
A
N

N
A

LES U
N

IV
ER

SITATIS TU
R

K
U

EN
SIS

Satu Lahtinen
A

I 615

ISBN 978-951-29-7768-0 (PRINT)
ISBN 978-951-29-7769-7 (PDF) 

ISSN 0082-7002 (PRINT) ISSN 2343-3175 (ONLINE)

Pa
in

os
al

am
a 

O
y, 

Tu
rk

u 
, F

in
la

nd
  2

01
9

UPCONVERTING 
NANOPARTICLES IN 

BIOAFFINITY ASSAYS:
New Insights and Perspectives

Satu Lahtinen

TURUN YLIOPISTON JULKAISUJA – ANNALES UNIVERSITATIS TURKUENSIS
SARJA – SER. AI OSA – TOM. 615 | ASTRONOMICA – CHEMICA – PHYSICA – MATHEMATICA | TURKU 2019





 

 
 
 
 
 
 

 

UPCONVERTING 
NANOPARTICLES IN 

BIOAFFINITY ASSAYS: 
New Insights and Perspectives 

 
 
 

Satu Lahtinen 
 

  

TURUN YLIOPISTON JULKAISUJA –  ANNALES UNIVERSITATIS TURKUENSIS 
Sarja - ser. AI osa  - tom. 615 | Astronomica - Chemica - Physica – Mathematica Turku 2019 

 



 

University of Turku   
Faculty of Science and Engineering  
Department of Biochemistry 
Analytical Biotechnology 
Doctoral Programme in Molecular Life Sciences, DPMLS  

Supervised by   
Professor Tero Soukka, PhD 
Department of Biochemistry 
Biotechnology 
University of Turku  
Turku, Finland 

 Johanna Pyylampi, PhD 
Kaivogen Oy 
Turku, Finland 

Reviewed by 
  

Timo Piironen, PhD, Docent,  
SYRINX Bioanalytics Oy  
Adjunct Professor at University of Turku 
Turku, Finland 

 Senior Professor Hans Ågren, PhD 
Department of Theoretical Chemistry 
and Biology 
Royal Institute of Technology 
Stockholm, Sweden 

Opponent 
  

Assistant Professor Eva Hemmer, PhD 
Department of Chemistry and 
Biomolecular Science 
University of Ottawa 
Ottawa, Canada 

  

 

 
The originality of this publication has been checked in accordance with the University of 
Turku quality assurance system using the Turnitin OriginalityCheck service. 
 
Cover image: modified from an image by Niina Höysniemi 
 
 
ISBN 978-951-29-7768-0 (PRINT) 
ISBN 978-951-29-7769-7 (PDF) 
ISSN 0082-7002 (Painettu/Print) 
ISSN 2343-3175 (Sähköinen/Online) 
Painosalama Oy - Turku, Finland 2019 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Even miracles take a little time”  

- Fairy Godmother, Cinderella 



Contents 

4 
 

CONTENTS 
Contents .........................................................................................................................4 

List of original publications .........................................................................................6 

Abbreviations ................................................................................................................7 

Abstract .........................................................................................................................8 

Tiivistelmä .....................................................................................................................9 

1 Introduction ........................................................................................................10 

2 Review of the literature ......................................................................................12 

2.1 Photon upconverting nanoparticles ..........................................................12 

2.1.1 Photon upconversion luminescence ......................................................12 

2.1.2 Composition and optical properties ......................................................13 

2.1.3 Synthesis and biomodification ..............................................................17 

2.1.4 Upconversion efficiency and environmental sensitivity .......................21 

2.2 Upconverting nanoparticles in bioaffinity assays ....................................25 

2.2.1 Homogeneous FRET-based assays .......................................................25 

2.2.2 Heterogeneous assays ...........................................................................32 

3 Aims of the study ................................................................................................38 

4 Summary of materials and methods .................................................................39 

4.1 Synthesis and surface modification of UCNPs .........................................39 

4.2 Luminescence measurements ....................................................................40 

4.2.1 Luminescence intensity ........................................................................40 

4.2.2 Luminescence decays ...........................................................................40 

4.2.3 Luminescence spectra ...........................................................................40 

4.2.4 Upconversion cross-correlation spectroscopy ......................................40 

4.3 Characterization of UCNP disintegration ................................................41 

4.4 Bioaffinity assays ........................................................................................42 

4.4.1 Homogeneous assay using Eu3+ chelate as an acceptor ........................42 

4.4.2 Improving the sensitivity of UCNP-based immunoassays ...................43 

4.4.3 Upconversion cross-correlation spectroscopy of an immunoassay ......44 

5 Summary of results and discussion ...................................................................46 

5.1 Characterization of upconverting nanoparticles .....................................46 



Contents 

5 
 

5.2 Disintegration of UCNPs ............................................................................ 48 

5.3 Bioaffinity assays ........................................................................................ 52 

5.3.1 Homogeneous assay using Eu3+ chelate as an acceptor ........................ 52 

5.3.2 Improving the sensitivity of UCNP-based immunoassays ................... 55 

5.3.3 Upconversion cross-correlation spectroscopy ...................................... 57 

6 Conclusions ......................................................................................................... 60 

Acknowledgements ..................................................................................................... 62 

References ................................................................................................................... 64 

Original publications .................................................................................................. 83 

 

  



List of original publications 

6 
 

LIST OF ORIGINAL PUBLICATIONS 
This thesis is based on the following original publications, referred to in the text by the 
Roman numerals (I-IV): 

I Satu Lahtinen, Qi Wang and Tero Soukka (2016). Long-lifetime luminescent 
 europium(III) complex as an acceptor in an upconversion resonance energy 
 transfer based homogeneous assay. Analytical Chemistry 88: 654–658. 

II Satu Lahtinen, Annika Lyytikäinen, Henna Päkkilä, Emmy Hömppi, Niina  
 Perälä, Mika Lastusaari and Tero Soukka (2017). Disintegration of Hexagonal 
 NaYF4:Yb3+,Er3+ upconverting nanoparticles in aqueous media: the role of 
 fluoride in solubility equilibrium. The Journal of Physical Chemistry C 121: 
 656–665.  

III Satu Lahtinen, Annika Lyytikäinen, Nina Sirkka, Henna Päkkilä and Tero 
 Soukka (2018). Improving the sensitivity of immunoassays by reducing non-
 specific binding of poly(acrylic acid) coated upconverting nanoparticles by 
 adding free poly(acrylic acid). Microchimica Acta 185: 220.  

IV Satu Lahtinen, Stefan Krause, Riikka Arppe, Tero Soukka and Tom Vosch 
 (2018). Upconversion cross-correlation spectroscopy of a sandwich 
 immunoassay. Chemistry – A European Journal 24: 9229–9233. 

In addition, unpublished data is included. 

The original publications have been reproduced with the permission of the copyright 
holders. 

 

  



Abbreviations 

7 
 

ABBREVIATIONS 
AC  Autocorrelation 
ACC  Cross-correlation amplitude 
CC  Cross-correlation 
cTnI  Cardiac troponin I 
CUC  Co-operative upconversion 
EDTA  Ethylenediaminetetraacetic acid 
ELISA  Enzyme-linked immunosorbent assay 
EMU  Energy migration mediated upconversion 
EphA2  Ephrin type-A receptor 2  
ESA   Excited state absorption 
ETU  Energy transfer upconversion 
FRET  Förster resonance energy transfer 
GSA   Ground state absorption 
HR-TEM  High resolution transmission electron microscopy 
ICP-MS  Inductively coupled plasma mass spectrometry 
LF  Lateral flow 
LOD  Limit of detection 
OA  Oleic acid 
PA  Photon avalanche 
PAA  Poly(acrylic acid) 
PEG   Polyethylene glycol  
PSA  Prostate specific antigen 
TEM  Transmission electron microscopy 
TR  Time-resolved 
TSH  Thyroid-stimulating hormone 
UCCS   Upconversion cross-correlation spectroscopy  
UCNP   Photon upconverting nanoparticle 
UC-RET Upconversion resonance energy transfer 
UV  Ultraviolet  



Abstract 

8 
 

ABSTRACT 
Photon upconverting nanoparticles (UCNPs) are promising reporters for supersensitive 
bioaffinity assays because they can be detected completely without autofluorescence 
background. This is enabled by anti-Stokes shifted luminescence where low-energy 
infrared radiation is converted to high-energy emission at visible wavelengths. Because 
the excitation and emission are at an optical window for biomaterials, UCNPs can be 
detected even in challenging sample materials such as whole blood. However, wider use 
of UCNPs in bioaffinity assays is limited due to certain challenges. Recently, there has 
been ongoing studies on UCNP structural integrity and luminescence in water and the 
effect of surface modification to biomolecule interactions, which should still be studied 
further in order to use the full potential of UCNPs in bioaffinity assays.  

The aim of this thesis was to study the applicability of UCNP reporters in sensitive 
homogeneous and heterogeneous bioaffinity assays. The applicability of UCNPs to 
homogeneous assays was demonstrated by introducing Eu3+ chelate as an acceptor in an 
upconversion resonance energy transfer based assay. The Eu3+ chelate’s intrinsic 
luminescence lifetime was longer than that of the UCNP donor and therefore the 
sensitized acceptor emission could be measured even after the donor’s luminescence 
had decayed resulting in higher signal-to-background ratios. Additionally, the potential 
of UCNPs as reporters for cross-correlation spectroscopy was demonstrated with a 
homogeneous sandwich immunoassay. The assay was based on simultaneous detection 
of two differently emitting UCNPs brought together by binding of an analyte. UCNPs 
would be suitable reporters for cross-correlation spectroscopy applications where 
traditional fluorescence reporters suffer from autofluorescence. 

One of the major factors limiting the immunoassay sensitivity is non-specific binding 
of UCNP conjugates. In this thesis, the non-specific binding of poly(acrylic acid) 
(PAA)-functionalized UCNP conjugates was reduced significantly in heterogeneous 
sandwich immunoassays by adding free PAA to the buffer during reporter incubation. 
The free PAA most likely blocked those areas in solid support where the UCNP 
conjugate might have bound non-specifically. The reduction in non-specific binding 
enabled detection of three and half times lower analyte concentration demonstrating that 
high sensitivity assays can be achieved with UCNP reporters. 

In addition, the ion dissolution from fluoride-based UCNPs and its effect on 
luminescence and structural integrity of nanoparticles was studied in water-based 
solutions. The ions were found to dissolve until solubility equilibrium was achieved and 
the fluoride ions were observed to have major impact on the dissolution. The UCNPs 
disintegrated completely in highly diluted suspensions resulting in the disappearance of 
luminescence. The ion dissolution was prevented by adding free fluoride ions to the 
solution, which was an important observation in order to use diluted UCNP 
concentrations in bioaffinity assays. The study also demonstrated the requirement for 
surface capping that would protect the UCNPs from environmental effects.   
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TIIVISTELMÄ 
Käänteisviritteiset nanopartikkelit soveltuvat leimoiksi erittäin herkkiin 
bioaffiniteettimäärityksiin, koska niiden fotoluminesenssi voidaan havaita täysin ilman 
mittausta häiritsevää autofluoresenssia. Tämä perustuu käänteisviritteisten partikkelien 
Stokesin siirtymän vastaiseen fotoluminesenssiin, jossa matalaenerginen 
infrapunasäteily muutetaan korkeanergiseksi emissioksi näkyvillä aallonpituusalueilla. 
Käänteisviritteisiä nanopartikkeleita voidaan erityisesti käyttää hankalissa 
näytemateriaaleissa kuten kokoveressä, koska niiden viritys ja emissio tapahtuvat 
biomateriaaleille optisesti läpinäkyvillä alueilla. Kuitenkin käänteisviritteisten 
nanopartikkelien ominaisuuksia vesiliuoksissa sekä niiden pintamodifikaation 
vaikutusta vuorovaikutukseen biomolekyylien kanssa tulisi tutkia lisää, jotta niitä 
voitaisiin käyttää laajemmin bioanalyyttisissä sovelluksissa. 

Väitöskirjan tarkoituksena oli tutkia käänteisviritteisten nanopartikkelien soveltuvuutta 
leimoiksi herkkiin homogeenisiin ja heterogeenisiin bioaffiniteettimäärityksiin. 
Soveltuvuutta homogeenisiin määrityksiin tutkittiin resonanssienergiansiirtoon 
perustuvassa määrityksessä, jossa Eu3+-kelaatti oli energian vastaanottaja. Eu3+-kelaatin 
luontainen elinikä on pidempi kuin energian luovuttajana toimivan käänteisviritteisen 
nanopartikkelin, mikä mahdollisti vastaanottajan herkistetyn emission mittaamisen sen 
jälkeen, kun luovuttajan emission oli sammunut. Lisäksi käänteisviritteisten 
nanopartikkelien soveltuvuus ristikorrelaatiospektroskopiaan osoitettiin kehittämällä 
kaksipuoleinen homogeeninen määritys, joka perustui kahdella eri aallonpituudella 
emittoivaan käänteisviritteiseen nanopartikkelin samanaikaiseen havainnointiin 
analyytin läsnä ollessa. 

Erityisesti nanopartikkelikonjugaattien epäspesifinen sitoutuminen rajoittaa alhaisten 
analyyttipitoisuuksien havainnointia bioaffiniteettimäärityksissä. Väitöskirjassa 
polyakryylihappolla pinnoitettujen käänteisviritteisten nanopartikkelien epäspesifistä 
sitoutumista vähennettiin merkittävästi kaksipuoleisissa heterogeenisissa määrityksissä 
lisäämällä leimapuskuriin vapaata polyakryylihappoa. Tämä mahdollisti kolme ja puoli 
kertaa matalampien analyyttipitoisuuksien havaitsemisen, mikä on esimerkkinä 
käänteisviritteisten nanopartikkelien soveltuvuudesta leimoiksi erittäin herkkiin 
määrityksiin.      

Lisäksi väitöskirjassa tutkittiin fluoripohjaisten käänteisviritteisten nanopartikkelien 
ionien liukenemista vesiliuoksissa ja sen vaikutusta nanopartikkelin rakenteen 
ehjyyteen ja luminesenssiin. Tutkimuksessa havaittiin, että ionien liukeneminen 
perustui liukoisuustuloon, mihin fluorilla oli erittäin suuri vaikutus. Erityisesti 
alhaisissa pitoisuuksissa käänteisviritteiset nanopartikkelit hajosivat melkein kokonaan, 
minkä vuoksi myös luminesenssia ei juuri enää havaittu. Ionien liukeneminen 
nanopartikkeleista voitiin kuitenkin estää lisäämällä liuokseen vapaata fluoria. Tämä 
havainto edistää käänteisviritteisten nanopartikkelien käyttämistä sovelluksissa, joissa 
tarvitaan alhaisia nanopartikkelin pitoisuuksia.  
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1 INTRODUCTION 
Bioaffinity assays are used in life sciences research to detect and quantify molecules 
of interest, such as biomarkers, which are used in diagnosing diseases or monitoring 
a person’s health. Bioaffinity assays are based on specific binding reactions between 
a biomarker, i.e. the analyte, and the recognition molecule, such as antibody, enzyme, 
or oligonucleotide. Presence of the bound analyte can then be detected with a reporter 
which binds to the analyte through a recognition molecule and produces a detectable 
signal. Bioaffinity assays are commonly classified as heterogeneous or homogeneous 
assays. Heterogeneous assays are based on immobilization of recognition molecules, 
i.e binders, to the solid support, which allows washing of unbound reporters. 
Homogeneous assays are referred to as separation free assays because the analyte 
recognition is detected by reporter signal modulation, and thus no washing of the 
unbound analytes or reporters is needed. Detection of the analyte binding in 
bioaffinity assays is most commonly measured with luminescent reporters due to the 
high sensitivity of the optical detection and fast response.1, 2 However, conventional 
luminescent labels, such as organic fluorophores, suffer from autofluorescence 
interference originating from assay matrix or solid support materials causing high 
measurement background. Additionally, ultraviolet (UV) and visible light used for 
excitation of the labels is strongly absorbed by biological materials. These drawbacks 
limit the assay sensitivity.3            

Photon upconverting nanoparticles (UCNPs) are under 50nm-sized unique nanoparticle 
reporters that can be measured in biological matrices completely without 
autofluorescence.4, 5 This is enabled by the photon upconversion luminescence (i.e anti-
Stokes photoluminescence), where low-energy infrared radiation is converted to high-
energy emission at visible wavelengths6, 7, and therefore the autofluorescence 
background occurring at infrared can be entirely separated spectrally from the detection 
window at visible wavelengths. Furthermore, infrared light used for UCNP excitation 
is not absorbed by biological materials. UCNPs contain lanthanide ions, and thus their 
luminescence has many beneficial characteristic shared with other lanthanide reporters, 
such as long emission lifetimes, narrow emission bands, and large (anti)-Stokes shift. 
In addition, UCNPs have a high photostability enabling long excitation times with high 
power intensities. Therefore, UCNPs are highly attractive reporters for bioaffinity 
assays requiring extremely sensitive detection.    

