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“It's vital to remember who you really are. It's very important. It isn't a good idea to
rely on other people or things to do it for you, you see. They always get it wrong.”

- Terry Pratchett, Sourcery
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Abstract

ABSTRACT

Upconversion luminescence where visible light can be obtained through low energy
near-infrared radiation is an interesting research topic especially within the scope of
biomedical applications using optical detection. The benefits of using upconverting
nanoparticles are low background due to low autofluorescence and narrow bandwidth
of lanthanide luminescence. However, their use is still being hampered by the
challenges arising from the water based biological matrices. The research for creating
hydrophilic nanoparticle surfaces for aqueous environment and simultaneously
preventing the quenching of the upconversion luminescence is still ongoing.

The aim of the study conducted in this thesis was to produce uniform and highly
luminescent upconverting NaYF:Yb*",Er*" nanoparticles suitable for biomedical
applications accounting for the challenges of water based matrices. To produce such
nanoparticles a synthesis route was modified and selected parameters affecting the
nanoparticle structure, size and uniformity were studied and their upconversion
luminescence behaviors were measured.

To make the upconverting nanoparticles biocompatible, a layer-by-layer approach was
chosen for the surface modification method as it has not been studied with
upconversion nanoparticles in detail. Two types of bilayer structures in the surface
modifications were used, one combining negative polyelectrolytes and positive metal
ions and one where both components were polyelectrolytes that could be crosslinked
to produce a more rigid bilayer structure. The layer deposition conditions affecting the
bilayer structure formation such as polyelectrolyte length, polyelectrolyte
concentration, and ionic concentration were studied. The formation of the coating by
the layer-by-layer method was confirmed for both bilayer structures and their effect on
the upconversion luminescence was studied. It was observed that with the selected
coatings and the number of bilayers the obtained upconversion luminescence could be
enhanced. The enhancement could be maintained even with five bilayers of coating
using additional fluoride during the layer formation.

In addition, studies to observe the possible disintegration of the coated upconversion
nanomaterials were conducted by both optical and solution concentration methods. It
was found that in polyelectrolyte/metal ion coated nanoparticles prepared with
selected conditions the emission was maintained in pure water for 24 hours.
Crosslinking of the two polyelectrolyte coatings was successful in effectively
hindering the fluoride loss from the core nanomaterial. This study demonstrates the
usefulness of a widely modifiable layer-by-layer method in the surface modification of
upconverting nanoparticles. It offers possibilities to create surface structures where the
luminescence and the core particle can be shielded from the deleterious environmental
effects while rendering the nanoparticles with functionality for further
biomodifications.



Tiivistelmd

TIIVISTELMA

Matalaenergisen lahi-infrapunaséteilyn pinoamisen kautta saatava nékyvé valo, eli
kadnteisviritteinen luminesenssi (upkonversio), on mielenkiintoinen tutkimuskohde
optista luentaa kédyttdvien Dbiolddketieteellisten sovellusten kannalta. Matala
mittaustausta sekd lantanidien luminesenssille ominaiset kapeat emissioviivat ovat
tallaisten nanokokoisten loisteaineiden suurimmat hyddyt. Paljon vettd siséltdva
biologinen ymparistd aiheuttaa kuitenkin merkittdvid haasteita. Luminesenssin
sammumisen sekd partikkelien hajoamisen estéminen ovat toistaiseksi ongelmia,
joiden ratkaiseminen auttaisi materiaalien laajemmassa hyddyntdmisessa.

Viitoskirjatyon tarkoituksena oli valmistaa muodoltaan yhtendisid ja hyvin loistavia
kddnteisviritteisia NaYFs:Yb*",Er’** nanopartikkeleita joita voitaisiin hyddyntii
biolddketieteellisissd sovelluksissa niiden haasteet huomioiden. Partikkeleiden
valmistamista varten muokattiin synteesimenetelmi, jonka valikoituja ominaisuuksia
sekd niiden vaikutusta partikkelien rakenteeseen, kokoon ja yhdenmukaisuuteen seka
loisteominaisuuksiin tutkittiin.

Kerroskasvatusmenetelma valittiin pintamuokkausmenetelméksi koska silld voitaisiin
samaan aikaan tutkia loisteominaisuuksien sdilyttdmisté, partikkelin hajoamista sekd
niiden muokkaamista vesiympéristoon sopivaksi. Menetelmd on my0s verrattain
vihian kaytetty kédnteisviritteisten loisteaineiden pintamuokkauksessa. Kerroksia
kasvatettiin kahdella tavalla, joko kéyttden negatiivista polyeletrolyyttid ja positiivista
metalli-ionia tai hyodyntiden polyelektrolyytteji molempina komponentteina, jolloin
niiden ketjut voitiin ristisitoa. Eri olosuhteita, kuten polyelektrolyytin pituutta ja
pitoisuutta, ionikonsentraatiota sekd nédiden vaikutusta kerrosten kasvuun tutkittiin.
Molemmilla kerrostustavoilla saatiin kasvatettua haluttu pinta partikkelin pinnalle.
Loisteominaisuuksia saatiin parannettua tiettyjd kerrostusolosuhteita kayttden.
Lisdadmalld kerrostuksen aikana liuoksen fluoripitoisuutta ja tekemailld ristisidonta
kahden polyelektrolyytin vélille voitiin parannetut loisteominaisuudet séilyttdd jopa
viiden kaksoiskerroksen jéalkeen.

Pinnoitettujen partikkelien hajoamista tutkittiin sekd luminesenssiin perustuvan ettd
fluoriselektiivisen menetelmédn avulla. Polyelektrolyytti/metalli-ioni — pinnoitus
sailytti ndytteen loisteen vedessd 24 ja fosfaattipuskurissa neljd tuntia. Fluorin
irtoaminen  partikkeleista voitin tehokkaasti estdd ristisitomalla kasvatettu
polyelektrolyyttipinta. Tutkimus auttaa hyodyntdmiin laajasti muokattavaa
kerroskasvatusmenetelméd ja tarjoaa aiempaa monipuolisempia mahdollisuuksia
kédnteisviritteisten loistaineiden muokkaukseen. Menetelmén avulla voidaan véhentdi
ympéristostid johtuvia ongelmia ja toisaalta tuoda partikkelin pinnalle funktionaalisia
ryhmid myShempaé kéyttod varten.
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Introduction

1 INTRODUCTION

The use of lanthanide based luminescence, where visible light is obtained by
irradiating the material with ultraviolet radiation (i.e. downshifting luminescence), has
over the years covered lighting, detectors, displays and biomedical research.!?> The
biomedical research adopted the use of lanthanide luminescence due to its long lived
energy states and narrow emission lines which were beneficial in luminescent labels
used in assays and imaging. To date various bioanalytical assays and detection
methods are based on the optical detection of time resolved emission and the use of
various specific lanthanide chelates as luminescent labels.

The conventional downshifting luminescence gained an interesting new counterpart in
the 1960s when Francois Auzel discovered that visible emission could be obtained
through near-infrared excitation.®> As the use of luminescent lanthanide chelates in
biomedical research requires time resolved methods due to ultraviolet excitation which
also affects the tissue used and biomolecules the use of non-interfering near-infrared
radiation in producing visible light has gained much attention and research. The
increasing research on producing the upconverting materials started in the late 1990s
from the micrometer-sized particles which are less favorable in the use of biomedical
research. However, as the synthesis research and knowledge has increased, the size of
the produced upconverting materials has decreased first below 100 nm and already
down to 10 nm nanomaterials which can be more applicable in the current biomedical
research field aiming for more precise and smaller designs *° The preferred size can
vary with the biomolecules used as the large biomolecules are within 10-100 nm size
(i.e. antibodies, viruses) but small molecules only a few nanometers.

While the small size is beneficial for the bioapplications it has its drawbacks when
luminescence properties are concerned. The reduced size results in lowered
upconversion luminescence emission intensity due to the increased surface-to-volume
ratio of the nanoparticles. This is because the possible surface defects affect negatively
the obtainable luminescence. An even greater influence on the upconversion
luminescence comes from the water molecules. As water is a very important medium
in biomedical research and most upconverting materials are hydrophobic,
modifications have to be made on the upconversion particle surfaces to make them
water dispersible. The modifications try to shield the nanoparticles from the negative
effects of water molecules which both quench luminescence as well as disintegrate the
nanoparticles.®® Also, surface modifications are crucial in biomedical applications
because of the need for linking into target biomolecules. In addition, while the most
used excitation radiation (980 nm) is transmitted completely by most of the biological
matrices it is still absorbed by water. This means that the use of upconversion
nanoparticles in biomedical imaging and in vivo studies is restricted because only low
excitation powers can be used.

11



Introduction

Several strategies in designing the upconverting nanoparticles from their very core to
the outer surface have been studied for many applications. While there have been
successful attempts in circumventing the problems of upconverting nanoparticles,
there seems to be no thorough answer in solving all of the problems simultaneously.
Surface modifications allowing good water dispersibility induce upconversion
quenching through the vibrational states of the molecules. Very small and
biocompatible nanoparticles typically show low upconversion luminescence intensity
and bright upconversion nanoparticles are usually not water dispersible or have the
desired particle size. In these aspects, the research is still ongoing and only time will
tell if the methods to enhance these properties will remain in wider use of the research
field.

12
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2 REVIEVW OF THE LITERATURE

2.1 Upconverting nanoparticles

When talking about upconverting nanoparticles (UCNPs in short) researchers usually
refer to materials with nanosized (< 100 nm) particles able to convert low energy
radiation (near infrared, NIR) into higher energy radiation such as visible light. The
phenomenon was first described by Francois Auzel in the middle of the 1960s when
he demonstrated that a sequential energy transfer resulting in visible emission was
possible with lanthanide ion pairs (Yb**-Er** and Yb*'-Tm’").> The majority of the
upconversion materials up to date still rely on these first found lanthanide ion pairs
and their interactions.

This thesis is focused on materials based on solid inorganic matrices where lanthanide
ions are responsible for the energy transfer processes resulting in visible upconversion
luminescence. In addition to these inorganic crystal structures with lanthanides also
other hosts such as lanthanide coordination molecules can host upconversion
luminescence. This is done via energy transfer either between lanthanide ions or
molecular antennas but they are out of the scope of this thesis.” !

2.1.1  Upconversion mechanisms

The energy transfers within the upconversion processes using lanthanide ions are
based on their long lived energy states which gives the energy transfer process the
needed time to obtain the subsequential piling of absorbed excitation.*'> The most
common mechanisms to obtain upconversion luminescence are described in Figure 1
where two or more photons are absorbed and converted into one emitted photon of
higher energy than the adsorbed ones. The simplest upconversion mechanism is the
excited state absorption (ESA) which follows the ground state absorption (GSA)
within a single activator ion such as erbium (Er*"). However, the process is not very
efficient, having for example a relative efficiency of ca. 107 in SrF:Er**.? It needs
suitable amount of activators in the structure; not too many to quench the
upconversion luminescence due to cross-relaxation processes within similar ions and
energy levels and not too few so that the probability of obtaining upconversion
luminescence is decreased.

The most used energy transfer process in the upconversion mechanism is the energy
transfer upconversion (ETU) which is common with sensitizer-activator pairs like
ytterbium-erbium (Yb**-Er’*") and ytterbium-thulium (Yb**-Tm?") (Figure 1.). It has a
relative efficiency of 107 in e.g. YF5:Yb*',Er’" making it the most efficient of the
processes.’ It involves a ground state absorption from the energy-transferring
sensitizer ion (ytterbium) and the energy is then transferred to an energetically similar
energy level of the activator (e.g. erbium). When the energy accepting level of the
activator is reasonably long lived it can subsequently accept similar energy transfers

13
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from another sensitizer ion resulting in a higher excited state which can then produce
visible upconversion luminescence when relaxing.

N =
{ Foa ) |
{ P i \ I
| | ! ! L !
; = : —_t a‘Lt_
]

1 : ! :
1 1 ! 1
1 1 ! 1
3 l ¥ X

\ Y .

ESA ETU CET EMU

Figure 1. Simplified mechanisms of the different upconversion processes. ESA
denotes energy state absorption, ETU energy transfer upconversion, CET co-operative
energy transfer and EMU energy migration upconversion. Solid, dotted and dashed
lines represent photon absorption, energy transfer processes and photon emission,
respectively. (Modified from Dong et al.'?)

Not as efficient as ETU but still applied energy transfer mechanism is the co-operative
energy transfer (CET). Its relative efficiency is already lower (10 in YbPO4) and the
most distinguishable difference in comparison to ETU is that the two sensitizing ions
are able to create a virtual intermediate energy level that does not exist in their energy
structure but is able to transfer the gained energy into the real energy level of an
acceptor ion. The CET mechanism can be observed with europium (Eu*") and terbium
(Tb*) upconversion luminescence with Yb*" as the sensitizer.!*!*

Energy migration upconversion luminescence (EMU) is the least -efficient
upconversion process of these four and its relative efficiency is not known. It is widely
taken advantage of in various core-shell type upconversion materials.'>”'” The EMU
process involves sensitizers that can absorb the excitation, ions with suitable energy
levels to allow energy migration while not enhancing cross-relaxation within the
structure, and finally an activator with the emitting energy levels. While the process
allows the possibility to create detailed energy transfer structures using ions with
desired energy levels it is also heavily influenced by possible cross-relaxation
processes between ions.

