Infrarot (710 nm) liegen. Die Nanopartikel
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wurden  beziiglich  ihrer Groe und  Zusammensetzung mit  Hilfe  von
Transmissionselektronenmikroskopie, Thermogravimetrie, Elementaranalyse und
Dynamischer Lichtstreuung charakterisiert. Die Oberfliche der fluoreszenten SiNPs wurde
biotinyliert und die Bindung von markiertem Avidin an die Partikeloberfliche wurde mittels

FRET anhand zweier Musterfille untersucht.

Zweitens wurden upconvertierende lumineszente Nanopartikel (UCLNPs), bestehend aus
hexagonalen NaYF, Nanokristallen, die mit trivalenten Selten-Erd-lonen dotiert wurden,
sowohl mittels der Olsiure- (Solvothermalen) Methode als auch der Ethylendiamintetraacetat-
(Co-Prizipitations) Methode synthetisiert. Die Partikel wurden mit Yb*" als Sensitizer Ton und
Er’', Tm’" bezichungsweise Ho’  als emittierendes Aktivator Ion co-dotiert. Ein
Affinititssystem wurde vorgestellt, dass auf der Wechselwirkung zweier verschiedenartiger
Nanopartikel beruht. Beim ersten Nanopartikeltyp handelte es sich um UCLNPs der Art
NaYF4:Yb,Er, die Licht im Infraroten absorbieren und griine Lumineszenz bei 521 nm und
543 nm, sowie rote Lumineszenz bei 657 nm zeigen. Als zweiter Typ wurden
Goldnanopartikel (Au-NPs) mit einer Grofle von ungefdhr 50 nm verwendet, die die griine
Lumineszenz der UCLNPs absorbieren, deren rote Lumineszenz aber nicht beeinflussen. Ein
Modellsystem fiir ein selbstreferenziertes Affinititsassay wurde erstellt, indem die UCLNPs
mit Avidin und die Au-NPs mit Biotin markiert wurden. In Gegenwart der Avidin-
modifizierten UCLNPs konnten die biotinylierten Au-NPs in einem Konzentrationsbereich
von 12 bis 250 pg'mL" bestimmt werden, indem das Verhiltnis der Intensitit des roten
(Analyt-unabhéngen) Emissionspeaks zu der des griinen (Analyt-abhingigen) Emissionspeaks
der UCLNPs gebildet wurde. Alle Nanopartikel wurden beziiglich ihrer Gréfe und
Zusammensetzung mittels Transmissionsemissionsmikroskopie, Thermogravimetrie und

FTIR Spektroskopie untersucht.

Drittens wurden unterschiedliche Arten von Partikeln (bestehend aus Silica, Polystyrol und
UCLNPs), welche langwellig absorbierende und emittierende fluoreszente Marker tragen,
hergestellt, indem reaktive Farbstoffe an die Oberfliche der amino-modifizierten Partikel
konjugiert wurden. Die Farbstoffe verfligten iiber eine reaktive Chloro-Gruppe, die in der
Lage ist mit Aminogruppen zu reagieren. Dabei unterlaufen die Farbstoffe eine Farbdnderung,
iiblicherweise von griin nach blau (der sogenannte Chaméleon Effekt). Die Partikel basierend
auf NaYF, zeigen den Upconversionseffekt, bei dem Nahinfrarot-laserlicht in sichtbare

Lumineszenz umgewandelt wird. Diese Partikel weisen auflerdem die ungewohnliche
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Eigenschaft der dualen Emission auf. Diese ist abhingig von der eingesetzten
Anregungslichtquelle (Nahinfrarotlaser oder sichtbares Licht). Die Aminogruppen auf der
Nanopartikeloberfliche wurden iiber den Chaméleoneffekt der eingesetzten amino-reaktiven

Farbstoffe nachgewiesen.

Viertens wurde der Loscheffekt von Schwermetallionen und Halogenionen auf die
Lumineszenz der UCNLPS in wéssriger Losung untersucht. Der Effekt wurde fiir die Ionen
Cu(Il), Hg(1I), Pb(II), Cd(II), Co(Il), Ag(I), Fe(Ill), Zn(I1), Bromid und lodid erforscht, wobei
Hg(Il) Ionen hierbei ein besonders starkes Ldschverhalten zeigten. Die Stern-Volmer-
Diagramme waren bis zu einer Konzentration von 10 — 25 mM des jeweiligen Quenchers
nahezu linear. Bei hoheren Konzentrationen weichen die Kurven von der Linearitét ab, da hier
statisches Quenchen einen zusétzlichen Einfluss ausiibt. Die UCLNPs zeigen jeweils zwei
Hauptemissionsbanden (blau und nah-infrarot, bzw. griin und rot), fir die jeweils
unterschiedliche Quencheffizienzen gefunden wurden. Dieser Effekt scheint fiir generell fiir
UCLNPs zu gelten, da er fiir alle Partikel auftritt, die mit trivalenten Lanthanidionen wie

Yb(III), Er(IIT), Ho(III), und Tm(III) dotiert sind.
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