The feasibility of UCNP reporters has been demonstrated in homogeneous8-10 and 
heterogeneous11-13 bioaffinity assays. At the moment, UCNP technology is of major 
interest in academic studies, but commercial applications are still lacking14 although 
commercial instruments are already available. Sensitivities of UCNP-reporter-based 
bioaffinity assays have been comparable to commercial applications, but there is still 
major room for improvement. The transition from microsized to nanosized particles was 
a step forward in the utilization of upconversion in applications. However, the increased 
surface-to-volume ratio brought new challenges and the phenomena of luminescence 
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and the effect of surface modifications to biomolecule interactions should be studied 
further.15   



Review of the literature 

12 
 

2 REVIEW OF THE LITERATURE 

2.1 Photon upconverting nanoparticles 

2.1.1 Photon upconversion luminescence 

Photon upconversion luminescence is a non-linear optical process where low-energy 
excitation is converted to high-energy emission. With UCNPs, excitation is usually at near 
infrared or infrared wavelengths and the emission can range from UV to visible 
wavelengths and even extend to infrared. In conventional fluorescence, the absorption of 
one high-energy photon results in the emission of a lower-energy photon according to the 
Stokes law, whereas in the anti-Stokes shifted photon upconversion luminescence, two or 
more low-energy photons are absorbed sequentially per single emitted higher-energy 
photon.6, 7 The most efficient upconversion efficiency is observed with materials which 
have ladder-like metastable energy levels with long lifetimes to increase the probability 
of successive photon interactions.16 Lanthanide ions incorporated in the UCNPs meet 
these criteria. The 4f orbitals of trivalent lanthanide ions are shielded by the filled 5s25p6 
subshells and the 4f orbitals have multiple metastable excited states with long lifetimes of 
microseconds to milliseconds due to the parity-forbidden but partially allowed 4f-4f 
optical transitions.17-19 Figure 1 presents the two most common upconversion 
luminescence mechanisms in UCNPs, the excited state absorption (ESA) and the energy 
transfer upconversion (ETU),6 in comparison to conventional fluorescence.    

 

Figure 1. Energy diagrams of three different upconversion mechanism and conventional fluorescence for 
comparison. The dashed upward arrows represent the absorption and the solid-line downward arrows 
emission processes. The dotted arrows represent the energy transfer (ET) between the ions. GSA = ground-
state absorption, ESA = excited state absorption, ETU = energy transfer upconversion, G = ground state, 
E1 and E2 = excited state. Adapted from Auzel6 and Nadort et al.16    

In the ESA mechanism, single ion with multiple energy levels absorbs two or more 
photons. The first absorbed photon excites the ion from the ground state (G) to the first 
metastable excited state (E1). Due to the long-lived metastable excited state, a second 
photon is absorbed exciting the ion from E1 to the second excited state (E2). The ion then 
emits one photon with higher energy than the energy of either absorbed photons. The first 
transition is referred to as ground-state absorption (GSA) and the second as ESA.18 
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ETU is based on the same transitions principles as ESA, but instead of one ion, ETU 
employs two adjacent ions. The ion referred to as sensitizer absorbs the sequential photons 
and transfers the energy non-radiatively to the activator ion. The activator ion is excited 
to E2 via two energy transfers from the sensitizer and emits the high-energy photon. The 
ions need to be close to one another and the energy difference of the G to E1 of the 
sensitizer needs to be in resonance with the E1 to E2 transition of the activator.18 If there 
is a slight energy difference, the energy transfer needs to be phonon-assisted.6  

Upconversion efficiency is dependent on the mechanism. Low absorption cross section 
of lanthanides limit the efficiency of ESA20, and high excitation powers are needed to 
enable the ESA process. The ETU process utilizes sensitizers with larger absorption 
cross sections and is therefore around 100 times more efficient than ESA.6 Due to the 
efficiency, ETU process with sensitizers and activators is by far most prominent 
mechanism used in UCNPs. As mentioned above, photon upconversion luminescence 
is also a non-linear optical process and thus the luminescence intensity is dependent on 
nth power of the excitation intensity, n denoting the number of absorbed photons per one 
emitted photon.21, 22   

In addition to the presented mechanisms, photon avalanche (PA), co-operative 
upconversion (CUC), and energy migration mediated upconversion (EMU) processes 
have also been recognized as upconversion luminescence mechanisms. PA is based on 
the cross-relaxation between two identical ions and looping of excitation and cross-
relaxation.23-25 PA is considered to produce the most efficient upconversion emission, 
but emission response is strongly delayed due to the looping process and only few 
nanomaterials have been reported to exhibit PA upconversion.26 CUC is based on virtual 
and non-real intermediate states, and therefore the upconversion process is not 
efficient.6, 27, 28 The EMU process is more complex exploiting four types of luminescent 
centers in different layers.29, 30      

2.1.2 Composition and optical properties 

UCNPs are composed of inorganic crystalline host lattice doped with lanthanide ions as 
the luminescent centers. As the ETU mechanism is considered to be most efficient in 
upconverting nanoparticles, the host lattice is usually doped with two different 
lanthanide ions acting as the excitation energy absorbing sensitizers and the emitting 
activators. Yb3+ is the most commonly used sensitizer because it has the highest 
absorption cross-section from all the lanthanide ions, which is needed for the efficient 
upconversion emission. The energy level diagram of Yb3+ is simple, and the ion is 
usually excited with 976 nm from 2F7/2 ground state to 2F5/2 excited state.  In addition, 
the excited state energy of Yb3+ matches with the lanthanide ions used most commonly 
as activators.31 Excitation wavelength of Yb3+ around 980 nm is absorbed by water, and 
therefore Nd3+ has been used as a sensitizer in some cases to shift the excitation to lower 
wavelengths around 800 nm to diminish the heating of the water solutions.32 However, 
in order to achieve efficient upconversion, Nd3+ is mostly used in co-operation with the 
Yb3+ and requires additional shell structure around the nanoparticle core to prevent 
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cross-relaxations with the activators.33-35 Recently, Er3+ ions have also been used as 
sensitizers in UCNPs with excitation around 1535 nm.36-38 In addition to lanthanides, 
organic chromophores have been used as sensitizers to shift the excitation to lower 
wavelengths.39-41 Sensitization through organic chromophore has also been claimed to 
enhance upconversion emission.42 By using organic chromophores as sensitizers, 
UCNPs lose their advantage of photostability, since organic chromophores can 
photobleach during long-term excitation with high-power densities.43    

Most of the lanthanide ions can act as activators in upconversion emission. In order to 
gain efficient upconversion, the activators should have ladder-like excited energy states 
with long luminescent lifetimes. However, if the energy states are too close to each 
other, the probability of non-radiative relaxations decrease diminishing the 
upconversion efficiency.31 The most efficient upconversion and therefore the most 
common activators in UCNPs are Er3+, Tm3+ and Ho3+ due to their energy level 
composition with multiple long lifetime excited states and proper gaps between certain 
energy levels.44, 45 In figure 2, the emission spectra of the most commonly used 
activators of Er3+ and Tm3+ are presented. The emission spectrum of Ho3+ activator 
resembles the Er3+ spectrum, but the upconversion efficiency of Ho3+ is lower than that 
of Er3+, and therefore Ho3+ is not used as widely. 

 

Figure 2. Upconversion emission and the radiative transitions of NaYF4:Yb3+,Er3+ (solid-line) and 
NaYbF4:Tm3+ (dashed-line) nanoparticles upon 980 nm excitation. Adapted from Vuojola et al.46 and Kale 
et al.47 The emission intensities have been normalized to the 450 nm and 546 nm wavelengths in Tm3+ and 
Er3+ doped particles, respectively. 
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The host matrix’s composition has high impact on the upconversion luminescence 
efficiency and emission peak ratios because it defines the distance between the 
lanthanide ions, their spatial position, their coordination numbers, and the crystal fields 
around them.7 The most important quality of the host matrix is that the host lattice needs 
to be transparent to the excitation and emission light. The host lattice also needs to have 
low phonon energy to prevent non-radiative multiphonon relaxations that can lower the 
upconversion efficiency. Additionally, chemical and thermal stabilities are very 
important qualities of the host lattice in order to use UCNPs in applications.31 

Heavy halides, such as chloride, bromide and iodide-based materials, have phonon 
energies lower than 300 cm-1. However, the host lattice should be chemically stable, and 
as heavy halides are hygroscopic, they cannot be widely used in applications.45 Oxide-
based materials have been considered to have a high chemical stability, but the phonon 
energies are over 500 cm-1.48 Fluoride-based host lattices have low phonon energies of 
around 350 cm-1 49 and they are the most common UCNP host materials. Fluoride 
materials have been considered to be chemically stable, but recent studies have presented 
conflicting results, which are discussed in the section 2.1.4 Upconversion efficiency and 
environmental sensitivity. Host lattice cations should have ionic radius close to the 
lanthanide ions doped in the UCNPs in order to avoid crystal defects and lattice stress. 
Rare earth ions such as Y3+, Lu3+,  and La3+, alkali metals and earth metals such as Na+, 
K+, Ca2+ and transitions metals such as Mn2+ have been studied in UCNP host lattices.45  

The crystal structure of the host lattice also has a significant effect on upconversion 
efficiency as it determines the crystal field and site symmetry of the lanthanide ions in 
the host lattice. Upconversion efficiency of hexagonal NaYF4:Yb3+,Er3+ (also known as 
β-NaYF4:Yb3+,Er3+) emission is stronger than the emission of cubic NaYF4:Yb3+,Er3+ 
(also known as α-NaYF4:Yb3+,Er3+).50 Hexagonal crystal structure has lower symmetry 
having crystal fields with more uneven components around the lanthanides, and 
therefore the probability of 4f-4f transitions is increased.26 So far, NaYF4 host lattice 
with hexagonal crystal structure has been considered to have the most efficient 
upconversion luminescence.50-53  

Upconversion efficiency is also dependent on the dopant concentrations in the host 
lattice. Upconversion emission intensity is higher with higher amounts of absorbing and 
emitting ions to certain extent. Furthermore, in ETU upconversion mechanism, the 
resonant energy transfer efficiency is dependent on the distance between the sensitizer 
and the activator ions in the particle lattice, and the distance between the ions usually 
shortens as the doping concentration increases in the nanoparticles. However, the high 
doping concentrations can lead to concentration quenching, which decreases the 
upconversion emission efficiency. There can be three different mechanisms for 
concentration quenching: energy migration, cross-relaxation, and energy back transfer 
(Figure 3). The concentration quenching of Yb3+ sensitizer ions originates from energy 
migration from Yb3+ ions to the surface defects. The activator ions usually have more 
complex energy levels and thus the concentration quenching is thought to originate from 
cross-relaxations between two adjacent ions.26 Johnson et al. claimed, however, that the 
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quenching in high activator concentration originates from  the energy migration as the 
growth of a shielding NaLuF4 shell around 100 mol% Er3+ doped NaF4:Er3+ particles 
reduced the quenching signifantly.54 Concentration quenching can also be caused by 
energy back transfer from the activator to the sensitizer ion. The doping levels in NaYF4 
host matrix are therefore usually low. The doping concentration of Yb3+ does not usually 
exceed 20 mol% 55 and the concentrations of Er3+ and Tm3+ activators are lower than 3 
and 0.5 mol% 56, 57, respectively. It should be noted that the optimal doping 
concentrations are dependent on the host matrix.58  

 
Figure 3. The concentration quenching mechanisms in lanthanide ion doped upconverting nanoparticles. 
The dashed upward arrows represent the absorption and the dotted arrows the energy transfer between the 
lanthanide ions. G = ground state, E1 and E2 = excited state. 

UCNPs are usually excited with low excitation powers (<100 W cm-2) due to the 
efficient upconversion mechanism, and low-power laser diodes are also inexpensive 
excitation sources. However, the concentration quenching can be circumvented by using 
high-power excitation. Jin et al. demonstrated that, by using high excitation densities of  
2.5x106 W cm-2, bright Yb3+-Tm3+ doped UCNPs with up to  8 mol% Tm3+ concentration 
can be achieved.59 Similar observation was done by Drees et al. with Yb3+-Er3+ doped 
UNCPs.60 Bright UCNPs were achieved with the excitation power density of  
1.8x104 W cm-2 when Er3+ concentration was increased up to 20 mol%.60 These bright 
UCNPs excited with high-power densities enable single nanoparticle detection, for 
example, in imaging applications. Nevertheless, the high excitation power is not always 
possible to achieve and is not suitable for every application, for example, due to the 
heating of the water-based solution caused by the infrared absorption of water.61, 62 As 
mentioned above, an inert shell around the UCNPs has also been proven to alleviate 
concentration quenching due to prevention of energy migration to surface defects.54, 63    

Lanthanide ion doping concentrations can also affect the emission peak ratios in  
Yb3+-Er3+ and Yb3+-Tm3+ doped UCNPs. For example, a higher Yb3+ doping 
concentration has been reported to enhance red emission while decreasing green 
emission in Yb3+-Er3+ doped UCNPs in different host matrices.64-68 In addition, increase 
in the activator concentration increases red emission69. The increased red emissions 
were attributed to the increased cross-relaxation between two Er3+ ions or to the energy 
back transfer from the Er3+ to Yb3+. The red emission of Yb3+-Er3+ doped UCNPs is 
affected by multiple conditions and is more thoroughly discussed in the section  
2.1.4 Upconversion efficiency and environmental sensitivity. In Yb3+-Tm3+ doped 
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nanoparticles, higher Tm3+ concentrations have been observed to favor two (800 nm) or 
three photon emissions (644, and 475 nm)56, 68, whereas the higher Yb3+ concentrations 
favor the four and five photon emission (450 , 362, and 342 nm)47, 70. The enhanced NIR 
emission was attributed to Tm3+-Tm3+ cross-relaxations and the higher blue and UV 
emissions to the more efficient absorption and energy transfer from Yb3+ to Tm3+.  

In addition, composition and local structure of host lattice components affect the 
emission peak intensities and ratios. The red emission of Yb3+-Er3+ doped UCNPs was 
higher in oxide lattice than fluoride lattice because the higher phonon energy of the 
oxide lattice increased the phonon assisted energy transfer to the red emitting state.71 
Increasing the Na/rare earth ion ratio in cubic NaxYFx:Yb3+,Er3+ UCNPs increased the 
red to green ratio significantly, changing the local structure around lanthanide 
luminescent centers72. The effect was hypothesized to result from Er3+-Er3+ cross 
relaxation or from the Er3+-Yb3+ back energy transfer. Mn2+ doping in the particle host 
lattice has also been demonstrated to result in only red upconverted emission.73-75 

2.1.3 Synthesis and biomodification 

Synthesis 

The most common synthesis methods are thermal decomposition, solvo/hydrothermal 
synthesis, and high temperature co-precipitation.76, 77 In the thermal decomposition 
method, lanthanide trifluoriacetates are usually used as organometallic precursors in 
high boiling solvents. The solvo/hydrothermal method uses an autoclave, where 
temperature and pressure above the solvents critical points is applied. Temperatures 
used in solvo/hydrothermal method are lower than in thermal decomposition. The high 
temperature co-precipitation does not need as stringent initial synthesis conditions as 
the thermal decomposition, but usually an additional annealing step is required to 
improve the crystallinity of the nanoparticles. The method is based on lanthanide 
precursors in solvents with a high boiling point, such as 1-octadecene.    