Cross-relaxation processes are energy transfer processes that can affect the emission of
the upconversion luminescence.>'® The energy transfer can occur when the energy
level difference between adjacent ions is close enough. This allows the energy transfer
from one ion to another thus populating a new energy level. The cross-relaxations can
happen within similar or different ions. Depending on the ions and the cross-relaxation
processes the process can weaken the overall upconversion luminescence intensity if
the populated energy state can be easily depopulated via non-radiative transfers. If the

14
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populated energy level is an emitting energy level the cross-relaxation processes can
also enhance a specific emission of an emitting ion resulting in varying color ratios
(i.e. red-to-green ratio in NaYF4: Yb** Er*").18

2.1.2  Composition of host materials

To obtain efficient upconversion luminescence the choice of host material is crucial.
The energy transfer processes within the lanthanide ions go through long lived
intermediate energy levels which makes them greatly influenced by multiphonon
relaxations in the host lattice. Currently, the most widely used host material in many
upconversion nanomaterials is NaYFs. One reason for the wide use is that NaYF4 has
two possible structures of which the hexagonal structure (f-NaYFs) is superior in
upconversion luminescence intensity in comparison to the cubic one (a-NaYF;) and
other upconversion host materials.!” The superiority of the NaYF4 material is expected
to rise from the low phonon frequency of the fluoride host (ca. 350 cm™).? In addition
to the low phonon frequency the distance between lanthanide ions is ca. 0.4 A shorter
in the hexagonal structure than in cubic one.?! It is also speculated, that cation
reordering in the materials’ structure plays a role on the upconversion luminescence
efficiency of the fluoride materials, as the hexagonal structure has multiple cation
sites; one solely for sodium ions, two which both sodium and lanthanide ions can
occupy (Figure 2.).?>?* However, during the manufacturing process the lanthanides
can also invade the sodium site creating closer clusters of lanthanides which can then
affect the upconversion luminescence properties.>*

Hexagonal

Figure 2. Hexagonal unit cell of Na(Yo.s0Ybo.17Er0.03)F4 structure from Harju et al.?!

A variety of other inorganic matrices have been utilized as upconverting materials.
These materials include oxides (Y203, ZrO,), oxysulfides (Y»0-S), oxyfluorides and —
chlorides (GdOF, GdOC]), phosphates (YPO.) and vanadates (YVO,).”> However, due
to their higher lattice phonon frequency (oxides ~500-550, phosphates ~1050, and
vanadates ~890 c¢cm™) the obtained upconversion luminescence is not as efficient as
with the fluoride based materials.>* Also other halides (chlorides, bromides, iodides)
have low lattice phonon frequencies which would suggest they would be useful

15
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upconversion host candidates but they are more hygroscopic which limits their use
greatly.?

Optically active ions

For the upconversion phenomena to occur, the suitable host materials needs to have
optically active ions with long lived energy levels in the excited state. Commonly
lanthanides (La-Lu) are harnessed due to their ladder-like energy level structure. Also
transition metals with suitable 5d energy levels have been studied but they cannot be
used without lanthanide ions and they are more commonly used in tuning the obtained
luminescence color or enhancing the overall luminescence intensity.?’ 2’

It is possible to obtain upconversion luminescence with only one optically active
emitter ion (activator) if the ion has multiple similar energy gaps to make the process
efficient. This is the case for example with Er** where the energy difference between
T and “lisp is similar to that between *I;1» and *F7, which are both in good
agreement with the 980 nm excitation energy.® In the case of one active ion the
process of obtaining upconversion luminescence is ground state absorption (GSA)
followed by excited state absorption (ESA), however the process is not as efficient as
using sensitizer ions.

The upconversion process can be enhanced significantly by introducing additional
ions into the host lattice to absorb the excitation energy (sensitizers). The process is
called energy transfer upconversion (ETU). Ytterbium is a widely used sensitizer ion
in the upconversion processes with multiple activators (Er**, Tm?", Ho®") because the
energy gap between its ground state F7, and excited state 2Fs); has a good match with
the energy levels of erbium making the energy transfer process efficient without
significant energy loss. Even if the energy levels of ytterbium do not match as well
with Tm*" and Ho*" activators as with Er*" the upconversion process is still efficient.
While the upconversion process is the most efficient with the previously mentioned
lanthanide activators, upconversion luminescence can also be obtained from other
lanthanides such as Pr**, Sm**, Dy*" via similar energy transfer processes through
Yb**.12 Also with Eu®’, and Tb*" reasonable upconversion luminescence is obtained
even though the mechanism for it is much less efficient needing a co-operative energy
transfer (CET) from two Yb** creating a virtual energy level to transfer the energy.'”-°
Gd*" does not have good energy levels to produce upconversion luminesce but it has
been used in transferring the energy in high energy excited states through the EMU
process.’!

Nd** can also be used as a sensitizer instead of ytterbium. It is widely studied because
of its 808 nm absorption that could be useful in applications where the 980 nm
excitation needed for the ytterbium absorption is not as efficient due absorption by the
matrix and/or water.!”*%** However, Yb*" is still often used alongside Nd** in the
structure as an energy transfer component because the upconversion process through it
to the emitter ions is much more efficient than with using only neodymium.

16
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Synthesis methods for NaYF

Multiple synthesis methods have been utilized in manufacturing the upconversion
particles depending on the preferred host matrices.>?> While microcrystalline particles
of the most widely used NaYF4 have been known longer, the possibility to obtain
small nanosized materials with narrow size distribution was only reported in the mid-
2000s.34-3¢

Nowadays the most common pathway to produce UCNPs with a small size
distribution is to use solvents with a high boiling point temperature such as oleic acid
and octadecene and/or oleylamine, sometimes called high-temperature co-precipitation
method or thermal decomposition. This method was first introduced in 2004 for the
preparation of trifluoride nanoplates®” and later 2006 for producing p-NaYF,.3®
Another method with trifluoroacetate precursors in the synthesis is still used®***' but
also variations in the precursor material such as acetates'”!® and lanthanide oleates
formed from their oxide/chloride precursors*** have been published. The synthesis
procedure usually consists of two heating periods, in which during the first one the
lanthanide oleates are formed. After the first heating the sodium and fluoride
precursors are added into the reaction. With the addition of sodium and fluoride, a
cubic NaYFy structure is formed and during the second heating period the cubic
nanoparticles undergo the conversion to hexagonal NaYFy if the temperature is high
enough (usually ca. 300 °C).* The size and shape of the UCNPs can be controlled by
the reaction temperature and time during the second heating as well as tuning the
ratios of the organic solvents and capping ligands used along with the sodium and
fluoride ratios.* Changing the dopants and their concentration can affect the size and
shape of the UCNPs, too. For example, adding gadolinium to replace yttrium leads to
decreasing nanoparticle size.*

The obtainable size-range of UCNPs in the most used syntheses is ca. 20-30 nm, but
also syntheses to produce sub 10 nm nanoparticles have been proposed.***’ Ye et al.
recently reported a synthesis procedure where obtaining small 10 nm hexagonal
NaYF4:Yb,Er needed only a fast heating up to a high temperature (250-300 °C) to
produce the nanoparticles instead of holding the temperature for prolonged time.*®
With the second heating period ranging from 0 to 30 min a range of 7 to 11 nm -
NaYF4:Yb,Er were obtained by using sodium oleate as a sodium source instead of
sodium hydroxide. However, the synthesis for producing NaYF4 shell on the sub-10
nm nanoparticles still needed 90 minutes in the second heating. A slightly modified
synthesis procedure was published by Homann et al. where the precursor acetates were
treated with acetic anhydride to reduce the water content in the synthesis. The used
solvents were dried and the precursors were introduced in the fresh and dried solvents
in each synthesis step to produce highly luminescent 10 nm UCNPs.* In addition,
replacing 1-octadecene with Therminol® 66 in the synthesis produced hexagonal sub
10 nm nanoparticles with uniform morphology in much shorter reaction time (5-10
min instead of 60 min).>

17



Review of the literature

The solvothermal synthesis method using the solvent pressure as an advantage has
also been used in manufacturing upconversion materials.’’>* The syntheses are
conducted using autoclaves where the precursors are added into a Teflon cup and
heated to the desired temperature. The synthesis time can vary from a few hours up to
24 hours and the obtained materials can be controlled through changing the solvent
and precursor materials as well as temperature, pressure and time. The products of
solvothermal synthesis are quite often in the microscale and the uniformity of the
particles is not as good as with the materials made in high boiling solvents.

Co-precipitation synthesis is one of the earliest and simplest of the upconversion
materials syntheses, as it needs only mixing in the room temperature to produce cubic
NaYF; particles. However, the products need annealing after the synthesis to produce
the more luminescent hexagonal material>>*®>. The annealing in high temperature,
while resulting in the desired hexagonal structure, can also have a negative effect on
the particles such as aggregation resulting in large particle size.

Ionic liquids have also been introduced into the synthesis protocols of upconverting
nanoparticles with the high-boiling solvent synthesis.*® The size-range and uniformity
of the materials still leaves room for further research but it remains to be seen if ionic
liquids will push their way further into the synthesis of upconversion materials.

As the reaction time to produce UCNPs is still relatively long there have been reports
to make the synthesis procedure faster while still producing the desired structure, size
and shape for the nanoparticles. Du et al. suggested a new fast synthesis route to
produce NaBiFy particles where an ethylene gycol solution containing the desired
nitrates (sodium, bismuth and lanthanides) was added into a solution of ammonium
fluoride in ethylene glycol.’” With adjusted fluoride amount they were able to produce
the desired structure with upconversion luminescence but the particle size was still
relatively large at ca. 200 nm.

Most of the syntheses used in obtaining upconverting nanoparticles make use of
hydrophobic organic ligands (oleic acid, oleylamine) which control the growth of
nanoparticles during the synthesis.>*®* This requires further modification of the
nanoparticle surfaces when they are introduced in the aqueous environments of
biological applications. It is also possible to synthesize UCNPs directly with
hydrophilic surfaces so that they are directly dispersible to aqueous solutions.
Ethylenediaminetetraacetic acid (EDTA)®*¢! and citric acid®® can be used as a similar
controlling agent in solvothermal syntheses or co-precipitation synthesis as oleic acid.
Also some polymers such as poly(acrylic acid) ®** and polyethylimine®> can be used
in the solvothermal synthesis and polyvinylpyrrolidone in the thermal decomposition
synthesis®’ as surface capping ligands. However while the dispersibility is increased
with the as-prepared hydrophilic surfaces it seems that the upconversion intensity is
not as good as with those prepared with hydrophobic surfaces.
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2.2 Luminescence properties of upconverting nanoparticles

The obtained upconversion luminescence, its efficiency and color are greatly
dependent on the lanthanide ions used and how they are paired to form sensitizer-
activator combinations in their host lattice. Pairing Yb** and Er** results in strong red
and green and sometimes weak blue upconversion luminescence while pairing with
Tm’" instead of Er** results in mostly blue upconversion luminescence in the visible
range and NIR and UV radiation (Figure 3).>1268
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Figure 3. Upconversion luminescence spectra of NaYF4:Yb*" materials co-doped with
Er** (left) and Tm®* (right) and their respective transitions. (Modified from Haase et
al.®)

The currently accepted energy transfer upconversion luminescence mechanism for the
Yb**-Er** pair is shown in Figure 4. The energy transfer between ytterbium and
erbium is efficient due to their well-matching energy levels 2Fs, (Yb**) and *1112 (Er*")
where the energy is easily transferred without a significant energy loss. Also the
second energy transfer from *I;;» (Er*") to *F7» (Er*") has a similar energy gap and is
likewise very efficient. For obtaining green upconversion luminescence, a two-photon
process is needed through the Yb**-Er** energy transfer and this process remains
similar regardless of the environment of the nanoparticles. The red upconversoin
luminescence process seems to be more affected by the environment. It can be
obtained with a two-photon process via a relaxation from the green emitting levels
*Hi1, *S312 to the red emitting level “Fo, or it can be a result of a three photon process
involving a back energy transfer (BET) between the *Gi12 energy level of Er** to the
ground state 2Frp of Yb**.!8%70 [t seems that the three photon process is more
dominant in larger nanoparticles and when the measurements are made in organic
solvents without water. However, after the nanoparticles are introduced into aqueous
environments and as the surface to volume ratio is increased the two-photon process
becomes more dominant. It is also very probable that in most cases the upconversion
process is a combination of both population mechanisms of the red emitting state.
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Figure 4. The upconversion mechanism between Yb*" and Er*" ions. Where ETU
denotes energy transfer upconversion and BET back energy transfer. (Modified from
Anderson et al.”! to publication IT)

The upconversion luminescence efficiency and the quantum yield are greatly
dependent on the environment where the materials are used and on the nanoparticle
size. The quantum yield would be the simplest way to compare various upconverting
materials and their efficiency but measuring it is still challenging. Currently there is no
valid reference upconversion material that can be reproduced so the measurements
have to be done as absolute quantum yield measurements.”’>7* Absolute quantum
yield measurements require well calibrated equipment with an integrating sphere and
are affected by the excitation power profile.

The conditions of the upconversion luminescence measurements and the environment
of the measured particles can rather easily be adjusted and their effect on the
upconversion luminescence intensity evaluated. However, the local structure and the
concentration of the optically active ions in the upconversion host material are
difficult to control and thus not all of the aspects affecting the emission intensity can
be controlled or studied in detail. For this reason the availability of easy and accessible
quantum yield measurements would be beneficial. So far the quantum yields of bare /-
NaYF.:Yb*,Er*" nanomaterials with a 25 nm size are ca. 0.5 % when measured from
powders.”>™ In addition, a decrease in size results in an even larger decrease in the
quantum yield due to surface defects and quenching through their vibrational states.
Core-shell NaYF4:Yb*" ,Er** @NaYF, UCNPs with a size range from 15 to 45 nm were
recently manufactured by a modified synthesis procedure and their quantum yield was
seen to increase significantly and the quantum yield of the 45 nm UCNPs already
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approached the quantum yield of the microcrystalline upconversion materials being
9 %.%

The main reasons for a low quantum yield and upconversion luminescence quenching
can be found in the energy levels of lanthanide ions and the energy transfer
mechanisms between them. While the long lived energy states of lanthanide ions make
the upconversion mechanism possible they also enable other possible routes for
energy transfer such as non-radiative transitions and cross-relaxation processes
between ions. With small nanosized particles also the increasing surface to volume
ratio results in the increase of the number of surface defects and molecules (eg. OH,
H,O, organic ligands) and their effect in quenching the upconversion luminescence.®’
It has been further studied that especially the energy transfer process between Yb**
and Er'* is affected as the energy migration to the particle surface via various Yb**
energy levels gets easier with decreasing particle size.”® This results in draining the
energy reservoir needed for the upconversion process at the near infrared (*Fs; (Yb*),
Tipn (Er'')) energy levels through the surface impurities and solvent vibrations
resulting in weaker upconversion luminescence and lower quantum yield.”®’6"
Johnson et al. also noted, that the quenching of upconversion luminescence due to
concentration quenching is much less than that arising from transferred energy leaking
from the surface impurities as they managed to gain significant upconversion
luminescence from a pure NaErFs; material when a thick NaLuFs shell was
manufactured on the core particle surface.”

Another major factor in the decrease of upconversion luminescence is the
disintegration of the nanoparticles that is observed when the fluoride containing
UCNPs are introduced into aqueous environments.”®3*78 The disintegration can be
observed from the decrease in the upconversion luminescence intensity with time as
well as the decrease in the emission decay lifetimes. It has been observed that the
disintegration is enhanced with lower UCNP concentration in the solutions and
especially in phosphate based buffers, where it is expected that the phosphate buffer
can detach the lanthanide ions from the fluoride structure more easily and thus
enhance the disintegration process. It seems, that the disintegration of the UCNPs can
be hindered by introducing fluoride ions to the buffer solutions used suggesting that
the driving force behind the disintegration is the fluoride imbalance in the solution
used. However, even a thick silica shell® or specially designed amphiphilic polymer
coatings’ are unable to block the process completely. Dukhno et al. studied the
disintegration of the UCNPs by imaging the emission intensity of single particles
when the particles were modified with amphiphilic N-dodecyl-polyisobutylene-alt-
maleamic acid (PMA).%° They also confirmed the fast time-scale of the disintegration
in water and the favorable impact of using fluoride in the solutions to prevent
disintegration.
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2.2.1 Enhancement of upconversion luminescence

The most common way for upconversion luminescence quenching is the energy
transfer process through the nanoparticle onto the surface.®’>’” Various methods for
enhancing the luminescence intensity and preventing the quenching has been
proposed. This section is focused on the NaRF4 (R: Y, Sc, La-Lu) nanoparticles, their
structure and surface environment and how modifying them can affect the
upconversion luminescence. The surface modifications made to ensure the
compatibility in aqueous environment and biomedical applications are discussed in
more detail in their respective sections.

Host lattice manipulation is the simplest route to modify and enhance upconversion
luminescence efficiency as it depends greatly on the host material. Also upconversion
color tuning is done by manipulating the optically active ions in the lattice.
Enhancement in the upconversion luminescence intensity has been obtained by doping
Li*, K or Sc** ions into the lattice to partly replace Na™ or Y**, respectively.®!?
Similarly using transition metals such as Fe*, Mn?" the host lattice and obtained
upconversion emission can be tuned and in some cases enhanced.’*3* The
enhancement is believed to be due to the mismatching sizes of the dopants distorting
the lattice used, which can then result in shorter distances between the lanthanides.
However, tuning the host lattice still leaves the surface exposed to the environmental
effects which leaves the particles needing further surface engineering.

The core-shell structure has been one of the most studied topics in enhancing the
upconversion luminescence.® The idea of the core-shell structure is to shield the core
particle and prevent the energy loss through surface ions (Figure 5.). This can be done
by growing an inert and passive shell structure on top of the nanoparticle surface.”>%
% This is called an active-core/inert-shell structure. Usually, the shell is grown with a
similar structure to that of the active core but without the optically active ions (eg.
NaYF4, NaLuF4 and NaGdFy). It is also possible to grow inert shells with another
crystal structure such as CaF,.”° The shell can be manufactured in a way that the
earlier prepared core material is added into pre-heated lanthanide oleate solution
before the fluoride and sodium are added.!®®! After the addition of the fluoride and
sodium solution the fluoride structure starts to grow onto the added core material
surface. One other method for shell growth is to use a so called sacrificial cubic-
NaYF,.”>%2 In this method small cubic nanoparticles are prepared earlier and they
are added to the synthesis of the hexagonal core particles after ca. 60 min during the
second heating when the hexagonal particles have been formed. The cubic particles
are then used as seeds or building blocks for the desired shell on the hexagonal particle
surface.

The shell thickness plays a significant role in the upconversion luminescence
enhancement and the shape of the grown shell can be altered by the injection rate and
steps.3% It has been observed that while the upconversion emission is enhanced
greatly within the formation of the first few nanometers of inert shell and continues
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throughout the shell growth. However, the overall enhancement of the quantum yield
does not increase after 4 nm shell growth because the rate-limiting steps in the
upconversion mechanism become more important than the surface quenching.® A
sophisticated characterization of the core-shell materials and the elemental distribution
through the nanoparticle is crucial in confirming the shell formation as the growth of
the shell might not be symmetric throughout the core surface.” In addition, evidence
of the cation intermixing at the core — shell interface has been observed which creates
questions about the energy transfer processes and if the shell is truly inert optically.**

NaYF,:Yb3*,Nd3*

NaYF,:Yb3*,Er3*
NaYF,:Yb3* Er3*

Active-core / inert-shell Active-core / active-shell Dye-sensitized UCNP

Figure 5. Methods to enhance the upconversion luminescence intensity through inert
(left) or active (center) shell structures as well as sensitizing with dye molecules
(right). (Modified from Resch-Genger et al.>®)

Also active-shell structures involving optically active ions can be grown on top of the
nanoparticle core creating active-core/active-shell nanomaterials.!®!">% Using an
active shell the optical properties and energy transfer within the material can be
controlled by combining desired active ions in the shell structure (Figure 5.). The
active shell can be used to enhance the obtained upconversion luminescence intensity
by using emitting ions on the shell structure and varying the core ions.”>*® The
advantage of having emitting ions at the shell is the shorter distance between emitting
ions and possible acceptors on the surface which can enable efficient sensing
applications and luminescence resonance energy transfer (LRET) processes.”® The
problem with the active-shell structure is how to keep the active ions separated well
enough in the shell structure so that no cross-relaxation related to quenching can
happen. This can be achieved by creating transition layers that have less active ions
that can interfere with the energy transfer process.'® One recent aspect in the active-
shell structures is to introduce Nd** ions into the structure to harvest 800 nm excitation
which could be more suitable for the biomedical applications such as imaging where
the heating effect of water can be a problem. By using neodymium it is possible to
absorb the 800 nm excitation and then subsequently transfer the energy through Yb**
ions which then can more efficiently transfer energy to the activators to obtain visible
light.'”?® This can then enable the excitation through both Nd** and Yb** ions.*
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However, it has been discussed if the use of active-shell structures without an
additional inert shell on the outer layer is as beneficial as using only an inert shell on
the surface as the surface mediated quenching is again activated by the optically active
ions in the shell structure.”

While the core-shell structure can be used to host other sensitizers as Nd** for the
800 nm excitation the absorption lines of the lanthanides are relatively narrow. For
this reason using spectrally broad absorbing dye molecules have been studied as an
antenna structures on the nanoparticle surface.’**12 The use of dye molecules as an
energy transferring antennas is based on Forster —type resonance energy transfer
(FRET) between the energy levels of donor-dye and acceptor-lanthanide ion (Figure
5.). A similar kind of FRET energy transfer can also be observed into the opposite
direction, from the lanthanide ions to the dyes.!'”® The most common path of
sensitizing through dyes is to use a 808 nm absorbing dye (such as IR-808) and
transfer the energy through Nd** energy levels into Yb*" and further to Er** 101192 byt
also direct energy transfer from IR-808 to UCNPs have been observed.!” One of the
most recent advances has been the use of a visible emitting dye (ATTO-542) on the
nanoparticle surface. The dye interacts with the surface Er** ions making them active
and thus enhances the upconversion luminescence.’ Especially with the small
nanoparticles (diameter ca. 10-15 nm) the enhancement in the obtained upconversion
quantum yield is significant, ca. 10, due to the activation of the surface emitters.**7¢

Another method of enhancing the upconversion luminescence intensity is to take
advantage of the plasmon enhancement arising from the use of noble metals in close
contact with upconversion nanoparticles.!*!% Multiple approaches have been studied
such as structures of gold nanorods'® or thin silver films'”” below the nanoparticle
assembly. In addition, structures such as nanoparticles on top of a silver-gold
nanocage'® and decorating the nanoparticle surface with gold particles have been
proposed.'” The plasmonic effect can also be used for enhancing upconversion
luminescence from a single nanoparticle by using an AFM cantilever with gold
coating. Such a setup could be used in sensitive imaging applications.!!°

2.3 Applications for upconverting nanoparticles

While the unique property of converting low energy radiation into higher energy is in
itself a fascinating topic of research it has many advantages which drive the research
focus onwards especially in the biomedical field. In addition to biomedical research
upconverting nanoparticles have also gained attention in renewable energy research
and photovoltaics,''""!'? and anti-counterfeiting!'>!'* but these applications will not be
further discussed in this thesis.

Biomedical research and applications can benefit from the upconversion materials in
many ways. The NIR excitation can be used in background-free diagnostic assays
instead of UV excited fluorescent materials while the upconversion process itself can
be obtained via inexpensive continuous wavelength light sources.® The narrow
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emission lines from lanthanide luminescence with anti-Stokes emission makes them
good candidates for spectral multiplexing and the possibility of tuning the
luminescence lifetime allows time-gated measurements and the use of Forster —type
resonance energy transfer mediated detection. Upconversion materials do not have
photobleaching in the time course as fluorescent molecules and they are also available
for single-particle applications due to their non-blinking emission.

2.3.1 Reporters in assays

The research and use of upconversion materials as luminescent reporters started
already before nanoscale materials were developed. The use of ground microsized
upconversion materials in biomedical use was first demonstrated in heterogencous
assays by the group of Hans Tanke in 1999 in the detection of antigens and then later
2001 in lateral flow assay (LFA) in testing human papillomavirus infections.!!>!16 The
first homogeneous assays exploiting the properties of upconversion luminescence
were presented in 2005 simultaneously by Kuningas et al. and Wang et al.!!”:!18

The homogeneous assays can be described as an easy mix and measure type of assay
without additional washing steps (Figure 6.). The detected signal (usually
luminescence) is dependent on the biomolecule interactions and the binding between
the labeled analyte and biomolecules.'”” This also enables the use of homogeneous
assays as biosensors. Due to the nature of the homogeneous assay it is prone to many
limitations and interference such as sample autofluorescence and absorption. The use
of upconversion materials can overcome some of these problems as the
autofluoresecence from NIR excitation is out of the measurement window and it can
also enable the use of whole blood as a measurement matrix.'?*"'?2 However if the
homogeneous assay signal detection is based on the energy transfer processes such as
FRET/LRET between the UCNP and the analyte label it is distance dependent and
requires much attention to the nanoparticle and energy transfer design because of the
short distance needed for the energy transfer.!**123-125 The combination of the needed
distance in addition to the aqueous measurement matrix which is known to quench
luminescence makes the designing and protecting the UCNPs an important task.
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Figure 6. Simplified mechanisms of heterogeneous (left) and homogeneous assay
principles using upconverting nanoparticles. (Modified from Sirkka et al.!?
(heterogeneous) and Lahtinen et al.'?> (homogeneous).)

The principle of the heterogeneous assay differs from that of homogenous assay by
involving captured molecules on a solid substrate, commonly a microtiter plate, where
the analyte and labels are then subsequently bound (Figure 6.).'"* The heterogeneous
assay requires multiple steps in both the binding and washing off the excess of the
reagents used. It is not as fast as the homogeneous assay but the detection limits are
usually lower due to the removal of the interfering excess molecules by washing.
UCNPs have been used for example in sensitive immunoassays for cardiac troponin
1'%, the detection of diclofenac!'”’ and genotyping adenoviruses.'”® However, one
problem arising from the small size of nanoparticles which limits the sensitivity of the
assays is the non-specific binding to the solid support in addition to only binding to
the desired linkers. The non-specific binding can be hindered by using blocking
molecules such as bovine serum albumin (BSA)'? or one can try to reduce it by
surface modifications."*® One recent discovery with UCNP based assays was that the
sensitivity of the troponin I assay proposed by Sirkka et al'*® could be enhanced by
adding poly(acrylic acid) to the assay which hindered the nonspecific binding of
UCNPs. !

Lateral flow assays (LFAs) are a subdivision of heterogencous assays which are
widely used because of the inexpensiveness and suitability in point-of-care testing
(e.g. pregnancy test). The assay is conducted on a test strip where the applied sample
is directed through a matrix involving test and control lines to observe the desired
analytes. UCNPs have been utilized for various schemes using LFAs ranging from the
detection of tissue infections into potential biowarfare pathogens and viral
infections. 32134

The narrow emission lines of lanthanide upconversion luminescence and the
possibility to change the observed color by selecting the doping ions while keeping the
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nanoparticles similar in size and shape offers the possibility to perform multiplexed
assays. The advantage of multiplexing is the much smaller amount of consumed time
in the number of detected analytes. Printing an array-in-well type platform on a
microtiter well offers a possibility to detect genotype-specific adenoviruses by
imaging.'*> On the other hand, by coating different UCNPs with selected antibodies
and utilizing array-in-well type printing it is possible to detect in both place- and
color-dependent assay modes.!*® By changing the dopant ions and their concentration
it is also possible to create color barcoded detection mechanism for detecting nuclei
acids.'?’

In the development of the varying types of biochemical assays using upconversion
luminescence the construction of a well-functioning detection and reading system for
upconversion luminescence has proven to be challenging. Soukka et al. first
introduced a modified plate Chameleon reader in 2005 for their upconverting
biomedical assays.'*® For the modification the Xenon flash lamp of a plate Chameleon
reader was replaced with a continuous wavelength infrared laser diode. Similar
modifications were later introduced into the detection of gel electrophoresis and lateral
flow assay readouts by the collaboration of Tanke, Soukka and Gorris groups.'* In
addition to these custom house-built equipment two Finnish companies Kaivogen oy
and Labrox oy joined forces in the middle of 2010s to create the first commercial
upconversion nanoparticle system Upcon™ which involved a single mode plate reader
manufactured by Labrox oy.'* However, application research still relies mostly on in-
house-built imaging and detection equipment.