Synthesis determines the size, shape, monodispersity, and crystal structure of UCNPs, 
which are important parameters of the nanoparticles used in bioaffinity assays. Synthesized 
particles should possess narrow size distribution, have pure crystal structure, and the 
synthesis should have high batch-to-batch reproducibility. Therefore, synthesis parameters, 
such as temperature, heating time, ligand-to-solvent ratios, ligand type, and doping ions, 
need to be carefully controlled. The crystal structure is important as the hexagonal UCNPs 
have higher upconversion intensity than the cubic UCNPs.50 Hexagonal nanoparticles are 
suggested to originate from cubic nanoparticles that are first formed in the synthesis. The 
hexagonal particles grow at the expense of dissolving cubic particles78-81 yielding particles 
with narrow size distribution82. Nevertheless, hexagonal NaYF4 particles are more difficult 
to synthesize in nanoscale than the cubic ones because the high surface tension of smaller 
particles thermodynamically favors the cubic phase.83 Thus, higher reaction temperatures 
and longer heating times have been used to overcome the high energy barrier between the 
transformation from cubic to hexagonal nanocrystals.84-86 Lanthanide ion doping also 
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affects the crystal structure and size of the particles, especially if smaller nanoparticles are 
pursued. Gd3+ doping has been observed to favor small hexagonal particles87 whereas high 
Yb3+ doping can lead to larger cubic particles88.  

Polar head groups containing capping ligands coordinate with reactants/ions, therefore 
controlling the particle growth by preventing lattice expansion. The choice and 
concentration of capping ligand in the synthesis affects the crystal morphology, size and 
shape of the nanoparticles. According to Sui et al., oleic acid (OA) capping ligand 
coordinates especially with Y3+ ions, and thus facilitates the orderly arrangement of the 
ions, which promotes the phase transition from cubic to hexagonal89. However, other 
studies suggest that hexagonal particles are difficult to achieve only with the OA ligand, 
and mixtures of oleylamine/OA or tri-n-octylphosphine/OA are needed to yield 
hexagonal particles.85, 90, 91 OA to the 1-octadecence solvent ratio has also been observed 
to affect particle size and shape. Increasing the OA amount led to smaller particles92, 93, 
but with high OA amounts the particle shape changed from sphere to rod as OA prefers 
to adsorb to the (010) crystal plane promoting growth mainly from the (001) plane.92 In 
addition to the control of reagents composition, concentration, reaction time, and 
temperatures, controlling other parameters, such as argon flow, cooling times, and 
stirring rates affect the nanoparticle size, morphology and luminescence.94 The local 
crystal structure can be modified also by controlling the sodium/rare earth or 
fluoride/rare earth ratios72. The results for optimal synthesis method and parameters 
vary between publications and research groups. According to Resch-Genger and Gorris, 
differences in the synthesis methods and variation in optical characterization of UCNP 
luminescence partly explain the differences in the results obtained by different groups.95 

In most cases, particle constituting ions have been assumed to be homogeneously 
distributed in single nanoparticles. However, heterogeneous distribution was observed 
when the ion composition of single nanoparticles was studied.96-98 In NaGdF4:Y3+,Tb3+ 
nanoparticles, Gd3+ ions were more concentrated in the core and Y3+ ions on the surface 
of the nanoparticles.96 In NaYF4:Yb3+,Er3+ UCNPs, a concentration gradient of Yb3+ was 
observed, Yb3+ ions being more concentrated in the nanoparticle core.97 The 
concentration gradient was independent of the particle size and Yb3+ doping 
concentration. The heterogeneous doping was attributed to different reactivity of rare 
earth ions during nanoparticle nucleation and growth.98 Heterogeneous ion distribution 
can affect the upconversion efficiency of the UCNPs. If there is a higher local 
concentration of the sensitizer ions, they are locally more prone to concentration 
quenching. In addition, if activator ions are homogeneously distributed compared to 
heterogeneous distribution of sensitizers, local ion-ion distances between the sensitizer 
and activator are too long for efficient energy transfer.98 More homogeneous doping 
was achieved with synthesizing successive monolayers with layer-by-layer synthesis 
methods, which was observed to enhance upconversion efficiency.98            

Inorganic shells can be added around the core particles to shield UCNPs from surface 
related quenching99, 100 or to isolate the optically active ions in distinct layers in the 
nanoparticle to control the ion interactions with each other and the environment101. The 
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inorganic shell is commonly the same or similar material as the core host matrix. A shell 
can be formed with different synthesis strategies. The most popular method is a seed 
mediated epitaxial growth where core nanoparticles serve as nuclei for the shell layer 
growth. The shell precursors are added either straight to the growing solution of core 
particles or the core particles are washed and the shell is grown on a separate step.99, 102  
Johnson et al. used a seed-mediated Ostwald ripening method for shell growth.103 They 
injected small α-NaYF4 nanoparticles into the hot solution of core particles. The 
sacrificial α-NaYF4 particles acted as precursor shell materials by dissolving and 
depositing on the core particles. The cation exchange method has been used for 
subnanometer shell formation.104 Multishell layers can be formed by using multiple 
steps of epitaxial growth or Ostwald ripening99, 103, although multishell formation can 
be time consuming and laborious. Interfaces between the core and the shell or multiple 
shells might not be sharp, and an intermixing of core and shell materials, especially 
cations, has been observed.105-107 Additionally, as with the core particles, gradient ion 
distribution has been observed in the shell.106  

Biomodification 

UCNPs need to be water dispersible if they are employed in bioanalytical applications. 
Synthesis can yield water dispersible UNCPs if hydrophilic capping ligands, such as 
citrate65, ethylenediaminetetraacetic acid (EDTA)108, poly(acrylic acid) (PAA)109, or 
polyethylenimine110, are used. However, OA is the most commonly used capping ligand 
(Figure 4a) yielding hydrophobic UNCPs, and subsequent surface modification steps are 
therefore needed to render water dispersible UCNPs. In addition, the as-synthesized 
UCNPs do not have functional groups, such as COOH, NH2, sulfonate, thiol, or 
maleimide, needed for biomolecule conjugation. The surface modification should yield 
UCNPs that are water dispersible, colloidally stable, monodisperse, and contain functional 
groups for biomolecule conjugation. Sedlmeier and Gorris have extensively reviewed the 
different strategies for surface modification of UCNPs111. Commonly, surface 
modification is done by silanization, ligand exchange, layer-by-layer method, or ligand 
interaction method (Figure 4). Ligand oxidation is based on the oxidization of OA’s 
carbon double bond yielding carboxylic acid functional group112, 113. Ligand oxidation is 
a rarely used strategy for surface modification and therefore not presented in figure 4.   

Encapsulating the UCNPs in silica shell has been one of the most common surface 
modification methods. Hydrophobic UNCPs with OA on the surface can be rendered 
water dispersible by using a reverse microemulsion method, where tetraalkyl ortholilicate 
is hydrolyzed in the presence of ammonia and detergents which form micelles in nonpolar 
solvent. Functional groups are obtained by adding organosilanes during the silica shell 
formation or in additional silanization step (Figure 4b).111 In the layer-by-layer method, 
positively and negatively charged polymers are deposited sequentially on the particle 
surface allowing control of surface thickness by regulating the amount of layers (Figure 
4c).114, 115 In the ligand exchange method, the hydrophobic OA is changed to hydrophilic 
ligands that coordinate with lanthanide ions via -SH, -NH2, -COOH or -PO3H groups. 
Multidentate ligands are usually more stable than bi- or monodentate ligands (Figure 4d 
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and f). Ligand exchange can be done directly by adding high excess of the hydrophilic 
ligands in elevated temperatures116, or by first removing the OA with acidic treatment 
creating bare UCNPs and then adding the new ligand117, 118. Ligand exchange can also be 
done with nitrosonium tetrafluoroborate, which first replaces the original ligand and can 
then be replaced with the desired ligand.119, 120 Ligand interaction method uses amphiphilic 
molecules that intercalate with the OA ligand through hydrophobic van der Waals 
interactions (Figure 4e).121-123 The cross-linking of the amphiphilic polymer can lead to 
improved colloidal stability in aqueous solutions.121       

 
Figure 4. Surface chemistry of upconverting nanoparticles. a) Oleic acid surface after synthesis, b) silica 
shell with amino groups, c) layer-by-layer coating with alternating layers of positive poly(allylamine) 
polymer and negative poly(sodium 4-styrenesulfonate) polymer (modified from Wang et al.114),  
d) poly(acrylic acid) polymer multidentate ligand, e) amphiphilic coating with poly(maleic anhydride-alt-1-
octadecene) cross-linked with bis(hexamethylene)triamine121, f) alendronic acid ligand124. Figure not in scale.  
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All the presented methods can yield water dispersible UCNPs with functional groups 
for biomodification. The conjugation of biomolecules is usually done with well-known 
coupling chemistries, such as carbodiimide125 or click chemistry126. Surface 
modification should be carefully chosen because it affects the stability of UCNPs in 
different biologically important media, such as serum or plasma, and their non-specific 
binding in bioaffinity assays. UCNPs are also susceptible to environmental effects 
decreasing their luminescence efficiency. Therefore, the surface modification should 
also shield the UCNPs from the environment. The effect of surface modification on the 
protection of UCNPs from the environment and on non-specific binding and stability 
are discussed in the sections 2.1.4 Upconversion efficiency and environmental 
sensitivity and 2.2.2 Heterogeneous assays, respectively. 

2.1.4 Upconversion efficiency and environmental sensitivity 

The upconversion emission intensity and efficiency are strongly dependent on the 
particle size. Initially, submicrometer particles were studied and utilized in bioanalytical 
applications and they were considered to be unaffected by their environment.125, 127 
Nanosized particles have become prevalent in the last decade because they are 
colloidally stable and do not suffer from sterical hindrances in bioapplications. 
Upconversion luminescence intensity and efficiency are, however, significantly lower 
in nanosized than in submicrometer particles or bulk material. Nanosized particles have 
lower amounts of active ions taking part in the upconversion process. More importantly, 
quantum yield has also been found to be size dependent, and quantum yields of 
nanoparticles are extremely low when compared to bulk material, commonly less than 
1 %.128, 129 It should be noted, however, that the quantum yield is dependent on the 
excitation power density since upconversion is a non-linear optical process.130 
Excitation power density should always be determined in the sample when measuring 
quantum yields and preferably measured with a range of excitation power  
densities.130, 131 The lower quantum yield of nanoparticles can be explained by the high 
surface-to-volume ratio, which exposes higher proportions of the nanoparticle to surface 
defects and environmental quenchers resulting in decreased quantum yields as well as 
luminescence lifetimes.100, 128, 129, 132, 133 Upconversion efficiency does not decrease 
linearly with the particle size because surface quenching can affect several nanometers 
of depth from the particle surface due to the energy migration and can therefore quench 
almost an entire nanoparticle under 20 nm in size.133-136 Kraft et al. calculated that 
surface quenching effect can be ignored with UCNPs over 115 nm.137  

Solvents are the main environmental quenchers of upconversion luminescence and  
upconversion efficiency, and emission peak ratios are strongly dependent on the 
solution that the UCNPs are dispersed in.138 Significantly decreased luminescent 
intensities, quantum yields, and luminescent lifetimes have been observed especially in 
water when compared to organic solvents or heavy water.120, 139, 140 The lower 
luminescence efficiency in water has been attributed to the energy vibrational modes of 
OH-groups at 3,300−3,700 cm-1.141 The OH-groups of water enable multiphonon 
relaxations of 4I11/2 to 4I13/2 and 2H11/2 /4S3/2 to 4F9/2 transitions of Er3+ ions in Er3+-doped 
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UCNPs (Figure 5).118, 140 However, the main quenching mechanism of upconversion 
emission is most likely caused by multiphonon deactivation of the Yb3+ sensitizer due 
to the overtone OH vibrations of water molecules142, 143, which explains the significant 
decrease in luminescence efficiency with both Tm3+ and Er3+ doped UCNPs. The non-
radiative relaxation of Yb3+ excited state by water can cause the quenching of almost 
entire volume of nanosized particles due to the Yb3+-Yb3+ energy migration. The 
quenching of Er3+ activator near-infrared excited states has also been proposed as the 
major contributor to the low upconversion efficiency in different solvents.144 There has 
been discussion whether the Yb3+ or Er3+ infrared excited state quenching is the main 
reason for low efficiencies.136, 143-145 The quenching effect was studied in different 
solvents in different studies and therefore final conclusions cannot be drawn yet. 
Although the water quenching is detrimental to UCNP luminescence, it can exploited 
in sensing of minor amounts of water in organic solvents.146  

 

Figure 5. Energy level diagram of Er3+ or Tm3+ doped upconverting nanoparticles. Solid-line, dotted and 
dashed arrows represent photon absorption or emission, energy transfer, and energy back transfer, 
respectively. Wavy black arrows represent the relaxation processes and wavy blue arrows the multiphonon 
relaxations caused by OH vibrations. Adapted from Arppe et al.142, Hyppänen et al.147 and Berry et al.148  

Mechanism of red emission in Yb3+ and Er3+ doped NaYF4 materials has created 
discussion over the years, especially whether the red emission is a two-photon or a three-
photon process. Four of the most commonly proposed excitation paths for red emission 
are presented in figure 5. Traditionally, red emission has been considered to originate 
from two-photon excitation paths. Two different two-photon excitation paths have been 
proposed. Firstly, the green emitting states of 2H11/2 and 4S3/2 are populated by the ETU 
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mechanism from Yb3+ to Er3+, after which the red emitting state 4F9/2 is populated by 
multiphonon relaxation (path 1, Figure 5). Secondly, energy transfer from Yb3+ to Er3+ 
populates the 4I11/2 state, after which the multiphonon relaxation populates the 4I13/2 state 
and the red emitting state is then populated by the ETU mechanism (path 3, Figure 5). 
According to group of Lee, path 3 is the dominant excitation path.149, 150 Traditionally 
proposed three-photon excitation path includes first the population of the green emitting 
states followed by the Er3+-Er3+ cross-relaxation populating the 4I13/2 state (path 2, Figure 
5). The red emitting state is then populated through the ETU mechanism. However, 
Anderson et al. presented an alternative three-photon excitation path for the red 
emission, where the red emission originates from the 4G/2K manifold states and is 
excited from the green emitting states via the ETU mechanism (path 4, Figure 5).151 The 
red emitting state is then populated by back energy transfer to Yb3+. Berry et al. studied 
the four hypothesized paths and claimed that the population of 4I13/2 state does not lead 
to red emission and therefore path 2 and 3 would not be active.152 In their study, path 4 
was proposed as the predominant mechanism for red emission as suggested by 
Anderson et al.  

The conflicting observations on the red emission excitation paths can be explained by 
the differences on the nanoparticle environment. The red-to-green ratio of Er3+ doped 
UCNPs has been observed to vary depending on the nanoparticle environment.120, 138, 140 
Both Hyppänen et al. and Würth et al. demonstrated that in aqueous media the red 
emission originates from a two-photon path and in organic solvents or other solvents 
without OH vibrations the red emission is dominated by the three-photon process.147, 153 
Würth et al. also demonstrated that the red emission mechanism is dependent on the 
power density of the excitation and, in high power densities, the population of the red 
emitting state is similar in water and organic solvents.153 In aqueous environments, OH 
vibrations cause multiphonon relaxation of the 2H11/2/4S3/2 and 4I11/2 states preventing the 
excitation to higher energy levels, where the three-photon process occurs. Due to the 
OH vibrations, red emission is most prominent in water, whereas green emission is 
favored in organic solvents in low excitation power densities.147, 153 Thus, sample 
solution should be taken into account when using UCNPs in different applications. 
Furthermore, Würth et al. raised a question that which dopant concentrations in NaYF4 
host materials are optimal for water solutions.153 Most of the luminescent 
characterizations are made after synthesis in organic solvents. Optimal dopant 
concentrations have not been studied in water solutions although luminescent properties 
differ between organic solvents and water, and thus the dopant concentrations should 
be assessed in water. These studies were conducted with NaYF4 host matrix and 
different mechanism may therefore be applied to other matrices.  

Water-based solutions do not only quench the excited states of the lanthanides doped in 
the UCNPs but also affect the structural integrity of the particle. The dissolution of 
nanoparticle constituting ions in water solutions has been observed in fluoride-based 
host matrices.154-156 The dissolution rate was dependent on the crystal structure as 
hexagonal UCNPs were more stable in water solutions than cubic UCNPs.155 
Composition of the water solution was also found to have a significant effect on the 
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dissolution rate, which was most extensive in the phosphate buffer and lower in the 
phthatale buffer.156, 157 According to Lisjak et al., dissolution in the phosphate buffer 
happens due to the formation of lanthanide phosphate compounds, and in the water and 
phthatale buffer due to the hydrolysis of the UNCP surface resulting in the release of   
fluoride ions.157 The dissolution of ions can lead to changes in particle morphology and 
poor structural integrity158, 159 leading to decreased upconversion luminescence 
intensities and lifetimes.156, 158 According to the study of single nanoparticle dissolution 
by Dukhno et al., the dissolution of ions from the nanoparticles is not uniform between 
nanoparticles and can lead to heterogenic luminescent properties and unrepeatable 
measurements.159 Dissolution has been studied with fluoride-based materials and there 
are no studies yet regarding the dissolution of other host matrix materials such as oxide-
based UCNPs.  

In order to retain the high luminescence efficiency and particle integrity in water 
solutions, UCNPs should be protected from the environment. Environmental 
luminescence quenching is considered to be non-radiative Förster resonance energy 
transfer (FRET) by dipole-dipole coupling between electronic transitions of UCNP 
lanthanides and solvent or ligand molecule vibrations, and it is therefore distance 
dependent.144 UCNPs have been protected from surface-related luminescence 
quenching with inorganic shells.100, 144, 160 Different shell thicknesses from 3 to10 nm 
has been presented for the sufficient prevention of quenching134, 161, 162. A quantum yield 
of 9 % was achieved with UCNPs of 45 nm in size including a 11nm-thick shell, which 
is close to the quantum yield of bulk material.163 Nevertheless, it should be underlined 
that in most of the studies the luminescence properties of the core/shell materials have 
been characterized in organic solvents or dried powders. Wang et al. studied 
luminescence intensity of 20 nm core/shell UCNPs (5 nm shell) in 20 % water and, 
although the intensity was higher with core/shell particles when compared to bare 
particles, the overall intensity had decreased 35 % in 20 % water when compared to 
solution with no water.100 In addition, because the inorganic shell is a similar fluoride 
structure as the core, it can be assumed that shell dissolves similarly as the core. 
Quenching of the luminescence can be also caused by the incorporation of ions with OH 
vibrations to the crystal lattice during the synthesis, which can be avoided by decreasing 
water content in the synthesis.163 

Surface-related quenching and ion dissolution in water solutions has also been 
prevented with polymer surface modifications. A silica shell of 7-10 nm has been 
observed to diminish the luminescent quenching in water, but the decrease in 
luminescence was still significant.142 Amphiphilic coating with poly(maleic anhydride-
alt-1-octadecene)-bis(hexamethylene)triamine164, layer-by-layer method by alternating 
PAA and Nd3+ ions165 or crosslinked PAA and poly(allylamine hydrochloride) layers166, 
and polysulfonate capping167 were reported to effectively shield UCNPs from the ion 
dissolution in water solutions. However, new efficient methods to protect the 
nanoparticles from luminescence quenching and ion dissolution should still be studied 
and tested in bioanalytical applications. There are some studies observing that the OH 
and CH vibrations of surface ligands can quench the upconversion luminescence129, 132 
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but other studies have found that the quenching of ligands have minor or negligible 
effects120, 153.  

Upconversion luminescence is also dependent on the temperature due to the thermal 
quenching, which leads to more efficient nonradiative relaxations of the excited states. 
Especially, the ratio of green emission intensities at 525 and 545 nm has been observed 
to change with the temperature.168 The ratio of these emission bands has been used for 
thermal sensing in biological systems.169-171 The host matrix composition has been 
observed to affect the thermal sensing range and sensitivity of UCNPs. Hexagonal 
NaYF4 host matrix has the brightest upconversion intensity, but its temperature sensing 
range is lower compared to other materials, such as Al3O and Gd2O3, due to lower 
thermal stability.171-173 The temperature sensing range of NaYF4 host matrix 
nanoparticles was increased both by inactive shell170 and by Yb3+ and Nd3+ co-doped 
shell174. When comparing the host matrix compositions of Y2O3, YVO4, and YPO4, it 
was observed that the YPO4 matrix with the highest phonon frequency maxima had the 
lowest temperature sensitivity.175 Hyppänen et al. also demonstrated that the 
environment has an effect on the intensity ratios of 525 and 545 nm due to the local 
warming of water under 980 nm laser excitation, which does not occur in heavy water 
or organic solvents.176 This observation should be considered when designing UCNP-
based thermal sensors.      

In addition, heavy metals quench the upconversion luminescence, of which Hg2+ has the 
highest effect.177 However, the concentration of heavy metals needs to be high (mM 
range) to observe an effect in the intensity, and thus, in practice, UCNPs are not suitable 
for heavy metal sensing without chromophore that binds ions, for example.178    

2.2 Upconverting nanoparticles in bioaffinity assays 

2.2.1 Homogeneous FRET-based assays 

Homogeneous bioaffinity assays are separation- and wash-free assays that are fast and 
simple to perform because they contain only mix and measure steps. Analyte detection 
in homogeneous assays is commonly based on FRET, which is based on non-radiative 
energy transfer from excited donor fluorophore to an emissive or non-emissive acceptor 
via dipole-dipole interactions. In FRET systems, the emission intensity and lifetime of 
the donor should decrease and the emission of the emissive acceptor should appear. If 
long-lifetime luminescence donors are paired with intrinsically short-lived fluorescence 
lifetime acceptors, apparent fluorescence lifetime of the acceptor increases upon 
FRET.179, 180 Energy transfer efficiency is dependent on two critical aspects. First, the 
emission spectrum of the donor and the excitation spectrum of the acceptor have to 
overlap. Second, energy transfer is strongly distance-dependent, the FRET efficiency 
being inversely proportional to the sixth power of the distance between the donor and 
acceptor.181, 182 FRET is deemed as the main mechanism of energy transfer in distances 
below 10 nm. Therefore, FRET is an excellent tool for detecting nanometer-scale 
biomolecule interactions in homogeneous assays.183-185 Additionally, transition dipole 
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orientations between the donor and acceptor and the quantum yield of the donor affect 
the FRET efficiency and the Förster distance.186   

In bioaffinity assays, the donor and acceptor are brought in close proximity to each other 
usually by a biomolecule binding reaction to enable FRET between them. Three assay 
formats are usually applied: non-competitive, i.e. sandwich, competitive, and enzyme 
activity assay (Figure 6). In sandwich assay, both the donor and acceptor are conjugated 
to different analyte-specific capture molecules. Binding of the analyte brings donor and 
acceptor together resulting in change of the FRET emission. In competitive assays, the 
analyte competes with the analyte analogue conjugated to the acceptor for binding to 
the capture molecule conjugated to the donor. The FRET emission is inversely 
proportional to the analyte amount. The third format is common especially in enzyme 
activity assays. The donor and acceptor are brought together in close proximity via 
linkage, such as peptide or oligonucleotide. Decrease in the FRET emission is detected 
when the linkage is cleaved by an analyte, such as protease or nuclease enzyme.  From 
these formats, sandwich assays can have large distance between the donor and the 
acceptor and therefore they are not always favored in FRET based assays.   

 

Figure 6. Principles of homogeneous assays based on Förster resonance energy transfer (FRET).  
a) Sandwich assay, where the donor and acceptor are brought close by the binding of the analyte,  
b) Competitive assay, where the analyte competes for binding to the capture molecule conjugated to the 
donor with the analyte analogue conjugated acceptor, c) Enzyme activity assay, where the cleavage of the 
linker molecule by an enzyme leads to the detachment of the acceptor from the vicinity of the donor.    

Organic dyes or proteins have been used commonly as FRET donors, but they have 
drawbacks, such as high fluorescent background, photobleaching, spectral crosstalk 
with the acceptor, and short fluorescence lifetimes.186, 187 Lanthanide-based complexes 
or down-shifting nanoparticles with long luminescent lifetimes have been used as 
donors, which enables time-gated detection of sensitized acceptor emission in order to 
avoid short-lived autofluorescence background.188-190 They also have large Stokes shifts 
and narrow emission peaks, which diminishes the spectral crosstalk. However, these 
lanthanide-based donors require UV-excitation, which is strongly absorbed by 
biological materials and can be damaging to cells and tissue. UCNPs lack all of these 
drawbacks since they are photostable, they do not have autofluorescence background in 
biological matrices, have large anti-Stokes shift with sharp emission bands minimizing 
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spectral crosstalk, and the luminescence lifetimes are in microsecond range. In addition, 
UCNPs are excited at infrared and have emission peaks located at over 660 nm 
wavelengths, and they can therefore be  used for detection of analytes in optically 
challenging materials, such as whole blood or urine, which have strong light absorptions 
under 600 nm wavelengths.191 For example, UCNPs were successfully used as donors 
and Alexa Fluor 680 as acceptor in a homogeneous assay for whole blood folate without 
separation steps and the performance correlated well with a more laborious 
heterogeneous assay.8 Lanthanide-based FRET is also referred to as luminescent or 
lanthanide resonance energy transfer, and the term is sometimes extended to UCNP-
based energy transfer. In this thesis, however, UCNP-based FRET is referred to as 
upconversion resonance energy transfer (UC-RET).  

In all FRET applications organic dyes are the most common acceptors. Organic dyes 
and fluorescent proteins have also been used in homogeneous UC-RET based 
bioaffinity assays.8, 9, 112 For example, NaYF4:Yb3+,Tm3+ UCNP donors and an 
intercalating dye SYBR Green acceptor were used to detect DNA with a 3.2 nM limit 
of detection (LOD).9 Feasibility of quantum dots as acceptors in UC-RET applications 
has been studied extensively.148, 192-195 Mattsson et al. were, however, one of the first to 
demonstrate their use in a homogeneous biotin replacement assay, which reached a LOD 
of 5 nM.196 Additionally, due to the multiple narrow emission peaks of UCNPs, 
multiplex assays with single excitation wavelength can be developed. Multiplexed 
assays enable detection of multiple different analytes in one assay, which saves time, 
reagents and costs. For example, Doughan et al. used three quantum dots emitting at 
different wavelengths as acceptors in a DNA hybridization-based assay to detect three 
different gene fragments simultaneously.197  

Non-emissive nanoparticles can be used as acceptors that quench the donor 
luminescence. Gold nanoparticles can be used as quenchers for Er3+ and Tm3+ doped 
UCNPs as they have wide absorbance spectra at visible wavelenghts.10, 198-201 Quenching 
mechanism of gold nanoparticles is not based on dipole-dipole interactions between the 
donor and acceptor, but on dipole-surface effects-induced collective resonant 
oscillation. Down to 5 nM of HIV-1 viral DNA was detected with NaYF4:Yb3+,Er3+ 
donors and gold nanoparticle acceptors.10 The gold nanoparticle acceptor enabled even 
single particle counting in a homogeneous sandwich-type digital immunoassay when 
paired with NaYF4:Yb3+,Er3+ UCNP donors.201 As low as 2.3 pM of prostate specific 
antigen (PSA) was detected with the digital immunoassay. As gold nanoparticles, 
carbon nanoparticles and graphene oxides have also been used for efficient quenching 
of UCNP emission.202-206 Carbon and graphene have similar electronic structures and 
they have wide absorption spectra at UV and visible wavelengths.206, 207 The strong 
emission quenching is based on sp2 orbital hybridization leading to electron transfer 
from the donor to the ᴨ-rich electronic structures of the carbon atoms. Other efficient 
UCNP emission quenchers are silver nanoplates208 or nanodisks209 and palladium 
nanoparticles210 used with Tm3+ doped UCNP donors.  
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Energy transfer between UCNP donors and acceptors is more complicated than in 
traditional FRET between two organic dyes. UCNPs themselves contain multiple 
energy transfer steps between the sensitizers and activators inside the nanocrystals 
before the energy transfer to the acceptor. These steps also compete with the non-
radiative deactivation of the excited states caused by surface defects and environment-
related quenching. Thus, activator ions, which donate the energy to the acceptors, have 
low intrinsic quantum yields,128, 131 which decreases the FRET efficiency. Nanocrystals 
also contain multiple activator ions that can act as donors per one acceptor molecule. 
Assuming that the activator ions are evenly distributed in the nanocrystals, there are 
several possible donor ions at different distances to the acceptor (Figure 7). Depending 
on the donor ion’s location in the nanocrystal, it has different local environments that 
affect the intrinsic quantum yield of the donor ion.211 Only one ion at a time can act as 
a donor, and the quantum yield of that ion can be difficult to determine.211 Donor ions 
on UCNP surface can be quenched due to environmental effects and the energy transfer 
to the acceptor competes with the energy transfer to the surface ligands or solvent 
molecules causing non-radiative deactivation. On the other hand, ions in the 
nanoparticle center do not participate in the resonant energy transfer especially in larger 
particles because the distance to the acceptor is too high. Thus, the center ions produce 
background luminescence to the measurements. Therefore, only activator ions at a 
certain distance of the surface are efficient donors in UCNPs. Melle et al. calculated the 
FRET efficiency between each possible donor ion in UCNP nanocrystal and the 
acceptor, and the most efficient FRET was determined to originate from the donor ions 
near the surface, i.e. where the FRET distance was the shortest.212 The measurements 
were not done in water and therefore the water related quenching was negligible. 

 

Figure 7. Simplified presentation of the lanthanide ion distribution in the UCNP nanocrystal donor. In the 
first region (1), the Yb3+ (grey circles) and Er3+ (green circles) ions are located near surface and energy 
transfer to the acceptor competes with the energy transfer to surface quenchers. In the second region (2), 
the donor ions are more shielded from the environment and transfer the energy to the acceptor. In the third 
region (3), the donor ions are not at the efficient FRET distance causing background luminescence.   
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Because FRET is distance-dependent, the UCNP size affects the energy transfer 
efficiency. When different nanoparticle sizes have been compared, smaller 
nanoparticles are found to have higher energy transfer efficiency because more ions are 
at the FRET distance. According to Marin et al., FRET efficiency was doubled with 
smaller UCNPs.213 High FRET efficiencies have been observed for nanoparticles 
around 10 to 20 nm,9, 214, 215 but in a study by Muhr et al., 10 nm UCNPs had lower 
FRET efficiency than 20 nm UCNPs because higher surface-to-volume ratio leads to 
higher quenching.214 Thus, when designing UC-RET-based applications, the UCNP size 
should be taken into consideration. Additionally, dye quantity on the nanoparticle 
surface affect the FRET efficiency and sensitized acceptor emission intensity. 
According to Dukhno et al., a higher quantity of Rhodamine B acceptor increased RET 
efficiency and emission intensity because there is a higher concentration of acceptors 
on the surface of one donor particle.215 Nevertheless, too high a concentration of 
especially organic dye acceptors with narrow Stokes shift can lead to self-quenching 
due to the homo-FRET caused by short distances between the dyes.216       

As mentioned before, the quantum yield of the donor ions and the distance between the 
ions and the acceptor limit the FRET efficiency. Thus, different core/shell 
nanostructures have been applied to yield better UCNP donors (Figure 8). By applying 
an inert shell around the active core, the quantum yield of the donor increases because 
surface-related quenching is decreased, which could increase the FRET efficiency 
(Figure 8a). However, the inactive shell increases the distance between donor ions in 
the active core and the acceptor.217 According to Wang et al., FRET efficiency was 
highest with core-only particles, but the FRET emission intensity was highest with an 
around 6 nm shell.217 Thicker than 6 nm shells increased the donor−acceptor distances 
leading to lower intensities. To minimize the donor ion−acceptor distance, inactive 
core/active shell particles were synthesized where the luminescent lanthanides Yb3+ and 
Er3+ were doped to the active shell (Figure 8b).211 The inactive core/active shell particles 
had higher RET efficiency than active core/inactive shell particles, but the sensitized 
emission intensity was vice versa. Donor ions were close to the acceptor in inactive 
core/active shell composition, but the surface-related quenching decreased the emission 
intensity. Active core/inactive shell composition shields the donor ions from quenching, 
but the distance to the acceptor increases while decreasing the FRET efficiency.211 The 
results of the inactive core/active shell should be interpreted with caution, because it 
was observed that the lanthanide ions in an active shell were non-statistically distributed 
and were located quite close to the core/shell interface.  