2.3.2 Sensors

Because of the unique lanthanide upconversion luminescence emissions, the UCNPs
are widely researched for use in many types of sensors in both solutions and in the
solid state.* In the solid state sensors the UCNPs are embedded into a desired matrix
such as a hydrogel membrane'*! or polystyrene!** with substances that change their
properties with the desired detection scheme such as bromothymol blue (BTB) that
changes color with changing pH. The detection is based on the so called inner filter
effect where the emitted upconversion luminescence is affected by the change of the
substance and thus the absorption properties of the counterpart. However, by using
upconversion luminescence resonance energy transfer it is possible to create
(bio)sensors that detect changes in the nanoscale and even within cells based on the
changes in the upconversion luminescence (Figure 7.). In the next paragraphs only
sensors based on NaYFs UCNPs and their RET-counterparts in liquid media are
discussed.
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Figure 7. Simplified mechanisms of UC-LRET processes based on spectral overlap
between the donor and acceptor. A) After the addition of the analytes, LRET is
suppressed and upconversion emission is recovered; B) After the addition of the
analytes, LRET is possible and the upconversion emission is quenched; C) If the
receptor is highly emissive and is excited by the upconversion emission, then
fluorescence is observed. After the addition of the analytes the adduct cannot be
excited by the upconversion emission, fluorescence is not seen. (Modified from Zhou
et al.%)

A possible in vivo pH probe of UCNPs coated with polyanionic tendrimers was
suggested by Esipova et al. where the luminescence intensity ratio between green and
red emission changed with the pH.'* Arppe et al. introduced an intracellular pH probe
which could be also imaged utilizing a resonance energy transfer between a UCNP
donor and pH-sensitive pHrodo™ Red dye as an acceptor for the 550 nm emission of
Er**.!% Their probe and cellular uptake and distribution was further enhanced by
coating the UCNPs with polyethylenimine.!*® A pH sensitive fluorescein
isothiocyanate'*® has also been used with UCNPs as an intracellular pH probe acting
as an acceptor to the 475 nm emission of Tm** with increasing pH and hemicyanine
dye'” has been suggested as a probe to see pH fluctuations within cells by blocking
the green and blue upconversion luminescence with increasing pH. A core-shell
approach with UCNP with a silica shell and BSA modification using BTB or
rhodamine B (RhB) as a pH dyes produced even more sensitivity to the measurement
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where the changes in the green upconversion luminescence were detected with pH
change.'*® With BTB the green emission intensity was enhanced with increasing pH at
the range of 6-8 and with RhB at pH range of 5-7 the green emission decreased with
increasing pH.

The detection of metal ions and molecules is possible by using the resonance energy
transfer method. The detection of Hg?* using UCNPs can be done for example using a
chromophoric Ru(Il) complex'*’ where the increase of Hg?" concentration leads to the
recovery of the green upconversion emission of Er*" due to a loss of spectral overlap
between the UCNP and the Ru(Il) complex. Also the use of rhodamine-derived
molecules on the UCNP surface results in enhanced energy transfer and thus
increasing emission intensity of rhodamine with increased Hg*" concentration.!3!5!
Modifying the UCNP surface with glutathione the green upconversion emission is
quenched with the addition of Hg?" and Pb?*.!>? In addition a UCNP-Gold nanoparticle
connected with an aptamer has been developed for Hg?*" detection in food as the
attachment of Hg into the aptamer chain results in the enhancement of the green
upconversion luminescence intensity due to the removal of the green emission
absorbing gold nanoparticle from the aptamer chain.'®* The use of Er** and Tm?*
doped UCNP with cyanine modification the presence of MeHg" can be observed from
the decrease in 800 nm (Tm?") and the increase in 670 nm (Er*") emission
intensities.’** For the detection of Cu®" the UCNP can be combined with
tetraphenylporphyrin  tetrasulfonic acid hydrate (TPPS)'* or meso-tetra(4-
sulfonatophenyl)porphine dihydrochlorid (TSPP)!*¢ which both absorb the green
upconversion emission of UCNPs. When the Cu?®* coordinates into the cavity of the
molecules the UC-RET process is interfered resulting in the recovery of the green
upconversion luminescence.

Modifying Er**-UCNPs with 4-((4-(2-aminoethylamino) naphthalen-1-yl)diazenyl)
benzenesulfonic acid dihydrochloride (ANDBS) enables nitrite (NO;) sensing by
observing upconversion luminescence quenching when nitrite is attached.'’
Modifying UCNPs with NO-reactive rhodamine B-derived molecules enables nitric
oxide (NO) detection as it reacts with the molecules opening the ring structure
enabling strong rhodamine B absorption which absorbs the green upconversion
luminescence.'*® Cyanide anions (CN) can be detected using Iridium(IIl) complexes
on the Er*’-UCNP surfaces.!” The energy transfer between the UCNP and the
complex is interfered with the addition of CN". This results in a change in the emitted
color from yellow (from the iridium(Ill) complex) to green (from the UCNPs).
Gluthatione (GSH) molecules that are essential part of the cellular defense system can
be monitored using Tm** doped UCNPs coated with MnO, nanosheets as the presence
of GSH the MnO; is reduced to Mn*" thus blocking the energy transfer between the
UCNP and the nanosheet resulting in increased blue 475 nm upconversion
luminescence intensity.'®® In addition, a H,O, sensor was suggested in the second
near-infrared window combining a NaErF4:Ho*"@NaYF. core-shell structure coated
with IR1061 molecules.'®! With 1530 nm excitation the IR1061 on the surface absorbs
the 980 nm emission leaving the 1180 nm emission intact. At the presence of OH
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radicals formed from H,O, the IR1061 molecules on the surface are destroyed
resulting in the recovery of 980 nm emission.

Temperature sensing using UCNPs is based on emitting lanthanide ions and their
emission intensity changes (luminescence intensity ratio, LIR) between specific
energy levels. The green emissions of Er** at 525 and 545 nm is useful in this as the
intensity ratio of the emissions change with temperature.'®*"'%* The sensitivity and
reliability of the obtained LIR ratios depends on the size and composition of the
nanoparticles.!®> Also the laser irradiation conditions used affect the outcome as
steady-state conditions have to be obtained and the laser power needs to be moderate
not to heat the water in the sample as it affects the intensity ratios.'*® In addition to
Er** other lanthanide ions such as Ho*", Tb**, Tm*" and Nd*" have been suggested as
possible temperature sensing emitters due to their suitable energy levels that induce
LIR changes in varying temperatures.'®"-17

2.3.3 Bioimaging

The use of upconverting nanoparticles in bioimaging is driven by similar reasons as
the use in biomedical assays such as lack of autofluorescence at the detection region
and no photobleaching. However, the good penetration depth of the UCNPs’ emission
and their excitation is one benefit that is more useful in bioimaging than many other
applications. Most of the research done with UCNPs in bioimaging consists of
exploiting their luminescence properties, but by designing the UCNPs with selected
ions it is possible to widen their use also into magnetic resonance imaging, X-ray
computed tomography, positron emission tomography and single-photon emission
computed tomography. It is also possible to create combinations from multiple
methods.

The upconversion luminescence (UCL) can be used for imaging cells and their
internal properties such as pH.'*17:172 Small animals and their desired parts such as
lymph-nodes and tumors can be imaged, as well.'”>"176 The particle size for the used
UCNPs is ca. 50 nm, while for the lymph-nodes bigger particles (100 nm) or more
intense upconversion emission would be desirable. With photoluminescence imaging
the NIR-to-visible upconversion emission of the Yb**-Er** pair (ie. 980 to 660 nm) is
widely used but also the NIR-to-NIR upconversion emission from Yb**-Tm** (980 to
800 nm) is used when a deeper penetration depth is needed as both of the wavelengths
used lie within the “optical biological window I” (700—-1000 nm, Figure 8). Using
808 nm excitation absorbed by Nd** ions in the host material is also currently an
interesting research topic due to the 808 nm excitation having less heating effects on
the biological tissue and water than the 980 nm excitation used for Yb*" excitation.'”’~
179 In addition to upconversion luminescence imaging, the excitation of UCNPs results
in downshifting luminescence at the optical biological window II (1000-1700 nm)

which could enhance the image quality and signal-to background ratios even more.'8
182
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Figure 8. Wavelength regions of traditional fluorescence imaging and deep near-
infrared imaging including the NIR-I and NIR-II biological window wavelengths. '

By designing the composition of the UCNPs it is possible to create multimodal
imaging particles exploiting two or more imaging techniques. Using gadolinium in the
host lattice or on the surface with a molecular antenna brings a possibility to use
magnetic resonance imaging (MRI) along with the upconversion luminescence as Gd**
can be used as a contrasting agent.'®*¥ Modifying UCNPs with '3F or '*Sm the use
of positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) bioimaging is possible.!®"187 Also the rare earth ions in the
UCNPs have decent X-ray attenuation effect which makes them usable in X-ray
computed tomography (CT)*!38-1% Combining these properties trimodal UCNPs for
UCL-CT-MRI"®""? and UCL-MRI-PET/SPECT'*'*3 have been studied and even a
four-modal UCNP for UCL-MRI-CT-SPECT!** has been proposed.

For the use of UCNPs in bioimaging and especially in in vivo studies their toxicity has
to be thoroughly studied and assessed both due to their nanosize as well as the unique
physical and chemical properties of UCNPs. Most concerns with UCNPs arise from
the possible aggregation in time course within tissues and cells. In addition, the
disintegration of the UCNPs and thus the release of lanthanides and fluoride as well as
the possible interactions between the UCNPs and the released ions with other
compounds when used in vivo.'>!°® The elimination time of UCNPs used in vivo from
the system is reported being from weeks to months as the size of the UCNPs used has
to be large enough for the luminescence intensity while ultrasmall particles would be
faster eliminated.'®"” The toxicity is also widely influenced by the surface
modifications and it seems that with some modifications such as PAA and SiO, the
toxicity is relatively low!*”-!°® while a possible threat can be with amphiphilic coatings
that can detach from the UCNP surface.'” However, while the possible toxicity seems
to be dose dependent more detailed and long-term studies have to be made to fully
understand it as there still is no standardized protocol for making cytotoxicity
assessments for UCNPS.

24 Surface properties of upconverting nanoparticles

The most used synthesis routes to produce UCNPs result in surface capped UCNPs
with hydrophobic ligands. This creates a need for surface modifications as nearly all
biomedical applications are conducted in aqueous environments where the as-prepared
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UCNPs are not dispersible. In addition to creating water dispersible UCNPs another
reason to modify their surface is the need of conjugative sites for biomolecules in
biomedical applications.

As discussed previously with the upconversion luminescence properties, one recently
arisen concern in the use of UCNPs in biomedical applications is the disintegration of
the fluoride structured nanoparticles in aqueous environment.”® Lisjak et al. further
studied and proposed a mechanism which suggests that the dissolution of the
outermost fluoride structure is imminent in aqueous environment and especially in
phosphate based buffers already within the first minutes after the suspension is
formed.>* Lahtinen et al. published a similar study where they observed the
disintegration of the hexagonal NaYF4:Yb*" Er*" particles and that the disintegration
was increased in low concentrations commonly used in biomedical applications and
that using even a thick silica shell does not prevent the disintegration.® This creates an
urgent need for stabile surface functions that prevent the disintegration process.

2.4.1 Surface modifications

As most of the UCNP syntheses result in hydrophobic nanoparticles, the first step of
surface modifications with UCNPs is commonly the removal of the capping ligand
used if the particles are needed in aqueous solutions. The most used protocols of
removing capping ligands are derived from the publication of Bogdan et al. in 2011.2%
The method is based on an acidic treatment of the UCNPs which detaches the oleic
acid on the surface and creates a positively charged surface on which the water and
OH- are then coordinated. If the pH of the solution is increased the surface charge of
the UCNPs can be changed due to deprotonation. The treatment renders the UCNPs
water dispersible which then enables further modifications and use in the aqueous
environments.

It is also possible to modify the hydrophobic ligands, in most cases the oleic acid (OA)
chains, directly on the nanoparticle surface. As the OA chain involves a double bond,
it can be oxidized by using the Lemieux-von Rudloff reagent into two carboxyl
groups.?*!2%2 The reagent is composed of permanganate (MnOs") and periodate (I04)
ions as they are both needed in reaction. Firstly, the permanganate oxidizes the double
bond which is then reoxidized by periodate to produce separate two carboxyl acid
ends. The resulting azelaic acid coated UCNPs are then dispersible in water but also in
some polar solvents. A similar azelaic acid coating can be obtained by ozonolysis but
it can also result in the formation of aldehydes on the surface, but they still make the
particles dispersible in water.?*

Ligand exchange

As the oleic acid capping is removed from the UCNP surface it leaves the surface free
for H,O and OH" to attach to the surface atoms. To prevent this, a small and easily
unattachable BF4 can be added on the surface before further modifications.***** The
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ligand exchange is ensured by using an excess of the desired ligands and a suitable
solvent and it can be accelerated by elevating the temperature.>

Most often a carboxylic acid is used as an attaching group on the UCNP surface
similarly to the oleic acid capping ligands. When citric acid*>?°>2% and hexanedioic
acid” are used also the gained outbound functional group is carboxylic acid. In
addition, phosphate groups are good anchors on the nanoparticle surface and
depending on the molecule used the outer functional group can be changed such as the
amine in O-phospho- L-threonine and alendronate acid*** to hydroxyls in PEG-
phosphates.*>204

As polymers have repeating functional groups they offer possibilities for surface
functionalizing while at the same time they have enough attaching sites also for the
outer surface. Poly(acrylic acid) (PAA) is one of the most frequently used polymers in
UCNP ligand exchange reactions as it produces carboxyl acid attaching sites both to
the nanoparticle surface and the outer surface for further modifications.*>!131:1%7
Polyvinylpyrrolidone (PVP) can be used as a surface modification polymer due to its
carbonyl group in the pyrrolidone unit*®’ but the nanoparticles can also be synthetized
using PVP as a stabilizer during the synthesis creating a PVP coating to the surface
directly.®” Photoinduced polymerization has been used in coating the upconversion
nanomaterials either with the emission obtained from the core UCNPs?® or from an
outside light source.’” In addition, co-polymers manufactured from oligo(ethylene
glycol) methyl ether acrylate (OEGA) and acrylic acid (AA), monoacryloxyethyl
phosphate (MAEP) and 1-acrylamido-2-methylpropane sulphionic acid (AMPS) and
2,2’ -azobisisobutyronitrile (AIBN) have recently been studied as possible surface
polymers and their attachment configurations with different functional groups on the
UCNP surface have been studied.*!