More complex core/shell structures have also been developed by doping the lanthanide 
ions in distinct layers to increase the FRET efficiency. Doping donor activator ions to 
the shell and the sensitizer Yb3+ to both core and shell led to doubled FRET efficiency 
when compared to core-only UCNPs (Figure 8c).213 In these UCNP core/shell 
structures, Yb3+ ions were situated near the surface and the particles were therefore 
prone to high quenching, as non-radiative deactivation of Yb3+ has been deemed as the 
main quenching pathway. Huang et al. circumvented this problem by designing 
core/shell donor particles with Yb3+ sensitizers in the core and Er3+ activators in the shell  



Review of the literature 

30 
 

(Figure 8d).218 This way the Yb3+ ions are protected from the environment and higher 
doping concentrations can be used because energy migration to the surface is 
minimized. Er3+ ions acting as donors are close to the surface, which decreases the 
distance to the acceptor and increases the FRET efficiency. In addition, higher Er3+ 
concentrations can be used because Er3+ to Yb3+ energy back transfer is minor in this 
structure. With optimized core/shell particle structure, Huang et al. obtained six times 
more efficient energy transfer.218 The “sandwich” structure UCNPs with inactive 
core/active shell/inactive shell have also been proven to increase the FRET efficiency 
when the lanthanide ions are near the surface, but have a shell protecting them from the 
quenching (Figure 8e).219 FRET was also increased by a higher Er3+ activator ion doping 
(20 %) coupled with a higher excitation power density (20 kW cm-1).60   

 

Figure 8. Simplified presentation of the different core-shell compositions and the effect on energy transfer. 
a) Active core/inactive shell where both sensitizer (grey circles) and activator (green circles) ions are in the 
core, b) inactive core/active shell where both sensitizers and activators are in the shell, c) activators doped 
only in the shell and sensitizer both in the core and shell, d) activators only in the shell and sensitizers only 
in the core, and e) inactive core/active shell/inactive shell, where both sensitizers and activators are in first 
shell.  

In some publications with UCNPs as donors, acceptor emission is often claimed as 
occurring due to FRET, although no appropriate studies, such as steady-state and decay 
measurements of the donor-acceptor pair, have been presented.46, 220, 221 Proper FRET 
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mechanism studies should be carried out especially with larger nanoparticles because 
several studies indicate that often part of the energy transfer from UCNPs to the acceptor 
is also radiative.196, 217, 222, 223 According to the study by Ding et al., the larger the distance 
between donor ions in the UCNPs and the acceptor, the higher the proportion of the 
energy transfer is radiative.223 However, FRET studies can be difficult to conduct since 
there are several donor ions at different distances and environments as described above, 
and changes in the lifetime and emission intensity of the donor ions are therefore 
difficult to distinguish from the ions that produce background.196, 211, 222 This problem 
has been circumvented by determining FRET efficiencies from the lifetime of the 
sensitized acceptor emission. A significant lifetime change of the intrinsically short 
luminescence lifetime acceptor has been used as a proof of FRET and for calculations 
on FRET efficiency.196, 211, 215 Nevertheless, these calculations should be regarded with 
caution because, although the activator ion Er3+ or Tm3+ acts as the donor in the UCNPs, 
the sensitizer ion Yb3+ has a significant effect on the lifetime of the activator ion and 
also on the sensitized acceptor lifetime. Sensitizer Yb3+ ions can affect the sensitized 
lifetime of the acceptor not only from the surface, but also Yb3+ ions in the center of the 
particles can affect it through energy migration.224 Additionally, the Yb3+ ions might not 
be homogeneously distributed in the nanoparticles97, which can complicate the energy 
transfer studies even more.   

In UC-RET applications, red emission in Er3+ activator doped UCNPs has been used as 
reference wavelength because it has been deemed as unaffected by UC-RET when the 
acceptor absorption spectrum overlaps with the green emission of the UCNP donor.196, 

225, 226 However, in studies by Dukhno et al. and Huang et al., the red emitting state was 
also quenched in addition to the green emitting state.215, 218 This can be explained by the 
observation that in certain environments, such as water-based solutions, the red emitting 
state is partially populated through the green emitting state, or on the other hand, the 
green emitting state is depopulated faster in UC-RET and therefore the red emission is 
not populated through the green emitting state as efficiently.215 Therefore, red emission 
should be used as reference with consideration.  

UCNP surface modification has significant effect on FRET efficiency as FRET is 
distance dependent. UCNPs need to be surface-modified to render them water 
dispersible and also to enable biomolecule conjugation for assay applications. The 
surface modification should be thin, preferably a monolayer, to enable efficient FRET. 
Melle et al. demonstrated that with a 33 nm sized UCNP the FRET efficiency was  
10 % with a 3 nm-thick silica layer, but the efficiency decreased with the increase of the 
silica layer thickness and, with a 12 nm layer, the efficiency was nonexistent.212 
Biomolecule conjugation to the nanoparticle surface increases the FRET distance 
further since the dimensions of large proteins, such as antibodies, can be several 
nanometers.196, 222 Therefore, the used surface modification and biomolecule should be 
taken into consideration in addition to the particle size and composition when designing 
UC-RET-based assays.     
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2.2.2 Heterogeneous assays 

Heterogeneous assays contain washing or separation steps before the emission of the 
bound reporter on the solid support is detected. During the separation steps, unbound 
reagents are removed, which results in higher detection sensitivities than in 
homogeneous assays. Heterogeneous assays can be divided into non-competitive 
assays, i.e. sandwich assays, or competitive assays. The assay formats are the same as 
described in homogeneous assays, but instead of a binding reaction in the solution the 
binder molecule is attached to the solid support to enable washing of the unbound 
reagents. 

UCNPs are highly attractive reporters in heterogeneous assays because they can 
potentially enable supersensitive detection of analytes. Because autofluorescence 
background is not produced from any biological materials or from the solid support 
materials due to the anti-Stokes shifted emission, extremely low concentrations of 
UCNPs can be detected. UCNPs are also photostable, which enables multiple 
measurements of the assays, and high excitation power densities can be used to enhance 
the detectability of the reporter. Since the reporters are detected commonly from dried 
solid support, solvent quenching or heating of the water-based solvent are not factors in 
the measurements.   

Hlavacek et al. developed a competitive heterogeneous immunoassay for detecting 
diclofenac anti-inflammatory drug from water by using UCNPs as reporters, and 
compared the results to a conventional enzyme-linked immunosorbent assay (ELISA).12 
LOD for diclofenac was 0.05 ng mL-1 (170 pM) with the UCNP reporters and  
0.01 ng mL-1 (34 pM) with ELISA. Although LOD was five times higher with UCNPs 
than with the ELISA reporter technology, UCNPs enable simpler detection technology 
because no enzymatic amplification of the signal is needed. Sensitivities comparable to 
commercial high-sensitivity assays were achieved with the UCNP reporters in 
heterogeneous sandwich immunoassay for cardiac troponin I (cTnI).11 LOD was  
3.14 ng L-1, which corresponded to the 100 fM cTnI concentration in the sample. Two 
sandwich assays for detecting miRNA were developed based on the covalent attachment 
of the UCNP reporter and capture probe brought close together by the target. The 
covalent attachments were done by click chemistry227 or with UV light promoted 
photochemical ligation13 and LODs of 100 and 10 fM were obtained, respectively. 
Photochemical ligation was also demonstrated by using Tm3+ doped UCNPs as the UV 
light source.13 Distinct patterns could be created on the solid support surface upon NIR 
radiation.    

Due to their excellent detectability, UCNPs enable digital assays based on the counting 
of single analyte molecules. One of the first UCNP-based digital heterogeneous 
sandwich immunoassay was developed by Farka et al.228 The assay for PSA was based 
on counting the amounts of bound UCNP reporter conjugates under a 980 nm laser-
modified, wide-field epifluorescence microscope (Figure 9). LOD for PSA was  
1.2 pg mL-1 (42 fM) in the digital assay, which corresponded to 4.8 pg mL-1 (168 fM) 
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in the serum sample. Digital detection was 17 times more sensitive than analog 
detection, where the intensity of the bound reporter was determined by scanning the 
microtiter well bottom with an under one mm spot size laser. The obtained LOD was 
also approximately two times more sensitive than some of the most sensitive 
commercial analog ELISA assays, such as Abcam’s Human PSA ELISA kit or Thermo 
Fisher’s PSA human ELISA kit with LODs of 8 pg mL-1. The sensitivity of the digital 
UCNP-based immunoassay is not yet, however, comparable to the digital ELISA, where 
LOD for PSA was 6 fg mL-1 (200 aM) determined from the serum sample.229    

 

Figure 9. Principle of digital UCNP-based immunoassay for prostate specific antigen. Individual UCNPs 
bound on the solid surface were calculated from the images taken with wide-field epifluorescence 
microscopy modified with a 980 nm laser. Based on the number of UCNPs in different analyte 
concentration, a calibration curve was formed. Reprinted with permission from Farka et al.228 Copyright 
(2017) American Chemical Society.     

Multiplexed heterogeneous assays are commonly based on spatial detection using 
microarrays, where different analytes are recognized based on their coordinates on the 
solid support surface. Rijke et al. developed one of the first UCNP-based microarrays 
where they detected complementary DNA.230 In a UCNP-based microarray, four times 
lower DNA concentrations were detected compared to the microarray with Cyanin 5 as 
a reporter. Ylihärsilä et al. developed a nucleic acid microarray that was able to 
discriminate different Adenovirus genotypes based on spot patterns on the microwell 
surface.231 The same group also developed a multiplexed microarray for serum IgG 
antibodies against human Adenovirus and Parvovirus.232 The results correlated 
excellently with the enzyme immunoassays used as references. Previous examples were 
qualitative assays recognizing the presence or the absence of an analyte. Microarrays 
are suitable also for quantitative detection by measuring the emission intensity from the 
individual spots. The quantitative detection of protein biomarkers PSA, thyroid-
stimulating hormone (TSH), and luteinizing hormone in plasma with one assay was 
successfully demonstrated using the UCNP reporters.233 Multiplexing did not affect the 
assay performance when compared to the single analyte assays, but LOD of TSH was 
not clinically relevant because of non-specific binding around the TSH spot.  
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Due to the multiple emissions in the visible wavelengths, the UCNP reporters can be 
used in microrarrays that combine spatial and color based detection. For example, green 
emitting NaYF4:Yb3+,Er3+ and blue emitting NaYF4:Yb3+,Tm3+ UCNPs were conjugated 
to anti-human IgG or anti-human IgM, respectively, in order to detect serum IgG and 
IgM antibodies against influenza A and human adenoviruses in a single assay  
(Figure 10).234 Antigen specificity was determined by the position of the spot in the solid 
support and the antibody class was determined by the emitted color of the spot. No 
spectral cross-talk was observed between the emission channels, and both of the UCNPs 
were excited with the same wavelength enabling the use of only one excitation source.      

 

Figure 10. Principle of the dual color microarray for serum IgG and IgM against influenza A and human 
adenoviruses. Biotinylated antigens were added as spots to a streptavidin coated microplate well to certain 
positions to capture human IgG and IgM in the serum sample. Bound IgG and IgM were detected with 
green-emitting and blue emitting upconverting nanoparticles (UCNP) upon 980 nm excitation. Assays 
containing i) no sample, ii) negative sample, iii) adenovirus positive sample, iv) anti-influenza IgG positive 
sample, (v) anti-influenza IgM positive sample, and (vi) IgG positive sample for both adenovirus and 
influenza. Reprinted with permission from Kale et al.234 Copyright (2016) American Chemical Society.   

Lateral flow (LF) tests are immunochromatographic assays developed for point-of-care 
settings. LF test strips are comprised of multiple consecutive porous matrices and the 
added solutions flow through the strip due to the capillary forces. Binder molecules are 
immobilized to specific regions on the matrices and unbound solution components flow 
through these regions. Conventional LF tests commonly use gold nanoparticle reporters 
and the qualitative results are generally detected visually. UCNP reporters have enabled 
over 10- to 100-fold improved LODs in LF tests when compared to gold nanoparticle 
reporters.235, 236 LF tests based on UCNP reporters are mostly quantitative, and require 
therefore readers to detect the amount of bound reporter. The reader should preferably 
be suitable for point-of-care settings, i.e. be small, portable and battery-operated. 
Readers have been developed for UCNP-based LF strips237, 238 and few of the readers 
are small and portable smartphone-based devices.239, 240 For example, He et, al. 
developed an LF test for PSA and ephrin type-A receptor 2 (EphA2) using highly doped 
UCNPs and high power lasers for high brightness, and the emission was detected with 
a mobile phone.240 LODs for PSA and EphA2 were 89 and 400 pg mL-1, respectively. 
Juntunen et al. compared LODs in LF tests with Eu3+ nanoparticles and UCNPs 
reporters.241 In an LF test for cTnI, LODs were around six times lower with UCNPs than 
with Eu3+ nanoparticles. However, in the LF test for PSA, LODs were two to three times 
lower with Eu3+ nanoparticles. The lowest LOD was achieved with UCNP-based LF test 
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for cTnI in a serum sample (41 ng L-1).241 For comparison, a gold-nanoparticle-based 
LF test was able to detect a 10 ng L-1 concentration of serum cTnI.242 LF tests can also 
enable multiplexed assays based on spatial and spectral recognition by adding multiple 
specific analyte binding regions on the test strips.239, 243  

When the performance of UCNP-based assays are compared to other reporter 
technologies in this thesis or in the review by Mendez-Gonzalez et al., LODs obtained 
with UCNP reporters are comparable to other reporters.244 Despite the recent active 
research in the upconversion nanoparticle field245, commercial assay applications are 
lacking because manufacturers are not prepared to change their current technologies 
without obvious benefits. UCNPs have the potential to enable supersensitive assays 
outweighing other reporters because minor concentrations of UCNPs can be detected 
due to their brightness and lack of autofluorescence. However, the sensitivity of the 
assays is limited by the non-specific binding of UCNP conjugate to the solid support, 
and the aggregation of the particles.11, 233, 246 Most likely, the non-specific binding of 
UCNP conjugates is no higher than with other reporters, but due to their high brightness, 
even small amounts of the non-specifically bound reporters can be detected.   

Surface modification of UCNPs render them water dispersible and enable 
bioconjugation, but it also has a high impact on colloidal stability, aggregation rate, and 
non-specific binding of the nanoparticles. Monodispersity and colloidal stability of the 
UCNPs are very important in bioaffinity assays because nanoparticles are more reactive, 
and there are less steric hindrances preventing binding. Surface modification can 
prevent aggregation of the nanoparticles by providing steric and electrostatic 
repulsions.247, 248 However, aggregation of the nanoparticles can occur already in the 
surface modification process.249 For example, during the silica shell formation in the 
microemulsion method, more than one nanoparticle can end up inside the silica  
shell.250, 251 Encapsulation of multiple nanoparticles in one silica shell can be controlled 
with the amount of detergent in the reaction as the detergents control the size and shape 
of the micelles. Higher detergent amounts form smaller micelles that can capture only 
single nanoparticles.111, 252 Multidentate ligands, such as PAA, can also form bridges 
between the nanoparticles during the coating process resulting in aggregation.253 
Hlaváček et al. purified biomolecule conjugated silica and PAA-coated UCNPs with 
agarose gel electrophoresis to separate aggregates from single UCNPs.254 
Monodispersity of nanoparticles is very important especially in digital assays, and 
Hlaváček et al. demonstrated that gel-electrophoresis-purified single nanoparticles are 
highly suitable for bioassays with a digital readout. In addition, purified bioconjugated 
UCNPs had better reactivity in the bioassay than unpurified bioconjugates.254 

Surface modified UCNPs usually have a high colloidal stability in water. However, 
colloidal stability in buffers or biological media can be limited depending on the surface 
modification. Colloidal stability is especially poor in phosphate buffer with UCNPs 
coated with coordinated ligands140, 255-257, which are typically produced with the ligand 
exchange method. The instability in buffers has been attributed to buffer salts that have 
an affinity to lanthanide ions on the UCNP surface and can therefore replace the ligands 



Review of the literature 

36 
 

from the UCNP surface.258 Phosphate buffer has the largest effect on the colloidal 
stability as phosphate groups have a high affinity towards lanthanides, which can also 
cause the dissolution of the nanoparticle ions as mentioned above.156 Stability and 
detachment of the ligand is also affected by the buffer pH. PAA polymer coated UCNPs 
showed aggregation in phosphate buffer pH 7.4, but in a pH 9.3 borate buffer, no 
aggregation was observed due to the full ionization of the PAA polymer.255 Polyethylene 
glycol (PEG) phosphate ligand was observed to detach from the UCNP surface at above 
pH 8, which was attributed to the replacement of the ligand with the OH groups in the 
solution.140 In some cases, crosslinking the ligands has been proven to prevent 
aggregation in the buffers.121 Additionally, the coordinating group of the ligand affects 
the stability. Because the phosphate groups have the highest adsorption strength to 
lanthanides, phosphate containing ligands are not easily detached from UCNPs’ surface 
even in phosphate buffer when compared to carboxylic or sulphonic acid groups.257     

Silica forms a shell around the nanoparticle and it therefore does not detach from the 
nanoparticle surface rendering the coating fairly stable. However, silica-coated 
nanoparticles have a negative charge, and thus the pH, salt concentration, and buffer ion 
need to be carefully optimized to keep the silica coated UCNPs colloidally stable.259, 260 
Thin silica shell formed with a water-in-oil microemulsion method has been shown to 
lead to aggregation when the silica coated particles are washed after the coating 
reaction.261 Aggregation has been attributed to surface ligands, such as OA, which is not 
completely removed from the particle surface during silica coating, and therefore leads 
to aggregation.258 This problem can be solved by first removing the hydrophobic ligand 
and replacing it with a hydrophilic ligand in a ligand exchange reaction before the silica 
coating.248, 262  

Nanoparticles can also aggregate in biological media and the sample matrices have 
different effects on the aggregation rate. Juntunen et al. observed that the anticoagulant 
in venipuncture tubes had a significant effect on the nanoparticle mobility in LF tests, 
which affected also the LOD.241 EDTA anticoagulant was observed to cause aggregation 
and the UCNP mobility was therefore limited in the matrix. The aggregation of 
nanoparticle conjugates can be also caused by non-specific adsorption of biomolecules 
to the nanoparticle surface. This non-specific adsorption of proteins is called as the 
formation of protein corona and all the nanoparticles can most likely adsorb some 
protein corona even if they are not designed to do so.263 Most of the surface modification 
methods produce nanoparticles with surface charges, which promotes their colloidal 
stability but leads to electrostatic interactions with biomolecules of the sample material 
in the assay. The instability of PAA coated UCNPs in serum and aggregation of amine-
modified silica nanoparticles were hypothesized to result from non-specific protein 
adsorption on the nanoparticle surface.253, 264 In heterogeneous bioaffinity assays, non-
specific binding of conjugated nanoparticles to the solid support without the specific 
biomolecule recognition is most likely caused by this non-specific protein adsorption to 
the nanoparticle surface. The nanoparticles can adsorb proteins attached to the solid 
support or the interactions can occur through the biomolecules in the sample matrix. 
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By preventing the non-specific interactions of the nanoparticle conjugates with each 
other and with the solid support, the sensitivity of the bioaffinity assays could be vastly 
improved because emission based only on biomolecule recognition would be detected. 
Non-specific binding can be affected with surface modification. Combining other 
surface ligands with PEG has been proven to reduce surface adsorption of proteins and 
also non-specific binding.247, 253, 265, 266 Nsubuga et al. demonstrated that PEG-phosphate, 
alendronic acid, and photocrosslinked polydiacetylenes had almost a neutral surface 
charge at physiological pH and prevented the formation of protein corona even in high 
serum concentrations.124, 267 By using these surface modifications, UCNPs would be 
great candidates for bioaffinity assays with low, non-specific binding of the reporter. 
However, reports on their use in bioaffinity assays have not yet been reported.  
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3 AIMS OF THE STUDY 
The overall objective of the thesis was to study UCNPs as reporters in bioaffinity assays 
and to demonstrate their potential to assays that require high sensitivity detection. In the 
thesis, drawbacks that limit the use of UNCPs in bioaffinity assays were studied in order 
to find solutions for them. In addition, the aim was to demonstrate the potential of 
UCNPs for new bioaffinity assay applications.  

More specifically, the aims were: 

I To introduce a new donor acceptor pair in UC-RET-based bioaffinity assay 
 where the acceptor has intrinsically longer luminescent lifetime than the donor. 
 UNCPs were used as donors and intrinsically luminescent lanthanide chelate as 
 an acceptor in homogeneous back titration assay for biotin.  

II To study the dissolution of particle constituting ions of hexagonal fluoride-
 based host matrix UCNPs in water suspensions and characterize the impact 
 of ion dissolution to nanoparticle structural integrity and upconversion 
 luminescence. The dissolution was studied with different UCNP 
 concentrations and different surface modifications.  

III To reduce non-specific binding of antibody conjugated UCNPs to solid 
 support to improve the sensitivity of heterogeneous sandwich immunoassays 
 employing UCNP reporters. Heterogeneous assays with two model analytes, 
 cTnI and TSH, were used to demonstrate that the method to decrease non-
 specific binding is generic.    

IV To demonstrate the applicability of UCNPs to upconversion cross-correlation 
 spectroscopy (UCCS) and to develop a homogeneous sandwich immunoassay 
 by using two UCNPs emitting at different wavelengths. TSH was used as model 
 analyte and the measurement was based on simultaneous detection of green- 
 and blue-emitting UNCPs.  
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4 SUMMARY OF MATERIALS AND METHODS 
A brief summary of materials and methods employed in this study is presented here. 
More detailed information can be found in the original publications (I–IV). 

4.1 Synthesis and surface modification of UCNPs 
OA-capped crystalline UCNPs used in the original publications I–IV were synthesized 
by high-temperature co-precipitation in organic oils.94, 268, 269 The compositions of 
UCNPs used in the original publications are presented in table 1. In the original 
publication I, part of the Na+ was replaced with K+ in order to enhance the blue 
emission.269 The size of the synthesized UCNPs was characterized with transmission 
electron microscopy (TEM, JEM-1400 Plus TEM, 80 kV, JEOL, Massachusetts, USA) 
by measuring the diameters of 60–100 nanoparticles from the TEM images with ImageJ 
software (http://rsb.info.nih.gov/ij/). 

After the synthesis, UCNPs were insoluble to water and did not contain functional 
groups for biomolecule conjugation. In order to render the UCNPs water dispersible, 
they were coated with PAA of Mw 200011, a thin silica shell according to modified 
protocol by Zhang et al.270 or a thick silica shell according to Wilhelm et al.271 Silica 
shell formations were based on reverse microemulsion method using 
tetraethylorthosilicate and (N-(3-trimethoxysilyl)-propyl)ethylene diamine to introduce 
primary NH2 groups, which were subsequently converted to carboxylic acid groups with 
glutaric anhydride.272 The carboxylic acid groups on the UCNP surface were conjugated 
to biomolecules using standard carbodiimide chemistry.125 The surface modifications 
and possible biomolecule conjugated to the UCNPs are presented in  
Table 1. UCNP concentrations were determined after every biomodification step by 
comparing the luminescence of the coated UCNPs to the luminescence of the  
as-synthesized UCNPs. 

Table 1. Nanoparticle composition and surface modifications in the original publications (I–IV) 
Nanoparticle 
composition 

 
Surface mofication Conjugated to Publication 

Na0.8K0.2YF4:Yb3+,Tm3+ 
XYb 0.2, 

XTm 0.005 Thin silica shell Streptavidin I 

NaYF4:Yb3+,Tm3+ “ Poly(acrylic acid) Mab-5404* IV 

NaYF4:Yb3+, Er3+ 
XYb 0.17, 
XEr 0.03 Thin silica shell - II 

NaYF4:Yb3+, Er3+ “ Thick silica shell - II 

NaYF4:Yb3+, Er3+ “ Poly(acrylic acid) 
Nothing (II) or 

Mab-625** (III)  II–III 

NaYF4:Yb3+, Er3+ “ Poly(acrylic acid) Mab-5409* III-IV 
*Monoclonal antibodies specific to human thyroid-stimulating hormone 
**Monoclonal antibody specific to cardiac troponin I   
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4.2 Luminescence measurements 

4.2.1 Luminescence intensity 

The steady-state upconversion luminescence of the UCNPs in the original publications 
I–III and the sensitized emission of the acceptors in the publication I were measured 
with Plate Chameleon fluorometer (Hidex Oy, Finland) equipped with a 980 nm laser.5 
In the original publication I, the steady-state measurement of the sensitized acceptor 
emission was collected for 2 s under continuous excitation at 980 nm. The time-resolved 
(TR) sensitized acceptor emission intensity was measured using 2900 cycles with 10 ms 
cycle time, 3 ms wide-pulsed excitation at 980 nm, 1 ms delay after the excitation pulse, 
and 2 ms measurement window. Both steady-state and TR sensitized acceptor emission 
of the Eu3+ chelate were measured from solution by using a 615 nm bandpass filter with 
a half width of 15 nm. In the original publication II, the green emission of UCNPs was 
measured from the solution by using a 535 nm bandpass filter with a half width of  
40 nm, and 2 s readout was used under 980 nm continues excitation. In the original 
publication III, the emission was measured with the same bandpass filter, but the 
emission intensity from each well was measured from the bottom of the microtiter well 
surface with a nine-point raster and a 2 s readout for each point.  

4.2.2 Luminescence decays 

In the original publication I, decays of the UCNP donor and sensitized Eu3+ chelate 
acceptor were recorded with lifetime measurement mode of the 980 nm laser modified 
Plate Chameleon fluorometer. Lifetimes of the Na0.8K0.2YF4:Yb3+,Tm3+ UCNPs and the 
sensitized Eu3+ chelate were obtained by exposing the samples repeatedly to a 3 ms 
wide, 980 nm excitation pulse and measuring the decays at 365 nm (365 nm bandpass 
filter with 20 nm half width) and 615 nm (615 nm bandpass filter with 15 nm half width), 
respectively, and fitting the obtained data with the single-order exponential decay 
function of Origin8 (OriginLab, Northampton, MA). 

4.2.3 Luminescence spectra 

In the original publication I, the spectra of the UCNP and acceptors were measured with 
the Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, Santa Clara, 
CA). For the measurement of the UCNP emission spectrum, the device was equipped 
with a 980 laser diode. The emission spectrum of the UCNP was measured with the 
bio/chemiluminescent mode. The standard excitation source of the device was utilized 
for the measurements of emission and excitation spectra of the acceptors. The spectra 
of the Eu3+ chelates were measured with the phosphorescence mode.   

4.2.4 Upconversion cross-correlation spectroscopy 

In the original publication IV, the binding of the differently emitting UCNPs together 
was measured with UCCS using home-build confocal microscopy to acquire the time 
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traces.273 The setup contained a continuous wave Ti-sapphire laser (3900S Spectra 
Physics, Santa Clara, CA) tuned to 977 nm emission wavelength. The laser was reflected 
by a 30:70 beam splitter (XF122 Omega Optical, Battleboro, VT) into an oil immersion 
objective (UPlanSApo 100x NA = 1.4, Olympus, Japan), which focused the laser on a 
spot with a 1/e2 beam radius of about 840 nm. For the detection of Er3+ and Tm3+-doped 
UCNPs, the upconversion emission was separated into two spectral channels with a  
488 nm dichroic mirror. The emissions were detected with avalanche photodiodes 
(CD3226, PerkinElmer, Waltham, MA) connected to a single photon counting module 
(SPC-830, Becker & Hickl, Germany). A more detailed description and an illustration 
of the setup can be found in the original publication IV.       

4.3 Characterization of UCNP disintegration 
In the original publication II, disintegration of the differently coated UCNPs in water 
solutions was studied by measuring the amounts of ions dissolved from the UCNP 
nanocrystal, visually characterizing the structural integrity of the nanoparticles, and 
measuring the upconversion emission intensity over time. The prevention of the 
nanoparticle disintegration was also studied by adding free fluoride ions into the UCNP 
suspensions.  

The dissolved fluoride ion concentration was determined from the water suspensions of 
the PAA-functionalized UCNPs in three concentrations. The UCNPs were incubated for 
0, 24 or 96 hours in water, after which TISAB III concentrate (Mettler Toledo, 
Switzerland) was added to adjust ionic strength of the suspensions, and the fluoride ion 
concentration was measured with fluoride electrode (perfectION, Mettler Toledo) 
according to manufacturer’s instructions. The dissolved concentrations of Y3+, Yb3+ and 
Er3+ were determined with an inductively coupled plasma mass spectrometer (ICP-MS, 
PerkinElmer Elan 6100 DRC Plus, MDS, SCIEX, Concord, ON, Canada) after 
incubating the PAA-functionalized UCNPs in water or KF solution for 24 h. Before the 
analysis, possible nanoparticle remnants were removed by centrifugation and the 
supernatant was diluted to deionized water for the measurements. The structural 
integrity of the PAA-functionalized UCNPs in water suspensions was characterized 
with TEM using an 80 kV electron beam. The UCNPs were incubated in water or KF 
solution for 0 or 24 h, after which the UCNPs were concentrated with Nanosep 30K 
omega centrifugal devices (PALL Life Sciences, NY, U.S.A) and the concentrated 
solutions were pipetted onto silicon monoxide copper grids and were left to dry.  

Time-course measurements of upconversion emission intensity were performed by 
diluting the thin and thick silica and PAA-functionalized UCNPs to water or KF 
solution. Water or 1 mM KF in water in a volume of 97 µL was added to the clear 
Greiner polypropylene microtiter plate (Sigma-Aldrich, Missouri, U.S.A). The 
differently functionalized UCNPs were added to the wells in the volume of 3 µL to final 
concentrations from 0.5 to 200 µg mL-1 in four replicates, and the wells were incubated 
in slow shaking. Upconversion emission intensity was measured over time between 0 
and 24 h.  
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4.4 Bioaffinity assays 

4.4.1 Homogeneous assay using Eu3+ chelate as an acceptor 

In the original publication I, a donor-acceptor pair was introduced in UC-RET system 
where biotinylated intrinsically luminescent nonadentate Eu3+ chelate (bio-Eu3+) was 
used as an acceptor and streptavidin (SA) coated Tm3+-doped UCNPs (UCNP-SA) were 
used as donors. The donor-acceptor pair was used in a homogeneous back-titration assay 
for biotin in order to demonstrate its functionality. The principle of the assay is depicted 
in Figure 11. The energy transfer mechanism between the donor and the acceptor and 
the lifetimes of the donor emission and sensitized acceptor emission were also studied.  

 

Figure 11. Principle of the homogeneous back-titration assay for biotin based on upconversion resonance 
energy transfer (UC-RET) between streptavidin (SA) conjugated Tm3+-doped upconverting nanoparticle 
(UCNP) donors and biotinylated Eu3+ chelate (Bio-Eu3+) acceptor. Biotin acting as an analyte competes 
with the bio-Eu3+ in binding to the SA on the surface of the UCNPs. When bio-Eu3+ is bound to the SA 
onto UCNP surface, the energy is transferred from the UCNP to the Eu3+ chelate upon 980 nm excitation 
and the sensitized acceptor emission can be measured at 615 nm with the steady-state or time-resolved 
mode.  