Polyethylene glycol (PEG) is a widely used ligand in UCNP modifications due to its
biocompatibility. It can be used in its diacid form allowing the carboxylic acids to
attach to the nanoparticle surface but the more useful ones are the copolymer
modifications of PEG such as PEG-phosphate**?** and PEG-b-PAA?!" where the
functionality of the polymer is increased by combining it with another polymer.
Especially when PAA is used the multiple carboxyl acids of PAA enhance the
anchoring of the copolymers on the nanoparticle surface.

Amphiphilic coatings

Amphiphilic (original amphi- prefix meaning “both”) coatings are manufactured
directly to the UCNP surface using ligand interactions when the hydrophobic ligands
are still attached (Figure 9). Amphiphilic polymers and some detergents can be used as
long as they have both hydrophobic and hydrophilic parts.*>7*212213 The long alkyl
chain interacts with the oleic acids alkyl chain by van der Waals interactions while the
other end of the amphiphilic polymer used acts as a functional tool for the outer
surface. Usually modified copolymers used are such as octylamine and/or

33



Review of the literature

isopropylamine modified poly(acrylic acid)’'**'* or poly(isobutylene-alt-maleic
anhydride) modified with 4-(aminomethyl)pyridine or PEG.** An amphiphilic coating
consisting  of  poly(maleic anhydride-alt-1-octadecene) (PMAO) and
bis(hexamethylene)triamine (BHMT) was recently reported to successfully hinder the
disintegration of the core UCNPs in phosphate buffer.”

V.

A

Figure 9. Simplified surface functionalization scheme of oleic acid capped
upconverting nanoparticles via ligand interactions using amphiphilic polymers having
hydrophobic and hydrophilic chains. (Modified from Sedlmeyer et al.'#)

Silica coating

In bioanalytical applications growing a silica shell on the surface of the particles is a
widely used method due to its biocompatibility and minimal effect on the
nanoparticles’ optical properties (Figure 10).26:198215216 Sjlica is chemically inert and
hydrophobic which helps dispersing the nanoparticles in aqueous environment.'?$2!7
Also the rigidity of the silica layer can be altered by altering the functional groups
used in growing the silica shell*® and the thickness of the layer by varying the amount
of used silicate (usually tetraethyl orthosilicate, TEOS) in the reaction.®*¢’
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Figure 10. Simplified scheme of surface silanization of upconverting nanoparticles.
(Modified from Wang et al.*®)
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Both hydrophobic and hydrophilic particle surfaces can be modified with silica
coating using different techniques. For hydrophilic surfaces the Stober process is used
where the silica shell is grown from tetraalkyl orthosilicate monomers and hydrolyzed
in the presence of ammonia in an alcoholic solvent.?!® The method results in an inert
silica shell which can then subsequently be activated by silanization reactions to
produce binding sites for biomolecules with different functional groups depending on
the protocol used.?*?'* It is also possible to functionalize the silica shell
simultaneously during the shell growth period.®® For the hydrophobic particle surfaces
a microemulsion method has to be applied. In this method reverse micelles are formed
in the presence of a detergent in a nonpolar solvent containing UCNPs. The silica shell
is grown on the particle surface inside the micelles and the reaction is started by
adding ammonia.’’® Also the functionalization of the silica layer made by the
microemulsion method can be made after the first shell growth or during it.

While there are many advantages in growing a silica shell on the particle surface there
are limitations and things to consider when doing so.2!* Because of the shell growth
methods, it is possible that multiple particles can be enclosed in one silica shell
making them more polydisperse than anticipated. In addition, for each nanoparticle
size range used the buffer system with pH and ionic strength have to be adjusted
separately as the silica coating is able to induce agglomeration. Also the undesired
non-specific binding to biomolecules can be enhanced using silica a shell. This
produces false positives in biomedical applications.

Layer-by-layer deposition method

The layer-by-layer (LbL) method is based on self-assembled layers of polyanions and
polycations which are attached to each other subsequently by electrostatic
interactions.??*??> The manufacturing of the bilayers consists of simple cycles of
introducing the desired template to an oppositely charged polyionic liquid. This is
followed by washing steps before again introducing the subsequent polyionic liquid.
The method is widely used for producing thin films on a flat surface but also
nanoparticles have been used as a template for layer growth.?>*2> Multiple parameters
control the formation of the bilayer structure obtained from the LbL method such as
pH and ionic strength of the solutions, deposition temperature and the counter ions
used to adjust the ionic strength,??!-226227

To be used in the surface modification of UCNPs the layer-by-layer method requires a
charged surface where the layer deposition can take place. Positively charged
poly(allylamine) hydrochloride (PAH) and negatively charged poly(sodium-4-
styrenesulfonate) (PSS) have been studied with UCNPs for helping the bioconjugation
through the amine groups of PAH'"® as well as improving the use of UCNPs in
aqueous environments by enhancing the dispersibility.** While the use of different (co-
)polymers on the UCNP surface has been researched widely the use of multiple layers
and the layer-by-layer method has not gained that much attention.
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2.4.2  Bioconjugation

In biomedical applications such as imaging, photodynamic therapy and different kind
of assays bioconjugation is required between the luminescent label used and the
specific biomolecules that are being detected. These kinds of biomolecules can be for
example biotin, streptavidin, folic acid, different antibodies and DNA/RNA.?!* The
biomolecules can attach to the UCNPs directly via non covalent forces like in the
ligand exchange process. However, the indirect binding with functional groups
through covalent bond creation is more used due to its better stability.

Direct binding

Some biomolecules are able to bind directly on the bare UCNP surface through
electrostatic interactions with their charges. Folic acid has two carboxyl groups that
are able to interact with the positive UCNP surface while leaving the folic acid
receptor binding site free.!®> Also streptavidin is able to attach on the nanoparticle
surface as its net charge is negative.?!! If the streptavidin on the UCNP surface is
accompanied with a PEG chain the non-specific binding and aggregation of the coated
UCNPs is decreased. In addition, the hydrophobic oleic acid coated UCNP can be
used in some cases, such as using DNA whose phosphate groups are able to attach on
the lanthanides on the UCNP surface while the DNA strand remains free in close
contact with the OA chain.??® The DNA is then able to attach on the desired target
structures.

Indirect binding

The indirect binding refers to the binding of biomolecules on the surface modifications
through covalent bonds. Many biomolecules such as antibodies, proteins or peptides,
folic acid, streptavidin, and biotin can be bound to the UCNPs through their
carboxylic and amine groups.??*?*! The binding is done through an EDC coupling
reaction (where EDC is 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) which
activates the carboxyl group in the surface modifications and couples it to primary
amines.”** N-hydroxysulfosuccinimide (Sulfo-NHS) can then be used to form an
amine bond with the desired biomolecule. Less common functional groups such as
thiols can be used with maleimides for site specific labeling and using lectins as a
component it is possible to bind selectively to carbohydrates.'*

A one-step approach using bispecific antibodies (BsAb) conjugating with methoxy
polyethylene glycol (mPEG) on the nanoparticle surface was demonstrated by He et
al.’! The BsAb preparation is more complicated than that of the widely used
Immunoglobulin G (IgG) antibodies, but the conjugation time was shortened
significantly (from two days to 30 min mixing). In addition, the binding efficiency
between biomolecules was better because of the unblocked binding domains due to
less steric interference.
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3 AIMS OF THE STUDY

The overall aim of this thesis was to develop upconverting nanoparticles suitable for
biomedical use. This meant optimizing the synthesis protocol to produce uniform
nanoparticles with efficient upconversion luminescence. The purpose of introducing
the layer-by-layer method for the surface modification of the NaYF4s UCNPs was to
study the manufacturing and formation of the bilayer coating on the surface and its
effect on the UCNPs optical properties. Depending on the components used in the
bilayer formation the method could enable shifting the excitation wavelength of the
nanomaterials and/or enable less processing steps during the bioconjugation because
of the attaching sites on the polyelectrolytes. Finally it was studied if the coating using
bilayers could also protect the disintegration of UCNPs in the aqueous environment.

More specifically, the aims of the individual studies were:

I To produce upconverting nanoparticles with a desired size and shape with
high upconversion luminescence intensity. To study how selected synthesis
parameters affect the repeatability of the upconversion product.

11 To study if the layer-by-layer method combining polyelectrolytes and metal
ions could be used in the surface modification of upconverting nanoparticles.
In addition the use of neodymium as metal ion was studied for the 808 nm
excitation of the upconversion luminescence.

I To deepen the knowledge of the layer-by-layer method using polyelectrolytes
and metal ions by studying the effect of polyelectrolyte length on the surface
properties and the upconversion luminescence. In addition, optical detection
of possible disintegration of the coated nanoparticles in aqueous environments
was studied.

10 To study the manufacturing of poly(acrylic acid)/polyallylamide
hydrochloride bilayers on the upconversion nanoparticle surface. The effect of
the coating and their thermal crosslinking to upconversion luminescence
intensity and to the disintegration of the coated nanoparticles in aqueous
environments was studied.
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4 SUMMARY OF MATERIALS AND METHODS

Full details of the materials and methods used in the thesis can be found in the original
publications (I-I'V). A brief summary of the materials and methods is described here.

4.1 Preparation of UCNPs

All materials in this thesis were prepared using the modified synthesis method
obtained from Wang et al. to produce NaYF4:Yb* Er** nanoparticles (xyb: 0.17, Xgr:
0.03).* In this procedure (Figure 11) rare earth chlorides in methanol solutions were
added in desired stoichiometry into a two-neck flask containing 1-octadecene and
oleic acid. This solution was then heated to and maintained at 160 °C for 40 minutes
in an inert atmosphere. After heating, the solution was cooled down to room
temperature and a methanol solution containing the desired amounts of NH4F and
NaOH was added and the resulting solution was stirred for 30 min. The solution was
then again heated to and maintained at 310 °C for 90 minutes before cooling down.

The obtained products were then precipitated with the addition of ethanol and
collected after centrifuging. The products were washed multiple times with ethanol
and dried at room temperature in a vacuum desiccator.
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Figure 11. Schematic presentation of the synthesis protocol used in producing uniform
hexagonal NaRF4 (R: Y, Yb, Er) UCNPs (I).

The parameters of the synthesis were studied in a following manner. The inert argon
flow was modified to be either 1, 2 or 3 dm*h’!, the cooling time was adjusted to 15 or
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30 minutes and the stirring rate 125, 250, 375, 500 or 625 rpm (I). When one of the
parameters was changed the others were kept constant (bold). In other publications
(II-IV) the parameters were kept constant (bold) when manufacturing the UCNPs.

4.1.1 Surface modifications of UCNPs

Removing the oleic acid surface

For surface modification the surface capping oleic acid ligands were removed with a
procedure modified from Bogdan et al. and Mei et al.2°>?33 In the procedure the dried
UCNPs were suspended in an ethanol solution whose pH was adjusted below 2 with
HCl. This suspension was ultrasonicated and the UCNPs were collected via
centrifugation. The procedure was repeated twice to ensure the removal of OA and the
bare UCNP particles were dried for further use.

Layer-by-layer modification of the UCNP surface

A layer-by-layer coating cycle of the UCNPs involved introducing the dry core
particles (ca. 50 mg) into the desired aqueous coating solution (total volume 1 ml).
Poly(acrylic acid) or polyphosphate was used as the negatively charged component
and either lanthanide ions as chlorides (neodymium, yttrium, ytterbium and erbium) or
poly(allylamine hydrocholride) as the positive component. The ionic strength of the
solution was adjusted with NaCl. The suspension containing the charged coating
component was ultrasonicated and then collected via centrifuging. The products were
then washed twice with water to remove the unattached material. All of the charged
layers were deposited with a similar procedure until the desired number of bilayers
was obtained. After the final layer the coated UCNPs were dried.
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Figure 12. The polyelectrolytes used in the layer-by-layer modifications.

The coating process with long chain PAA and PP with varying ionic strength (0.05,
0.1 and 0.2 M NaCl) of the polyelectrolyte solution was studied in addition to varying
the positive ion (Nd**, Y3*, Yb*" and Er*") used in publication II. After that the coating
process was studied with varying lengths of polyelectrolytes using Nd** as the positive
ion (I1I).
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The bilayer buildup using polyelectrolytes PAA and PAH was studied with two ionic
strengths (0.1 and 0.2 M) of the polyelectrolyte solution in publication IV. When the
coating was performed in the presence of additional fluoride with ionic concentration
of 0.1 M NacCl the procedure was similar to that described earlier but 10 mM of NaF
was added into all of the solutions used including the water used in washing (IV).
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Figure 13. Schematic and not in scale presentation of the manufactured layer-by-layer
assemblies of polyelectrolyte/metal ion (A) and polyelectrolyte/polyelectrolyte (B)
combinations on the UCNPs with the presence of water molecules.
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Crosslinking of the PAA/PAH bilayers

When PAA and PAH were used in coating the nanoparticles it was possible to further
strengthen the bilayer formation by crosslinking the polyelectrolyte chains (IV). The
crosslinking was performed in a nitrogen atmosphere at 180 °C (step 2 °C/min) for
two hours to ensure the peptide bond between COOH and NH,. The crosslinking
between the polyelectrolytes used is expected to increase with increasing temperature
but with the methods used here no specific degree of crosslinking can be
estimated.?**?%

4.2 Characterization

4.2.1 Particle structure, size, morphology and uniformity

Transmission electron microscopy (TEM)

UCNPs were dispersed into diluted toluene (I) or ethanol (II-IV) and a drop of the
suspension was dried on a copper grid when acceleration voltage of 120 kV was used.
With low voltages a graphene oxide coated copper grid (40 kV) (II) or a laced carbon
copper grid (60 kV) was used (III-IV). The grids were imaged with a Tecnai 12 Bio
Twin transmission electron microscope equipped with a CCD camera (I) or with a
JEM-1400 Plus transmission electron microscope using an OSIS Quemesa 11 Mpix
bottom mounted digital camera. (II-IV)

Average particle diameters were calculated (I-II) and images processed using ImageJ
software version 1.43s (http://rsb.info.nh.gov/ij).2*

X-ray powder diffraction (XRD)

The UCNP particles’ crystal structure was determined at room temperature using a
Huber G670 image plate Guinier camera (Cu K, radiation, 1.5406 A) at 20 range of 4-
100° (step: 0.005°). Data was collected for 30 min and the image plate was read with
10 scans. The obtained diffraction data was compared with data of known NaRF4
structures from the ICDD power diffraction file (entry no. 28-1192 for the hexagonal
and 06-0342 for the cubic structure).?’

From the diffraction data the crystallite sizes of UCNPs were estimated using the
Scherrer formula (Eq. 1).*® The reflections used for estimation were (002) and (200)
for the crystallite thickness and the width of the hexagonal faces, respectively.

09A
d= =% B?=Bs —BF O

In this equation, d is the mean crystallite size (m), A is the X-ray wavelength (m), 8
(rad) the full width at half maximum (FWHM) of the chosen reflection and 6 (°) half
of the Bragg’s angle (260). Instrument induced reflection broadening was eliminated
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from the s value by using a micro crystalline reference (f; (rad)) and the commercial
microcrystalline PTIR 550/F material (NaYF:Yb** Er**) was used for this purpose.

4.2.2  Surface properties and elemental composition

FT-IR spectroscopy

The removal of oleic acid from the surface as well as the surface modifications with
polyelectrolytes were studied using Fourier transform infrared spectra (FT-IR). The
spectra were measured using a Bruker Vertex 70 with a MVP Star Diamond setup
with the desired number of scans (32 or 256) at region 450-4000 cm™'. The resolution
of the measurements was 4 cm™.

Reflectance spectroscopy

Optically active ions (rare earths) present at the UCNP surface were studied using
reflectance spectra measured with an Avantes Avaspec 2048%14 fiber spectrometer.
The spectra were measured at 350—-1000 nm using an integration time of 400 ms and
averaging 30 scans. An incandescent lamp of 60 W was used as a light source during
the measurements.

Thermal analysis (TGA)

The thermal behavior of the UCNPs and their surface modifications were studied
using a TA Instruments STD Q600 TGA-DSC apparatus. The measurements were
made between 35-600 °C in a flowing air atmosphere using a heating rate of
10 °C/min.

X-ray fluorescence spectroscopy (XRF)

The elemental compositions of UCNPs were investigated using X-ray fluorescence
spectroscopy (XRF) with the PANanalytical Epsilon 1 apparatus using its internal
Omnian calibration.

Zeta potential

The surface properties of the UCNPs were studied with zeta potential measurements
using the Malvern Zetasizer Nano-ZS equipment. The concentration of the aqueous
dispersions was 100 pg/ml with pH ca. 6.

4.2.3 Luminescence properties

Upconversion luminescence

The upconversion luminescence spectra using 970 nm excitation were measured at
room temperature. The dry nanomaterials were held inside a rotating capillary tube.
After the excitation the desired band pass filters were used before and after the sample
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and the emission was collected at a 90° angle and directed to the spectrometer with an
optical fiber. The lasers and spectrometers used were Hamamatsu L9418-04 (976 nm)
with Ocean Optics PC2000-CCD (I) and Optical Fiber Systems IFC-975-008-F (973
nm) or Wave spectrum WSLX-808-004-H (808 nm) with Avantes Avaspec HS-TEC
(II-IV).

Downshifted luminescence

The downshifted luminescence emission and excitation spectra were collected with a
Varian Cary Eclipse spectrofluorometer. Phosphorescence mode with a 0.1 ms delay
and a 0.5 ms gate time was used to record the spectra.

Decay measurements for upconversion luminescence

For dry nanomaterials (I) the decay measurements for green and red upconversion
luminescence were measured using a modular luminometer creating a square-wave
excitation pulse profile for the laser (IFC-975-008-F, 973 nm). The obtained emission
was collected to a PMT and amplified in a high-speed current amplifier and then
collected with an A/D converter connected to a computer. The pulse profile consisted
of a 20 ms excitation pulse followed by a 30 ms measurement time before the next
pulse.

The measurements in aqueous media (III) were measured using 980 nm excitation
and a lifetime measurement mode with a modified Plate Chameleon fluorometer. '3
The decays were measured after incubating the nanoparticles for 0, 4 or 24 h in pure
water or phosphate buffer (pH 7.75) with or without KF in slow shaking. The
concentration of the UCNPs in the measurement was 5 pg/ml and the measurements
were made in Greiner polypropylene microtiter plates. The samples were exposed
repeatedly to 2 ms pulsed excitation and the emissions were collected using a
535/40nm band-pass filter.

The data obtained from decay measurements was analyzed using two or three
exponential decay components to obtain reasonable fits in Origin 2015 software
(OriginLab, Northampton, MA).

4.2.4  Disintegration of the UCNPs

The disintegration of the nanoparticles was studied both with optical detection (III)
and with a fluoride selective electrode method (IV). The optical detection from the
nanoparticles suspended in aqueous media is described in the paragraph “Decay
measurements for upconversion luminescence” in Section 4.2.3.

The fluoride ion selective measurements were carried out using a fluoride selective
electrode and a reference electrode. A known amount of nanoparticles were suspended
in 1 ml water (with or without additional fluoride) and sealed in a dialysis tube
(MWCO 3500). Then the dialysis tube with its contents was introduced into an
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aqueous solution of 0.1 M NaNOs (with or without additional fluoride, total volume
50 ml). The data was collected automatically in one minute intervals during the
measurement period.
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S SUMMARY OF RESULTS AND DISCUSSION

5.1 Structure and uniformity of UCNPs

To fully exploit the use the UCNPs in for example biomedical applications and
imaging they have to be uniform in the desired size and shape in order to produce
repeatable and similar binding sites to biomolecule conjugation. In addition they
should produce efficient visible upconversion luminescence under near-infrared
radiation. The synthesis method using oleic acid and 1-octadecene in high
temperatures was chosen for this study because of its possibility to produce such
desired uniform nanoparticles.

5.1.1  Crystal structure and phase purity

The crystal structure of the synthesis products was verified with XRD measurements
and possible impurities remaining from the synthesis were identified. The products
were distinguished between the hexagonal (8)-NaYF.:Yb*" Er** and the cubic ()
structure.?’

Publication I is focused on the parameters of the synthesis procedure to obtain pure
structured and uniform UCNPs. The crucial parameter in the synthesis affecting the
crystal structure was found to be the flow rate of the inert gas (Figure 14). This
suggested that when the gas flow was too slow it was unable to remove the
evaporating gaseous products (H.O, CO,, HCI) from the synthesis flask. This results
in the formation of NaCl after the addition of the methanol solution containing the
needed sodium and fluoride. However, when the sodium reacts to form NaCl it is
unavailable for the formation of hexagonal UCNPs which needs more sodium in the
structure than cubic one.?! The length of cooling period or the stirring rate did not have
any effect on the obtained crystal structure.
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Figure 14. XRD patterns with hexagonal and cubic NaRF, reference patterns®’ of the
UCNPs prepared with argon flow of 1, 2 and 3 dm?/h. (I)
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The synthesis parameters that produced most efficient and uniform materials were
used in the syntheses for the core materials of the publications II-IV. The parameters
used are mentioned in the section 4.1. of this thesis. The obtained hexagonal
NaYF.:Yb*",Er** UCNPs did not have any visible cubic impurities. However,
regardless of the efficient gas flow, a small varying amount of NaCl could be found in
some of the materials depending on the synthesis setup used.

5.1.2  Particle size and morphology

The particle size of the UCNPs was estimated from the XRD data with the help of the
Scherrer equation.?® For the only cubic material the size estimation was 17 nm and for
the large hexagonal prepared with 15 min cooling the size was 58 nm. For the rest of
the hexagonal materials the average crystallite size was ca. 25+3 nm. (I) The particle
size obtained from the TEM images in publication I was overall larger than that
obtained from the XRD data. This was expected as the values from the Scherrer
equation are based on the size of the diffracting domain instead of the actual particle
size even though it gives a rough estimation of the size relations between materials
when they are single crystals with a size of less than 100 nm. For the UCNPs used in
other publications the average crystallite sizes calculated from the Scherrer equation
were ca. 2612 (1I), 2442 (III) and 23+£2 nm (IV).

The morphology of the produced nanomaterials varied significantly when the
synthesis parameters of gas flow and cooling period were modified as seen on the
Figure 15 (I). With the inert gas flow this is due to the structural differences of the
nanomaterials but when the length of the cooling period is considered the reason for
the wide range of size and morphology distribution is unclear. It could be that the
faster cooling might interfere with the Ostwald ripening process producing a wider
range of sizes as the -NaYF, are formed from the a-NaYF,4 seeds formed during the
first stages of second heating process.*+4¢-2%
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NaYF,:Yb3*,Er3*

Figure 15. TEM images of the UCNP materials prepared with selected synthesis
parameters argon flow of 1, 2 and 3 dm*h and cooling of 15 and 30 minutes. The
scale bar is 100 nm. (I)

When the synthesis parameters were held constant the obtained nanomaterials were
uniform in morphology and their size in TEM was found to be slightly larger than
obtained from the XRD calculations as expected (Figure 16).

Figure 16. TEM image of the NaYF.:Yb*",Er’" core material used in the publication
II. The scale bar is 100 nm. (IT)

5.2 Surface modification of UCNPs

The use of upconverting nanoparticles is greatly dependent on the possibility to
modify their properties. The as-prepared UCNPs from the syntheses made in organic
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solvents are commonly capped with oleic acid (OA) ligands and the UCNPs are not
dispersible to water. For further use surface modifications must first be made to make
the UCNPs dispersible in water and then to attach binding sites for biomolecules and
linker molecules on the surface if and when they are needed for example in biomedical
applications and assays. We studied the use of a simple layer-by-layer method and its
behavior in the surface modification of UCNPs using negatively charged
polyelectrolytes and positively charged metal ions. In addition layer formation was
studied using only oppositely charged polyelectrolytes and their thermal crosslinking
to see whether the shielding layers could be made more structured and rigid and thus
shielding the particle even more.

5.2.1 Removal of OA capping ligands

The removal of the OA capping ligands from the as-prepared nanomaterials was
confirmed by measuring the FT-IR spectra of the nanomaterials (Figure 17). The
distinguishable vibrations arising from the surface-attached carboxyl groups (1400—
1500 cm™) could be seen to disappear after the washing steps.?”® Also the vibrations
from the —CH groups have nearly vanished suggesting a successful removal of the OA
capping ligands.
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Figure 17. FT-IR spectra of the UCNP materials before and after removing the OA
capping ligands from the surface. (II)

5.2.2  Layer-by-layer assembly on UCNP surface

To observe the layer formation in the layer-by-layer assembly various methods had to
be utilized due to the varying properties of the layer counterparts that are not visible at
the same time in the methods. For instance, the polyelectrolytes show clear vibrations
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in the FT-IR spectra but the metal ions used are invisible. On the other hand, the
optically active ions can be probed with the reflectance spectroscopy but the
polyelectrolytes are invisible in that method.

Layer formation

The polyelectrolytes used in the coating process could be observed with FT-IR spectra
because of their specific functional groups (Figure 18). With PAA and PAH the region
from 1100 to 1750 cm™ could be distinguished as vibrations arising from the carboxyl
(PAA) and CH; groups. In addition, the same region should have vibrations from the
amine in PAH but it is possible that they are hidden under these stronger vibrations
from PAA.2*2*! When bilayers of PAA/PAH were formed (IV) also an additional
vibrational signal from the NH, of PAH was observed at 800-900 cm™ in addition to
those at the 1100-1750 cm™ region. The vibrations arising from the (PO3), network in
polyphosphate were clearly visible and distinguishable from those of PAA and bare
core material vibrations.

' _PAA_ Coating:(PAA/PAH),PAA
115} E

3 4

(PP/Nd*")

Transmittance / Arb. Units
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Figure 18. FT-IR spectra of the UCNP corematerial and UCNPs coated with three
bilayers of PAA/PAH, PP/Nd** and PAA/Nd*".

Varying the ionic concentration (II) or the polyelectrolyte length (IIT) did not have a
significant effect on the obtained FT-IR spectra. In some cases in the first bilayer no
vibrations from the polyelectrolytes were present. With some materials the vibrations
seemed to increase in intensity with the increasing number of bilayers. However, FT-
IR measurements were made to distinguish the polyelectrolytes and were not
quantitative so no clear conclusions could be drawn if the amount of polyelectrolyte
was increasing with the number of bilayers.
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One crucial method for observing layer formation was reflectance spectroscopy. It
could be used to probe the surface of the nanomaterials when optically active ions
were used. The ytterbium and erbium at the core are optically active and can be
distinguished from each other due to their absorption at 980 nm and 490, 520, 540,
650 and 800 nm, respectively. After forming bilayers using neodymium ions a
significant change could be observed in the reflectance spectra as the absorption from
neodymium was be seen at 575, 740, 975 and 870 nm. When the reflectance spectra
were normalized to the ytterbium absorption (present only at the core) it could be
observed that the neodymium absorptions are increasing in intensity with the
increasing number of bilayers.
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Figure 19. Reflectance spectra of the UCNPs coated with one bilayer of PAA/Nd**
using different Nd** concentrations and Mw(PAA): 100,000. (IT)

Differences could also be seen in the neodymium absorption when the coating was
done with a varying concentration of neodymium and polyelectrolyte solutions (Figure
19, II). This is expected because the polyelectrolyte chain can only host a certain
amount of positive ions and increasing the neodymium concentration does not
increase the amount of ions attaching to the polyelectrolyte. This is due to the fact that
the percentage of the open attaching sites is expected to be similar when the pH and
ionic concentration of the polyelectrolyte solutions are held constant. A similar effect
could be observed with the bilayers manufactured with varying lengths of
polyelectrolytes (I1I).