The emission spectrum of the UCNP and the emission and excitation spectra of the Eu3+ 
chelate were measured with Cary Eclipse Varian fluorescence spectrophotometer. The 
UCNPs were diluted in dimethylsulfoxide to a concentration of 1 mg mL-1 and the Eu3+ 
chelate was diluted in TSA (50 mM Tris-HCl, pH 7.75, 150 mM NaCl, 0.5 g L-1 NaN3) 
to a 1 µM concentration.  

For the luminescence decay measurements of the UCNP-SA-bio-Eu3+ complex, the 
UCNP-SA was diluted in assay buffer (Kaivogen, Finland) to a 15 µg mL-1 
concentration and bath sonicated (Finnsonic, Finland) for 3 minutes. Next, bio-Eu3+ was 
added to a final concentration of 50 nM and the solution was incubated for 15 min in 
order to allow the complex to form. The decays of the UCNP emission and sensitized 
acceptor emission were measured at 365 nm and 615, respectively, as described in 
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section 4.2.2. In addition, the decay of UCNP-SA at 365 nm was measured without the 
bio-Eu3+ bound to the UCNP surface.  

The homogeneous back-titration assay was performed in black, half area 96-well 
microtiter plate (Corning, NY). The total reaction volume in a well was 80 µL, which 
contained 32 µL of biotin at final concentrations from 0 to 10,000 nM, 24 µL of  
UCNP-SA at a final concentration of 7.5 µg mL-1, and 24 µL of bio-Eu3+ at a final 
concentration of 34 nM. The 0 concentration was studied in eight replicates and the 
other concentrations in four replicates. In the assay, first the biotin in different 
concentrations and UCNP-SA were mixed together and incubated for 15 min in slow 
shaking. Then, the bio-Eu3+ was added and the solutions were incubated again for 15 
minutes in order to the bio-Eu3+ to bind those sites were the free biotin was not bound. 
The sensitized emission of the bio-Eu3+ was measured with the steady-state and TR 
modes as described in section 4.2.1.  

4.4.2 Improving the sensitivity of UCNP-based immunoassays 

In the original publication III, the background emission originating from non-specific 
binging of the antibody-conjugated UCNPs was reduced in heterogeneous sandwich 
immunoassays for cTnI and TSH in order to improve their sensitivity. The non-specific 
binding of the PAA-functionalized and antibody-conjugated UCNPs was reduced by 
mixing free PAA with the antibody UCNP conjugate before adding them into the 
microtiter wells.  

The cTnI immunoassay was performed in Nunc C8 Lockwell LUMI White Maxisorp 
microtiter plates (Thermo Fisher, Waltham, MA), which were coated with  
SA274 (Biospa, Italy). First, 150 ng of biotinylated monoclonal antibody 19C7 (Hytest, 
Finland) and 50 ng of biotinylated recombinant antigen binding fraction 9709 (cloned 
from Medix Biochemica, Finland, hybridoma cell line) were added to the prewashed 
wells in 50 µL volume of assay buffer and incubated for 30 min in RT and slow shaking. 
The wells were washed once with wash solution (Kaivogen), and then 10 µL of cTnI 
calibrators (human cardiac troponin I, T and C complex from Hytest) in Tris-buffered 
saline supplemented with bovine serum albumin (TSA-BSA, 50  mM Tris, pH 7.5,  
150 mM NaCl, 0.5 g L-1 NaN3, 75 g L-1 BSA) was diluted to 40 µL of sample buffer 
(37.5 mM Tris, pH 8.6, 500 mM NaCl, 0.4 g L-1 NaN3, 0.6 g L-1 bovine gamma-
globuline, 25 g L-1 BSA, 50 g L-1 D-trehalose, 0.8 g L-1 native mouse IgG, 0.05 g L-1 
denaturated mouse IgG, 2 g L-1 casein and 37.5 IU mL-1 heparin) and added to the wells. 
The calibrators were incubated for 30 min in RT and slow shaking, after which the wells 
were washed once with wash solution. The monoclonal antibody 625 conjugated 
UCNPs (Mab-625-UCNP) were diluted in modified assay buffer (assay buffer 
supplemented with 0.2 wt% milk powder, 0.8 g L-1 native mouse IgG, 0.05 g L-1 
denaturated mouse IgG) and 200 ng of UCNPs were added in 50 µL volume to the wells. 
Mab-625-UCNPs were incubated for 15 min before the wells were washed four times 
and left to dry before the measurement.  
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TSH-immunoassay was performed with small modifications to the cTnI immunoassay 
protocol. The immunoassay was performed in white streptavidin coated microtiter 
plates (Kaivogen). The plates were prewashed and 100 ng of biotinylated monoclonal 
antibody 5404 (the Mab was purchased from Medix Biochemica) was added to the wells 
in 50 µL volume. After 30 min incubation, the wells were washed once and 10 µL of 
TSH calibrators (Scripp Laboratories, San Diego, CA) in TSA-BSA was diluted with 
40 µL of assay buffer and added to the wells. The calibrators were incubated for 30 min 
and the wells were washed once. The monoclocal antibody 5409 conjugated UCNPs 
(Mab-5409-UCNPs) were diluted in assay buffer and 800 ng of UCNPs were added to 
the wells in 50 µL volume. The Mab-5409-UCNPs were incubated in wells for 30 min 
before washing the wells four times and left to dry. 

In both assays, free PAA was mixed with the Mab-UCNP conjugates before adding 
them to the wells. In the cTnI immunoassay, 0.05 wt% of 1200 Mw PAA was used and, 
in THS immunoassay, 0.5 wt% of 2000 Mw PAA.    

4.4.3 Upconversion cross-correlation spectroscopy of an immunoassay 

In the original publication IV, the binding of the TSH analyte was detected with UCCS 
in a homogeneous sandwich immunoassay. The NaYF4:Yb3+,Er3+ (green emission) and 
NaYF4:Yb3+,Tm3+ (blue emission) UCNPs were conjugated to antibodies recognizing 
different epitopes of the TSH, thus forming a sandwich-complex. The binding of the 
analyte was detected by the simultaneous emission of blue and green light upon  
977 nm laser excitation when the sandwich-complex diffused through the laser focal 
volume (Figure 12).  

 

Figure 12. Principle of the upconversion cross-correlation spectroscopy sandwich immunoassay for 
thyroid-stimulating hormone (TSH). The bound TSH is detected by the coincident emission of 
NaYF4:Yb3+,Tm3+ (blue) and NaYF4:Yb3+,Er3+ (green) nanoparticles when the sandwich-complex diffused 
through the 977 nm laser focal volume.  
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The TSH immunoassay contained a 17.8 µL combined volume of Mab-5409 conjugated 
NaYF4:Yb3+,Er3+ UCNPs and Mab-5404 conjugated NaYF4:Yb3+,Tm3+ UCNPs and  
10 µL of TSH in TSA-BSA. The final concentration of both UCNPs was  
0.39 mg mL-1 and the TSH range tested was 0–2880 mIU L-1. The total volume was 
adjusted to 30 µL with assay buffer. The reaction was incubated for 30 min and then a 
33-fold dilution was made to assay buffer/D2O (1/10) for the UCCS measurement 
resulting in 0.012 mg mL-1 UCNP concentration in the measurement. The dilution 
contained assay buffer to prevent aggregation of UCNPs in the dilution. D2O was used 
to enhance UCNP emission intensity and to prevent heating of the sample by absorption 
of the laser.  
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5 SUMMARY OF RESULTS AND DISCUSSION 

5.1 Characterization of upconverting nanoparticles 
The UCNPs used in the original publications I-IV were spherical or rod-like in shape 
and between 20 to 50 nm in size according to the TEM images (Figure 13, Table 2). The 
UCNPs in the original publication I were larger and had more deviation in size than the 
UCNPs in the other publications. In the synthesis, a part of the Na+ was replaced by K+ 

in order to increase the upconversion emission at UV and blue wavelengths as in the 
previous study.269 According to the study, K+ did not actually enter the lattice, but 
affected the crystal lattice by controlling the Na/Yb3+,Tm3+ ratio and thus the Yb3+-Yb3+ 
and Yb3+-Tm3+ distances. However, the K+ addition to the synthesis resulted in a slightly 
higher nanoparticle size. The enhanced UV emission was important for energy transfer 
between the UCNPs and Eu3+ chelate, although smaller nanoparticle size would be more 
beneficial in UC-RET applications to prevent radiative background from the donor. All 
UCNPs used in the original publications were hexagonal in crystal structure (data not 
shown).  

 

Figure 13. Transmission electron microscopy images of the Na0.8K0.2YF4:Yb3+,Tm3+ nanoparticles used in 
the original publication I (A), NaYF4:Yb3+, Er3+ nanoparticles used in the original publications II (B), III 
(C) and IV (D), and NaYF4:Yb3+,Tm3+ nanoparticles used also in the original publication IV (E). UCNPs 
were imaged with JEM-1400 Plus TEM using a 80 kV electron beam.  
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Table 2. Average diameters of the upconverting nanoparticles used in the original publications determined 
from transmission electron microscopy images by measuring the sizes of 60−100 nanoparticles with 
ImageJ.    

 
Nanoparticle Width (nm) Height (nm) Publication 

A Na0.8K0.2YF4:Yb3+,Tm3+ 43 ± 5 54 ± 5 I 

B NaYF4:Yb3+, Er3+ 25 ± 3 31 ± 3 II 

C NaYF4:Yb3+, Er3+ 21 ± 2 25 ± 2 III 

D NaYF4:Yb3+, Er3+ 24 ± 1  29 ± 1 IV 

E NaYF4:Yb3+,Tm3+ 29 ± 1 31 ± 1 IV 
 

In the original publication I, the UCNPs were coated with a thin silica shell in order to 
keep the energy transfer distance between the emitting ions in the UCNP donor and the 
acceptor as short as possible. The silica layer is so thin that it cannot be observed with 
ordinary TEM. The thin silica shell should be visualized with High resolution TEM 
(HR-TEM). The silica-functionalized UCNPs in the original publication I were not 
imaged with HR-TEM, but the thin silica shell acquired with the same protocol has been 
previously characterized and, according to the HR-TEM images, the silica shell was 
under 2 nm (data not shown).  

In the original publication II, the UCNPs were functionalized with PAA, thin and thick 
silica shells in order to study the effect of the surface coating on the disintegration of 
the nanoparticles. As with the thin silica coating, the PAA surface on nanoparticles is 
so thin that it cannot be detected with TEM. The PAA surface is estimated to be under 
2 nm thick, but further studies with e.g. HR-TEM are needed to confirm the hypothesis. 
However, the thick silica shell performed according to the protocol by Wilhelm271 was 
detected with TEM (Figure 14). The silica shell thickness was on average 5.8 ± 0.55 nm 
measured with imageJ. The shell thickness varies slightly in the nanoparticle and 
between the nanoparticles. The shell thickness can be modified by alternating the 
amount of silane used in silanization.250, 275, 276 The UCNPs were coated with silica with 
two different protocols, as UCNPs aggregated strongly when the amount of  silane was 
reduced in protocol by Wilhelm et al. in order to achieve a thinner silica layer (data not 
shown). Therefore, the thin silica shell was formed according to modified protocol by 
Zhang et al.270  
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Figure 14. Transmission electron microscopy image of the thick silica-functionalized upconverting 
nanoparticles in the original publication II. 

In the original publications III and IV, the nanoparticles were functionalized with PAA 
in order to obtain highly monodisperse and colloidally stable particles with carboxylic 
acid groups for bioconjugation. As stated above, the silica shell forms a stable 
covalently-coupled shell around the nanoparticles, but more than one nanoparticle can 
end up inside the silica shell250, 251, and a silica shell formed with the microemulsion 
method can be prone to aggregation261. The PAA-functionalized UCNPs have been 
proven to be colloidally stable because of the high negative surface charge due to the 
multiple carboxylic acid groups.253, 277, 278 The carboxylic acid groups provide 
electrostatic and steric repulsion preventing aggregation between the nanoparticles.279, 

280 Nevertheless, PAA is chemically adsorbed onto the UCNP surface and can detach in 
certain conditions, such as in highly acidic environments.   

5.2 Disintegration of UCNPs 
The disintegration of UCNPs’ structural integrity in water and its effect on upconversion 
luminescence was studied in the original publication II. Fluoride ions dissolved from 
the PAA-coated UCNPs were determined with fluoride ion electrode by incubating the 
PAA-coated UCNPs in water at different concentrations for different lengths of time 
(Table 3). Dissolved fluoride ion concentration in the solution increased significantly 
until 24 h of incubation and, after that, it remained constant at 0.08 mM in all UCNP 
concentrations. Shorter incubation times than 24 h were not studied, but the dissolution 
is most likely faster as indicated by the time-course upconversion luminescent studies 
(figure 15). More importantly, the maximum dissolved fluoride ion concentration in the 
solution was constant and independent of the UCNP concentration. The dissolved 
fluoride mole fractions, i.e the amount of dissolved fluoride ions compared the total 
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fluoride ions in the nanoparticles at certain concentrations, were dependent on the 
UCNP concentration: the smaller the UCNP concentration, the higher the dissolved 
fluoride mole fraction. This implies that, after reaching a certain concentration of 
fluoride ions in the solution, a solubility equilibrium is achieved in the solvent and the 
dissolution stops. Therefore, in low UCNP concentrations, most of the nanoparticle 
fluoride ions need to be dissolved before the solubility equilibrium is achieved.   

Table 3. Dissolved fluoride ion concentrations at different time points in water suspensions with different 
UCNP concentrations 

  UCNP concentration (µg/ml)  
5 15 50 

time [fluoride] (mM) 

0 h 0.004 0.008 0.015 
24 h 0.07 0.08 0.08 

96 h 0.07 0.08 0.08 

 dissolved fluoride (mol %) 

96 h 66.4 24.2 7.3 
  
In addition to fluoride, the dissolution of the rare earth ions (Y3+, Yb3+ and Er3+) was 
determined with ICP-MS after the incubation of the PAA-coated UCNPs in water for 
24 h. According to the ICP-MS analysis, rare earth ions also dissolved into to the 
solution (Table 4). The mole ratios of the dissolved ions differentiate from the mole 
ratios of the as-prepared UCNPs (Y3+ 80%, Yb3+ 17%, Er3+ 3 %), which might be due 
to the uneven distribution of ions in the nanoparticles.96, 97 The Y3+, ions might be 
concentrated on the surface of the nanoparticles and therefore they dissolved 
excessively when compared to Yb3+ which are more concentrated in the nanoparticle 
center and dissolved to a lesser extent.  
 
Table 4. Molar amounts of dissolved rare earth ions, the percentage of dissolved ions when compared to 
the total amount of that ion in the nanoparticles, and the molar ratios of the dissolved ions determined with 
ICP-MS after incubating 5 µg/mL of PAA coated UNCPs in water for 24 h.    

R3+ ion  dissolved R3+ (mol) dissolved R3+  
 (mol %) 

dissolved R3+/ 
dissolved 

total R (%) 

total Y3+, Yb3+, Er3+ (x 10-6 M) 4.18 53.3 100 
Y3+  (x 10-6 M) 3.76 60.0 90.1 
Yb3+ (x 10-6 M) 0.323 24.3 7.74 
Er3+ (x 10-6 M) 0.0914 38.8 2.19 

R3+ = rare earth ion 
 
The dissolution of the ions can be described with the equilibrium equation (eq1), with 
the assumption that the ions would dissolve stoichiometrically. The R3+ denotes the rare 
earth ions Y3+, Yb3+ and Er3+.  
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NaRF4 (s)
H2O
��  Na+ (aq) + R3+(aq) + 4F- (aq) (Eq. 1) 

Based on equation 1, a solubility product Ksp can be formed (eq2). 