Thermal analysis was used to study the layer formation as the PAA can be easily
removed from the particle surface with heating and could be observed as an increasing
mass loss in the process. PP however is not affected by heating in the range of the
experiment and it was expected that the presence of PP on the nanoparticle surface
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could be observed as a mass gain during the measurements (II). Especially with the
materials having up to five bilayers the TGA showed an increase in the weight loss
with the increasing number of bilayers (Figure 20). Thermal analysis was also
performed to materials with half a bilayer and the structure of the weight loss curve
suggested a successful buildup of the bilayer coating. The complementary neodymium
layer to produce the bilayers was seen to slightly decrease the weight loss and the
sequential PAA layer again increased the weight loss. With the lower number of
bilayers the changes were not so clear suggesting that the layer formation might not be
fully balanced and that the layers are formed in a step-like manner (III). In addition,
the evaporation of the interlocked water molecules in the bilayer structure had a major
influence on the shape of the TGA curves. With the materials coated using PAA/PAH
up to 5.5 bilayers a similar formation with the interlocked water was observed from

the TGA regardless of the ionic concentration of the polyelectrolyte solution used
(IV).
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Figure 20. Thermal analysis curves of the coated UCNP materials prepared with
PAA/Nd*" layers using My(PAA): 100,000. (IT)

When the thermal behavior was studied between 200 and 500 °C with either
PAA/Nd*" or PAA/PAH coating to remove the effect of interlocked water, it was
observed that the bilayer is most probably formed in a step-like manner and not
linearly within the first three bilayers. At five bilayers the mass drop was observed to
be similar regardless of the deposition conditions used.

In addition to these methods also XRF analysis was used to study the increase of the
concentrations of lanthanide ions and phosphorus in the materials where they were
used. The obtained relative results from XRF agreed with other measurements
confirming the successful bilayer formation. However, with a small number of
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bilayers no phosphorus was observed even though FT-IR spectra show polyphosphate
present in the materials, so the first bilayers might be too close to the equipment’s
detection limit with phosphorus as it is much a lighter element in comparison with the
lanthanides.

Surface properties

Zeta potential measurements were used to observe changes in the core material surface
after the bilayer formation and to confirm the buildup of the coating. The zeta
potential of the core materials was positive varying from 10 to 30 mV depending on
the core material used. The variation in the core materials’ zeta potential suggests that
there were varying amount of impurities such as OH on the surface on different core
materials. When the bilayer was formed on the surface the zeta potential started
decreasing. After three bilayers the decrease in the zeta potential was ca. 25-30 mV
from the core material and with the materials having five bilayers ca. 35-40 mV (1I-
IV). The decrease and behavior of the zeta potential was similar regardless of the
bilayer type.

From the zeta potentials measured with half a bilayer from the buildup of PAA/Nd**
layers on the UCNP surface the step-like increase in the coating is observed (Figure
21). The positive charge from neodymium ions is unable to overcome the full negative
charge from PAA during the formation (II). However, there are enough attaching sites
for the next negatively charged PAA to continue the layer formation. A similar step-
like formation can be observed from the coatings manufactured with selected PAA
lengths (I1I).
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Figure 21. Development of zeta potential of NaYF4:Yb*",Er*" material coated with
PAA/Nd** bilayers (Mw(PAA): 100,000). (IT)
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In addition, TEM imaging was used to probe the particle surface to see if the coating
can be observed (Figure 22). For this, the UCNPs were suspended into ethanol and
dried on a graphene oxide grid (II) or a laced carbon grid (III-IV) instead of a copper
grid to ensure a better contrast to probe the lighter organic structure on the surface.
When these grids were imaged with a lower accelerating voltage the organic materials
on the surface could be more distinguishable. From the TEM image it is clear, that
some kind of changes have occurred on the particle surface, since it is becoming
blurry and unstructured. Also especially with images taken with laced carbon grids
some clear surface barrier can be seen from the coating.

50 nm

Figure 22. TEM images of the coated UCNPs with three (PAA/Nd*") bilayers taken
on graphene oxide grid with 40 kV (11, left My(PAA): 100,000) or laced carbon grid
with 60 kV (III, center My(PAA): 2,000) and coated UCNPs with 5.5 bilayers of
PAA/PAH (IV, right). Scale bars are 50 nm and the inset zoom 150 %.

Crosslinking of polyelectrolyte layers

The crosslinking of the PAA/PAH bilayers was tested with two temperatures (180 and
200 °C) and confirmed with FT-IR measurements. With both temperatures the
crosslinking was successful but as the upconversion luminescence intensity was better
with the 180 °C crosslinked material it was chosen as the crosslinking temperature for
the studied materials. It was also considered that 200 °C might be too high of a
temperature as the PAA starts to decompose already after that temperature.
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Figure 23. FT-IR spectra of the as-prepared and crosslinked coated nanomaterials
prepared with ionic concentration of 0.2 M NaCl and their difference spectra. (IV)

With the different number of PAA/PAH bilayers the crosslinking was observed and
the changes in the FT-IR spectra could be seen in the difference spectra as a reduction
of the PAA-related COO™ and COOH vibrations as well as a slight increase in the
amide peaks (Figure 23). However, as the outermost PAA layer is not taking part in
the crosslinking its characteristic vibrations were clearly visible in the FTIR spectra
even though they decreased.

The zeta-potential of the crosslinked materials was decreasing with the increasing
number of bilayers. Also with the first bilayers the crosslinked zeta-potential is
considerably lower than that of an unlinked material. With the increasing number of
bilayers this difference becomes smaller. This suggests that crosslinking creates a
more defined structure on the surface in comparison with the unlinked coating of the
UCNPs by removing the positive charge inside the bilayers.

5.3 Upconversion luminescence properties of UCNPs

The most important property of the upconverting nanoparticles is, of course, their
exceptional luminescence. The energy transfer upconversion process is delicate and
prone to losing its efficiency due to intrinsic impurities as well as the impurities from
the surface and the surrounding environment. In the current study the main focus was
obtaining the most efficient upconversion luminescence from the small nanosized
particles and then preserving the luminescence after the surface modifications. In
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addition, measurements were made to see if the luminescence could be maintained
after the UCNPs are introduced into aqueous environments.

5.3.1 As prepared UCNPs

All of the as prepared NaYF4:Yb*",Er*" nanoparticles had the desired upconversion
luminescence from Er** in green (515-560 nm; 2H1p, *S32—*1152) and red (640-685
nm; “Fop—*150).

As expected, the structure of the UCNPs was crucial for the upconversion
luminescence intensity. The cubic UCNPs have poor upconversion luminescence in
comparison to that obtained from hexagonal structured materials (Figure 24, I). In
addition to the structure the size of the UCNPs had a significant effect on the
upconversion luminescence intensity because of the larger surface area in the small
nanoparticles. However, in some of the materials the upconversion luminescence
intensity was not directly correlated on the size or structure. The higher upconversion
luminescence intensity of the same-sized materials is possibly due to cation
disordering and the possibility of optically active rare earth ions replacing Na* in the
Na2/R cation site of the hexagonal structure making the pathway for energy transfer to
erbium ions more efficient.®
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Figure 24. Up-conversion luminescence spectra of the NaYF4:Yb** Er** nanomaterials
with argon flows of 1, 2 and 3 dm*h™! (I).

When the upconversion emission is plotted against excitation power density in log-log
scale its linear fit gives information about the upconversion mechanism behind the
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emissions. With the UCNPs having capped oleic acid on the surface (I) the obtained
slopes for green emission were between 1.7-1.9 and for red emission 1.7-2.2. For the
core materials without oleic acid surface the same slopes were 1.7-2.5 and 2.2-2.7
(ITI-IV). This suggests that the energy transfer requires more photons to produce the
upconversion emission.

The upconversion decay measurements of the as prepared oleic acid capped UCNP
powder samples were consistent with the emission intensity. The fitted lifetimes were
the longest with the materials having the best upconversion luminescence intensity.
Also it seemed, that the amplitudes shifted slightly to the second lifetime component
with the best materials suggesting that more emission was obtained from the core
erbium ions that are shielded more than those on the surface (I). The first lifetime
component varied between 90 and 260 ps while the second remained close to 400 ps
with the green upconversion emission. With the red emission, the corresponding
lifetime components were ca. 400 and 1000-2000 us, respectively.

In the publication III decay measurements were performed from bare core UCNPs
suspended into pure water. The fitted green emission lifetimes obtained from these
measurements (70 and 400-600 ps for the first and second component, respectively)
correspond well with those obtained in the publication I when the probable quenching
effect of the environment and the lack of surface protection from OA is taken into
account.

5.3.2 Surface modified UCNPs

Materials coated using polyelectrolyte and metal ions

The upconversion luminescence of the surface modified UCNPs was studied in
comparison with the core material used for the modifications. From all of the
polyelectrolyte/metal coated UCNPs the green and red emissions of erbium ions were
obtained regardless of the number of manufactured bilayers. Overall it seemed that the
formed coatings were able to enhance the core upconversion luminescence up to a
certain number of bilayers until the obtained luminescence intensity decreased again.
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Figure 25. Upconversion luminescence spectra excited with 973 nm of the
NaYF4:Yb*",Er** nanoparticles coated with PAA/Nd** bilayers prepared with
deposition concentrations of 10 mM PAA in 0.2 M NacCl (aq) and 10 mM NdCls (aq)
(II).

When the ionic concentration of the polyelectrolyte solution was changed it brought
differences on the surface coating because the concentration used affects the packing
of the polyelectrolytes to a denser or looser structure (II). This makes differences in
the upconversion luminescence intensity and for example the first bilayer of
PAA/Nd** with a 0.2 M ionic concentration of NaCl shields the nanoparticle very
effectively and enhances the upconversion luminescence (Figure 25). However, with
the increasing number of bilayers this enhancement is lost probably due to the higher
amount of interlocked water within the layers. On the other hand, while the
enhancement of the upconversion luminescence with PAA/Nd*" coating using a 0.1 M
ionic concentration is not as strong in the first layers the decrease from the increased
number of layers is not significant and the overall enhancement is good.

When the length (and thus M,,) of the polyelectrolyte was varied but the ionic effect
and pH of the solutions were kept constant a similar effect was observed (Figure 26,
III). The first bilayer provides a good shielding for the upconversion emission but
with an increasing number of bilayers the water quenching and neodymium absorption
are more relevant. However, the upconversion luminescence was also very dependent
on the core materials luminescence. Weaker core luminescence was more easily
shielded with the coating and if the core luminescence itself was already strong then
the enhancement with the shielding was not as easily obtained.
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Figure 26. Upconversion luminescence spectra excited with 973 nm of the core and
NaYF4:Yb*" Er* @PAA/Nd*" materials coated with PAA M,,: 15,000 (ILI).

The effect of the polyelectrolyte length and using neodymium in the bilayer structure
on the upconversion process was studied with power dependent measurements using
973 nm excitation and powder samples (III). The fitted slopes for green upconversion
emission obtained from the log-log presentation of the emission intensity and
excitation power were similar to those obtained with oleic acid capping being 1.7-2.1.
The slopes obtained for the red upconversion emission were slightly higher than those
measured with capped oleic acid but lower than those obtained from bare UCNPs,
2.1-2.4. The increase in the slope of red upconversion luminescence suggests the
presence of the three-photon process taking part in the upconversion emission.'s”!

The downshifted luminescence spectra showed that when the core and coated
materials used were excited above the emitting levels (377 nm) the dominant emission
is red (III). However, when the materials were excited directly to the green emitting
levels (488 and 520 nm) red emission can also be obtained. From the excitation
spectra it can be confirmed that the red emission is a product of the three-photon
mechanism with the back transfer to ytterbium but also from the two-photon process
from the green emitting levels. This can be seen as the red emission can be obtained
regardless of the excitation wavelength in comparison with the results from Berry et
al. and Hyppénen et al. where the red emission did not have a component from the
green emitting levels of Er*" (*Hjin, *S3p).'%%° This two-photon process is more
dominant in the case of bare core materials.*®

The green upconversion emission decays were studied with the materials coated with

varying length of polyelectrolytes (III) in aqueous environment. It could be observed
that in comparison with their bare core counterparts both lifetime components were
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smaller, but their ratio (amplitude i.e. the overall effect on the whole lifetime) shifted
slightly to the second component (Table 1). With the materials coated with PAA/Nd**
the increase in the number of bilayers did not have an effect on the first lifetime
component and the effect on the second component was minimal (max. 40 pus).
However, with the PP/Nd** coating the bilayers made with the short PP had a
decreasing effect on both of the lifetime components. A similar decrease was observed
also with the coating with the longer PP but the overall effect was smaller than that
with the short PP.

Table 1. Upconversion luminescence lifetimes of the coated nanoparticles made with
the longest polyelectrolyte lengths. The amplitude indicates the % effect in the total
lifetime (I1T).

Sample Polyelectrolyte T/ s Al% T2/ s A/ %
Core? 71+1 94 668+21 6

1 bilayer PAA M,: 100,000 69+1 93 683+22 7

2 bilayers «“ 69+1 92 636+13 8

3 bilayers “ 66+1 92 654+15 8

1 bilayer PP (long chain) 661 92 646+14 8

2 bilayers «“ 64+1 91 617+16 9

3 bilayers “ 60+1 90 565+14 10

# Core material for PAA My,: 100,000 and PP (long chain) is the same

As the neodymium is currently widely studied for its use as a sensitizer to shift from
the 970 nm to 808 nm excitation in applications also the upconversion luminescence
with  that excitation pathway was studied.!”””>**? However, with our
polyelectrolyte/Nd*" coated UCNP materials no enhancement or energy transfer was
observed with the materials coated with polyelectrolytes and neodymium ions (II).
The only enhancement with this excitation was observed when the core lanthanides
(Y, Yb, Er) were used on the coating suggesting that the neodymium was probably
absorbing already the incoming excitation but not transferring it to ytterbium in the
core materials. This could mean that the upconversion luminescence obtained from the
808 nm excitation is only due to absorption by the core material. Yb*" has no closely
matching energy levels for 808 nm excitation. Thus the absorption proceeds mostly
through the *Io> level of Er**.

Materials coated and crosslinked using only polyelectrolytes

All of the UCNPs coated with PAA/PAH bilayers showed the upconversion
luminescence expected from the core materials’ Yb**~Er*" energy transfer when
excited with 973 nm excitation. With all of the as prepared and unlinked materials the
first bilayer was the most efficient in preserving the upconversion luminescence and
the emission intensity started decreasing below the core particles’ luminescence
already at 3.5 bilayers of PAA/PAH. After crosslinking the PAA/PAH layers for 2
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hours at 180 °C the behavior of the luminescence was similar with the materials
prepared with both 0.1 and 0.2 M NaCl ionic concentration. However, the material
prepared with additional 10 mM NaF during the coating protocol showed that all of
the crosslinked materials had a stronger upconversion luminescence than the core
material used (Figure 27). This suggested that some of the disintegration of the
UCNPs already happens during the coating protocol and results in losing the
upconversion luminescence intensity. In addition it suggested that the emission
intensity loss with the increasing number of bilayers could be only due to the
interlocked water molecules in the bilayer structure, as the intensity loss is similar
with the as-prepared material prepared with or without the additional fluoride present.
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Figure 27. Integrated intensity of the upconversion luminescence of NaYF4:Yb** Er**
materials coated with (PAA/PAH),PAA bilayers prepared with or without additional
fluoride (IV).

core

5.4 Disintegration studies of UCNPs

The majority of the research in biomedical assays and imaging is done in aqueous
environments which makes preventing the disintegration of upconverting
nanoparticles vital. For repetitive optical measurements, the emission intensity and its
stability during the measurement period and even after storing the nanomaterials is
crucial and the leakage of the fluoride ions into the surrounding environment while
disintegrating can be detrimental depending on the purpose of the use of the UCNPs.

5.4.1 Optical detection

The optical detection of disintegration of the UCNPs in aqueous environments was
carried out by observing the changes in the green upconversion emission decay profile
(III). The incubation periods used were 0, 4 and 24 hours. The measurements were
done in pure water and in the phosphate buffer with or without an additional 1 mM KF
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that is supposed to prevent the UCNP disintegration in time course.® Both the intensity
of the upconversion emission and the lifetime components gave valuable information
about the disintegration.

NaYF,'Yb* Er*
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Figure 28. Upconversion luminescence decay curves excited with 980 nm and
detected at 535 nm at time steps 0, 4 and 24 h for NaYF4:Yb*",Er*" material coated
with (PAA/Nd*");PAA bilayers (Mw: 100,000) measured in pure water (III).

The green emission intensity of PAA/Nd*" coated UCNPs decreased over time when
the measurements were made in pure water. In all of the materials the first 4 hours
were the most crucial in the emission decrease but no significant decrease occurred
before the 24 hour measurement. Only with 2 bilayers of Mw(PAA): 15,000 and 1 and
3 bilayers of My(PAA): 100,000 the emission remained strong during the whole
measurement period (Figure 28). With the PP/Nd*" coating the first bilayer the
intensity decrease was small through the whole measurement period. However
especially with the higher number of bilayers the decrease in the obtained emission
was significant. With PAA/Nd** layers the first lifetime component remained similar
suggesting that the surface erbium ions are similarly affected by the environment, but
changes in the second lifetime component are considered due to the disintegration of
the UCNPs when the participating core erbium ions are forced into contact with the
environment.*® With the coating using M(PAA): 2,000 and 15,000 the second
lifetime component remained similar. The PAA/Nd** coating that maintained the most
intense emission after 24 hours also had the smallest decrease in the second lifetime
component (ca. 50 ps) suggesting less disintegration (Table 2). With PP/Nd** coating
the decrease in the second lifetime component was small with the first bilayer but
significant with higher numbers of bilayers. When 1 mM KF was added into the
measurement solutions the emission intensity and the lifetime components remained
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similar for the whole measurement period as expected with both PAA and PP
coatings.

Table 2. Upconversion luminescence lifetimes of the (PAA/Nd*);PAA -coated
nanoparticles (Mw(PAA): 100,000) at 5 pg/ml measured at 0, 4 and 24 hours in water,
water and phosphate buffer. The amplitude indicates the % effect in the total lifetime
(IID).

H,O A/ % Phosphate A/ %
Oh T/ pus 66+1 92 67+1 92
() 654+11 8 655+14 8
4 Tl 63+1 92 65+1 92
(%) 590+£12 8 611£11 8
24 T 62+1 92 91+1 92
(%) 578+13 8 a

? The phosphate buffer 24 h measurement could only be fitted reasonably with 1% order
exponential decay.

When the decay measurements for the PAA/Nd** coated materials were made in the
phosphate buffer it seemed, that the emission intensity was maintained for the first
four hours and that it decreased only after that. In some cases the intensity was even
enhanced a bit, but this is thought to arise from the possible aggregation of particles
during the measurement. With PP/Nd** coating made with the longer PP the intensity
behavior was similar for the first four hours to those measured with the PAA/Nd**
layers. It seems that the short PP in the layer structure is greatly affected by the
phosphate buffer and the intensity decrease is enormous. However, when the lifetime
components of the PAA/Nd** layers are considered the second lifetime component
decreases significantly (more than 100 ps) with all of the materials during the
incubation period. The intensity of the green emission remained constant with the
material coated with the shortest PAA (My: 2,000) during the whole incubation time.
With the longer PAA lengths the intensity decreased slightly but remained strong.
With PP/Nd** coating the second lifetime component decreases over time with all of
the materials suggesting that the phosphate buffer is able to disintegrate the particle.
The addition of 1 mM KF again made a difference in both the emission intensity as
well as with the lifetime components of the PAA/Nd*" coating. With the PP/Nd*
coating only with the longer PP the additional fluoride is able to prevent the
disintegration. The short PP coatings are not able to shield the particle even at this
environment.

5.4.2 Fluoride ion selective detection

The disintegration of the upconverting nanoparticles and the release of fluoride ions
from the nanoparticles were monitored for 24 hours using a fluoride ion selective
electrode. The measurements were made in pure water using NaNOs(aq) to increase
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the ionic strength in the solution. Additional fluoride (10° M NaF) during the
measurement was used to see if it affected the fluoride release as it has previously
been seen to hinder the disintegration.® From the obtained data a 1% order exponential
fit was calculated to determine the amount of fluoride released at the equilibrium state.
The disintegration of the PAA/PAH coated nanomaterials was monitored against the
bare core materials used.

20+ NaYF,.Yb,Er@(PAA/PAH),PAA e
- 10 mM NaF present @ layering

15 Measured in 0.1 MNaNO,

Released X / mol-%

5.5 bilayers
o crosslinked 2 h @ 180°C |

o 5 10 15 20
Time / h

Figure 29. Released fluoride from the 5.5 (PAA/PAH) bilayer coated
NaYF4:Yb*",Er** nanomaterial and its core coated using 0.1M NaCl and additional
10 mM NaF (measured in 0.1 M NaNOs) (IV).

The measurements confirmed the previous observation that the additional fluoride
during the measurement is able to hinder the disintegration process with the core
materials as well as the coated nanomaterials. All of the coated bilayers of PAA/PAH
were able to hinder the disintegration of the fluoride ions in aqueous solution (Figure
29). Having the increasing number of bilayers on the nanoparticle surface seemed to
enhance the shielding effect. This effect is thought to arise from the different
concentration domains in the measurement system. The fluoride release seems to be
dependent on the surrounding fluoride concentration, so it is expected that the fluoride
concentration between the nanoparticle surface and the bilayer structure can become
higher than that of the surrounding solution and bilayer structure and this might
already decelerate the release of the fluoride ions from the nanoparticles. The
crosslinking of the bilayers hindered the disintegration even further. This in agreement
with the expectation that the crosslinking creates a denser structure on coating making
it less permeable for molecules and ions.

From the derivative of the exponential fit the fluoride release rate and rate constants of

the coated nanomaterials were obtained. This further confirmed that the crosslinking
made the fluoride release slower. The slowest fluoride release was obtained from the
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5.5 bilayers of PAA/PAH that were manufactured using the ionic concentration of 0.1
M NaCl with an additional 10 mM NaF present during the coating. When the
measurements were made in the presence of an additional 10° M fluoride the
derivative curves of the crosslinked materials were nearly flat when compared with the
as prepared coated materials. This further confirmed that the release of the fluoride
ions from the nanoparticle structure is driven by the fluoride concentration of the
surrounding environment.

g ————m
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Layer deposition in 0.2 M NaCl |

Measured in 0.1 M NaNO,
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Figure 30. Extrapolated (30-200 h) equilibrium curves of fluoride release of 5.5
(PAA/PAH) bilayer coated NaYF4:Yb*" Er** nanomaterial and its core prepared using
0.2 M NaCl (measured in 0.1 M NaNOs(aq)) (IV).

The equilibrium state of fluoride release was extrapolated from the obtained data. It
was observed that with 5.5 bilayers of (PAA/PAH) coating made with a 0.2 M ionic
concentration of NaCl (Figure 30) the equilibrium is reached fastest within 75 hours,
while with other materials the disintegration continues past 100 hours.

While the disintegration of the UCNPs cannot be fully prevented it is efficiently
decelerated with the (PAA/PAH) bilayer coating with or without crosslinking the
layers. It seems that the deceleration in unlinked coating is due to fluoride ion
concentration increasing on the bilayer structure and thus preventing the further
disintegration. With the crosslinked materials, the decelerating is more likely to be
arising from the more dense structure of the coating creating the high fluoride ion
concentration between the surface of the UCNP and the bilayer structure.
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6 CONCLUSIONS AND FUTURE PROSPECTS

The development of the detailed tailoring of upconverting nanoparticles with desired
size, shape and optical properties has advanced during the last years creating even
smaller nanoparticles. Simultaneously with the decrease in the UCNP size the need for
controlling the negative effects of the environment on the particles has increased and
created a branched field where the enhancement and shielding effects need to be
adjusted for their biocompatibility for specific applications.

During my thesis research, we optimized a synthesis protocol to produce repeatedly
uniform and spherical UCNPs for the needs of biomedical research. To minimize the
negative effect from the nanoparticles’ environment an easy and modifiable layer-by-
layer method was incorporated into coating and surface modification of UCNPs. We
studied the layer formation using both positively charged metal ions and negatively
charged polyelectrolytes to introduce optically active ions as shell-like structure on the
surface. In addition we used oppositely charged polyelectrolytes to prepare dense
coating by crosslinking the layer structure. We studied the effect of these surface
modifications and coatings on the upconversion luminescence of the core materials
and if they minimize the disintegration of the UCNPs in aqueous environments.

The main conclusions based on the original publications are:

| A synthesis protocol for producing uniform and spherical UCNPs was modified
from the existing literature and the crucial parameters affecting the UCNP
formation and properties were identified. We learned that while the protocol
yielded the desired UCNPs with good upconversion luminescence there are still
uncontrollable parameters such as a possible cation reordering that affect the
upconversion luminescence properties so that they can vary regardless of the
similar shape and size.

I The layer-by-layer method using negatively charged polyelectrolytes and
positively charged metal ions was successfully demonstrated in coating the
UCNPs using both poly(acrylic acid) and polyphosphate as polyelectrolytes. It
was observed that with a low number of bilayers the upconversion
luminescence intensity of the core materials could be enhanced. However, the
desired excitation path through the neodymium using 808 nm exciation was not
observed.

III  Upconversion luminescence properties of polyelectrolyte/metal ion coated
UCNPs and the bilayer buildup were further studied by varying the length of the
polyelectrolytes used. The coating enhanced the upconversion luminescence
properties up to a certain number of bilayers. The loss of upconversion
luminescence intensity is probably due to the presence of interlocked water
molecules in the bilayer structure. Coatings made with poly(acrylic acid) were

65



Conclusions and future prospects

the most resilient (24 hours) in aqueous environments and the upconversion
luminescence intensity could be maintained for four hours even in a phosphate
buffer.

IV~ Coating and crosslinking poly(acrylic acid)/polyallylamine hydrochloride onto
UCNP surface was demonstrated. Using additional fluoride during the layer-by-
layer coating the negative effect of aqueous coating solutions could be
minimized for the core particles. Crosslinking of the bilayer coating resulted in
more defined coating structure that was able to hinder the fluoride release from
the UCNPs when introduced into aqueous environments. In addition,
crosslinking the coating with materials prepared with additional fluoride present
at the coating resulted in upconversion luminescence intensity enhancement that
could be maintained with increasing the number of bilayers.

The research done in the scope of this thesis has given more insight in combining the
layer-by-layer method with these unique luminescent materials in a way that has not
yet been studied in detail previously. On the other hand, this study has widened the
research done in the layer-by-layer method incorporating the use of metal ions as a
positive component in the bilayer formation with small particles as templates. We
have proved that the properties of upconverting nanoparticles can be enhanced using
the layer-by-layer method and that it is a worthy research branch also in the field of
upconversion luminescence and luminescent nanoparticles.

Albeit the work done in the scope of this thesis can be deemed as the much reviled
basic research it defends its place in the world of upconverting nanoparticles where
there are still a large variety of problems needing to be solved. The playground of
layer-by-layer method and polymers is vast with a multitude of parameters affecting
the outcome. The research in this thesis covers only a small fraction of what could still
be done for both enhancing the UCNP properties as well as their surface
functionalization. So the remaining question is, will the time drive past the
upconversion phenomenon or not. Will they be good enough for applications or are
they deemed only an interesting research field with no commercial applications
because of their drawbacks that cannot be solved in reasonable time?
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