Ksp =  [Na+][R3+][F-]4          (Eq. 2) 

From equation 2, it can be concluded that the fluoride ion has the highest impact on the 
solubility product, and therefore fluoride ions have also a major impact on the 
disintegration of the UCNPs.  

The ion dissolution from the UCNPs most likely affects the upconversion luminescence, 
which was studied by measuring the emission intensity at different time points after 
diluting the PAA-coated UCNPs in water (Figure 15a). Upconversion luminescence 
decreased over time, which is presumably due to the loss of lanthanide ions that act as 
luminescent centers in the UCNPs. More importantly, the luminescence decrease was 
highly dependent on the UCNP concentration. This observation supports the hypothesis 
that the ions dissolve until an equilibrium is achieved. With low UCNP concentrations, 
the nanoparticles are disintegrated almost completely until the equilibrium is achieved 
in the solvent and most of the luminescence is lost. High concentrations of UCNPs 
contain high amounts of ions, and therefore only a minor disintegration is needed before 
equilibrium is achieved. The ion dissolution from the nanoparticles and its negative 
effect on the upconversion luminescence have also been observed in studies by Lisjak 
et al.155-157 They studied the dissolution of ions in higher UCNP concentrations, and 
therefore they observed changes that were not as significant as in this thesis.  

 
Figure 15. Time course upconversion with poly(acrylic acid) coated NaYF4:Yb3+,Er3+ upconverting 
nanoparticles (UCNP) suspended a) in water (right) or b) in 1 mM KF in water. The nanoparticle 
concentrations were 0.5 (black), 1 (red), 5 (blue), 10 (magenta), 50 (green), 100 (dark blue), and 200 μg/mL 
(orange). 
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In addition, the different UCNP coatings were tested in order to study whether the 
coating can prevent the dissolution of ions. The upconversion luminescence decreased 
over time with the PAA, thin and thick silica coatings, but with the thick silica shell the 
decrease was slower than with the other coatings (detailed information in  
publication II). The thick silica shell protected the particle from the environment more 
effectively but could not completely prevent the dissolution of ions. Because the silica 
shell is amorphous, the solvent can access the nanoparticle surface. Also, as observed 
in figure 14, the silica shell thickness around the nanoparticles can vary rendering part 
of the surface more vulnerable. After the first publications on UCNP disintegration, 
different methods for surface modifications of UCNPs to prevent ion dissolution have 
been studied.164-167   

If the ions dissolve until equilibrium is achieved, the disintegration of UCNPs could be 
prevented by adding free ions to the UCNP solution. As the fluoride ions have the 
highest impact on the solubility product, KF was added to the solution to prevent the 
disintegration of the UCNPs. The smallest amount of KF to prevent the disintegration 
was determined to be 0.1 mM, which corresponds to the dissolved fluoride ion 
concentration determined with a fluoride ion electrode (detailed information in the 
original publication II). However, a ten times higher concentration was chosen for the 
study of the UCNP concentration effect on the upconversion luminescence. At 1 mM 
KF concentration, the upconversion luminescence did not decrease significantly with 
any of the UCNP concentrations (Figure 15b). Therefore, the free fluoride ion in the 
solution prevented the disintegration of the nanoparticles. These results were later 
confirmed also by Dukhno et al.159        

The disintegration of the UCNPs was visually studied with TEM. The disintegration 
was clearly observed in the TEM images after incubating the PAA coated UCNPs in 
water for 24 h (Figure 16). According to the TEM images, the disintegration was 
anisotropic creating distinctive holes in the middle of the nanoparticle. The dissolution 
of ions seems to proceed from the (001) crystal plane of the hexagonal lattice, leaving 
the (100) and (010) crystal planes intact. This might be due to the stabilization of the 
(010) crystal plane by the PAA ligand. According to the studies on anisotropic synthesis 
of UCNPs, OA stabilizes the (101) plane.92 In this study, the PAA ligand stabilized the 
(010) crystal plane, and therefore the dissolution of ions from the (001) plane is favored. 
For comparison, at the zero-time point, the TEM samples were prepared immediately 
after dilution of UCNPs to water, and therefore no disintegration was observed in the 
images. More importantly, no disintegration was observed at the UCNPs which were 
incubated in 1 mM KF in water for 24 h verifying the conclusion that the free fluoride 
ion in the solution prevents UCNP disintegration. 
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Figure 16. Visual detection of poly(acrylic acid coated) NaYF4:Yb3+,Er3+ upconverting nanoparticle 
disintegration based on TEM. The nanoparticles were incubated for 0 (left) or 24 h (middle) in water and 
24 h in KF in water (right). A 5.5 times magnification of one nanoparticle is presented at the inset. 

5.3 Bioaffinity assays 

5.3.1 Homogeneous assay using Eu3+ chelate as an acceptor 

In the original publication I, the suitability of an Eu3+ chelate acceptor for UC-RET-
based applications was demonstrated. In the study, an intrinsically fluorescent 
nonadentate Eu3+ chelate with strong absorption centered at 330 nm and extending to 
360 nm was used as an acceptor (Figure 17a). The Eu3+ chelate had sharp emission band 
at 613 nm corresponding to 5D07F2 transition. The Na0.8Y0.2KF4:Yb3+,Tm3+ UCNP 
used as a donor had emission bands of Tm3+ at 345 and 362 nm, which overlap with the 
excitation spectrum of the Eu3+ chelate. In addition, the UCNPs had local emission 
minimum at 615 nm, where the emission of the Eu3+ chelate was measured. The 
emission of the Eu3+ chelate is easy to separate from the emission of the UCNP donor 
due to the large Stokes shift, which is not possible with traditional fluorescent dye 
acceptors.  

Lifetime of the donor upconversion luminescence and sensitized acceptor emission 
were determined from the UCNP-SA alone or from the donor-acceptor complex in order 
to demonstrate that the decay of the sensitized Eu3+ chelate emission is longer than the 
emission decay of the donor. The photoluminescence lifetimes were determined to be 
261 ± 1 and 258 ± 1 µs for UCNP-SA alone and UCNP-SA-bio-Eu3+ complex at  
365 nm, respectively (Figure 17b). The lifetime of the sensitized Eu3+-chelate emission 
at 615 nm was 1250 ± 7 µs, which was approximately five times longer than the lifetime 
of the donor. In traditional TR-FRET with lanthanide chelates as donors and fluorescent 
dyes as acceptors, the apparent luminescence lifetime of the acceptor is dependent on 
the luminescence lifetime of the donor. However, when using Eu3+ chelates as acceptors 
in the UC-RET application, the intrinsic luminescent lifetime of the acceptor is longer 
than the lifetime of the donor. Therefore, the lifetime of the sensitized Eu3+ chelate 
emission is not dependent on the donor lifetime and the energy-transfer efficiency.  
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Figure 17. a) The spectral principle of the upconversion resonance energy transfer between UCNPs and 
Eu3+ chelate. The UCNP luminescence emission spectrum (blue), excitation (black) and emission (red) 
spectra of the intrinsically luminescent nonandentate Eu3+ chelate. b) Luminescence decay curves for 
UCNP-SA alone at 365 nm (orange), UCNP-SA-bio-Eu3+ at 365 nm (blue), and sensitized Eu3+ chelate 
emission at 615 nm (red). a.u. = arbitrary units   
The feasibility of the introduced UC-RET donor-acceptor pair to bioaffinity assays was 
demonstrated with back-titration assay for biotin. The sensitized Eu3+ chelate emission 
was measured with the steady-state and TR mode (Figure 18). The data was analyzed 
by using sigmoidal fitting of Origin8. The LOD, calculated by subtracting three times 
the standard deviation from the mean of zero calibrator, were 3 nM with both 
measurement modes. The LODs did not differ between the steady-state and TR 
measurements, but there was a clear difference in the signal-to-background ratios, which 
were calculated by dividing the mean of the zero calibrator with the mean of the  
10 000 nM calibrator. The ratios were 37 and 63 for the steady-state and TR, 
respectively. The higher signal-to-background ratios occur most likely due to the lower 
background originating from donor crosstalk. The donor has shorter luminescence 
lifetime than the acceptor, and thus the donor’s luminescence has already decayed when 
the sensitized emission of the acceptor is measured. 
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Figure 18. Back titration assay for biotin based on upconversion energy transfer (UC-RET) using 
upconverting nanoparticles as donors and intrinsically luminescent nonadentate Eu3+ chelates as acceptors. 
The sensitized Eu3+ chelate emission was measured at 615 nm with the steady-state (squares) and time-
resolved (circles) mode when excited with 980 nm. The error bars represent the standard deviation of four 
replicates, except at 0 calibrator eight replicates.  

The proposed energy transfer mechanism is illustrated in Figure 19. The hypothesis is 
that the energy is transferred from the Tm3+ ion of the UCNP to the Eu3+ ion via the 
antenna of the Eu3+ chelate. The hypothesis is supported by the observation that Eu3+ 
chelates with antennas of low or nonexistent absorption at 360 nm have low sensitized 
acceptor emission. More detailed information of UC-RET with other Eu3+ chelates can 
be found in original publication I. Therefore, after excitation with 980 nm, there are 
multiple energy transfer steps before the emission of Eu3+ chelate at 613 nm. Marin et 
al. also demonstrated the use of UCNPs as donors with lanthanide (Tb3+ and Eu3+) 
complexes.281 They demonstrated their energy transfer system in a casted film, not in 
bioaffinity assay in solution, and therefore the energy transfer was suggested to be 
radiative because no decrease in donor luminescence lifetime was detected. 
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Figure 19. Energy level diagram of the energy transfer mechanism when the donor-acceptor pair is excited 
with 980 nm. The solid-line arrows are radiative transitions and the dotted arrows represent non-radiative 
energy transfer. The small curled arrows represent multiphonon relaxations. The energies of Yb3+ and Tm3+ 
are taken from the literature.20 The antenna’s energy level S1 is the measured absorption maxima of the 
antenna. The antenna’s energy level T1 is an estimate. RET = resonance energy transfer, ISC = intersystem 
crossing, IET = intramolecular energy transfer. 

5.3.2 Improving the sensitivity of UCNP-based immunoassays 

In the original publication III, the non-specific binding of PAA-functionalized 
NaYF4:Yb3+,Er3+ UCNP antibody conjugates was reduced in heterogeneous sandwich 
immunoassays by mixing free PAA to the buffer, in which the UCNPs were added to 
the wells. The effect of the free PAA in the buffer was tested in two different 
immunoassays. The free PAA added to the reporter buffer lowered the background 
signal caused by the non-specific binding at least threefold in both cTnI and TSH 
heterogeneous immunoassays (Figure 20). Five-parameter logistic regression was used 
for the fitting of the standard curves. The decrease in non-specific binding enabled the 
detection of three and a half times lower analyte concentrations in both assays. Because 
the background caused by the non-specific binding was reduced in both assays, the 
effect of free PAA is not analyte-specific and can therefore be used in all assays that 
utilize PAA-coated UCNPs. However, the concentration of PAA was analyte specific 
as ten times higher PAA concentration was needed to lower the non-specific binding in 
the TSH assay and therefore the PAA concentration needs to be optimized for 
immunoassays with different analytes. 
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Figure 20. Standard curves for a) cardiac troponin I (cTnI) and b) thyroid-stimulating hormone (TSH) in 
heterogeneous immunoassays using poly(acrylic acid) (PAA)-coated NaYF4:Yb3+,Er3+ upconversion 
nanoparticles as reporters. The assays were performed with (red squares) or without (black triangle) free 
PAA mixed with the upconverting nanoparticles before they were added to the wells. The upconversion 
luminescence (UCL) was measured at 540 nm during 980 nm excitation. The error bars represent the 
standard deviation of three replicate calibrators, except the 0 calibrator six replicates.  

Presumably, the free PAA reduces background by blocking the surface areas of the wells 
where the PAA coated UCNPs would bind non-specifically (Figure 21). The PAA-
coated nanoparticles have proven to be monodisperse and colloidally stable in water 
because PAA molecules have strong negative charges. However, the highly negative 
PAA surface is most likely partly exposed to the environment even though the UCNPs 
are conjugated to antibodies. Therefore, the negatively charged surface of the PAA-
coated UCNPs can bind to the positively net-charged proteins on the solid surface. The 
added free PAA in the buffer reduces the non-specific binding by binding to the areas 
where the PAA-coated UCNPs might bind non-specifically. Another explanation for the 
reduction of the non-specific binding by the free PAA is that there are gaps in the PAA 
coating on the surface of UCNPs leading to UCNP aggregation. Therefore, the addition 
of free PAA fills in the gaps preventing aggregation. This hypothesis is supported by a 
study where PEG-phospate ligands were stable in phosphate buffer as long as there was 
some excess PEG-phosphate ligands present in the buffer.140       



Summary of results and discussion 

57 
 

 
Figure 21. Effect of free poly(acrylic acid) (PAA) added to the buffer with antibody (Mab)-coated 
upconverting nanoparticles (UCNPs) in heterogeneous sandwich immunoassay. The assay principles are 
the same for thyroid-stimulating hormone and cardiac troponin I, except in the cardiac troponin I assay, a 
recombinant antigen binding fragment (Fab) is used for the capture of the analyte in addition to the Mab. 
The unbound UCNPs are washed away before the detection.  

Although the non-specific binding was significantly reduced, the background caused by 
the non-specific binding is still limiting the assay sensitivity. The PAA-coated UNCPs 
can aggregate because of the crosslinking of two UCNPs by one PAA molecule or by 
pseudoaggregation of UCNPs due to hydrogen bonding of PAA molecules.253, 279  
By reducing the aggregation of the nanoparticles, the non-specific binding can be 
reduced even further, which can also improve the sensitivity. Most likely, the same 
approach for reducing the non-specific binding can be applied to UCNPs that are coated 
with other polymers than PAA.  

5.3.3 Upconversion cross-correlation spectroscopy     

In the original publication IV, the applicability of UCNPs to cross-correlation 
spectroscopy was demonstrated in homogeneous sandwich immunoassay for TSH using 
blue (NaYF4:Yb3+,Tm3+) and green (NaYF4:Yb3+,Er3+) emitting UCNPs. In order to 
form the auto- and cross-correlation (AC and CC) curves from the UCCS measurement, 
the photon macro times (elapsed time since the start of the measurement) were measured 
to construct time traces. The detected photons were binned to 2 ms time intervals. The 
binding between the two nanoparticles by the TSH analyte was analyzed by determining 
the cross-correlation amplitudes (ACC) by fitting the stretched exponential with the 
correlation time τs and the stretching exponent β of the equation 3 to the data.     

𝐴𝐴(𝜏𝜏) = 𝐴𝐴CC ∙ exp(−τ/𝜏𝜏S)𝛽𝛽 + 1  (Eq. 3) 
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Examples of the time traces with 0 and 2880 mIU·L-1 TSH concentration and the AC 
and CC curves formed on the basis of the time traces are illustrated in Figure 22. 
Without the TSH present, the UCNPs are barely bound together and there are no 
simultaneous fluorescence bursts resulting in low ACC value. However, with TSH 
present in the binding reaction, simultaneous fluorescence bursts were detected, which 
resulted in an increase in the ACC value. The increase in the number of simultaneous 
bursts and in the ACC value in the presence of TSH is due to the binding of blue and 
green emitting UCNPs together via TSH, and the complex then diffuses trough the laser 
focus emitting green and blue photons simultaneously. It should be noted that the photon 
emission might not be exactly simultaneous since the two UCNPs have differences in 
their excitation energy migration dynamics and long apparent luminescence lifetimes of 
few hundred microseconds.282 The simultaneous emission could be improved by using 
UCNPs with high Yb3+ doping, which decreases apparent luminescence lifetimes.283 
This could improve the probability of simultaneous photon emission in addition to 
enabling brighter emission under high power excitation.284 However, in this application, 
the UCNP diffusion time through the laser focus is longer than the luminescence decay 
time, and possible differences in the photon emission could therefore be neglected.        

 

Figure 22. Time trace examples of upconversion cross-correlation measurements from the mixture of 
NaYF4:Yb3+,Er3+ (green) and NaYF4:Yb3+,Tm3+ (blue) antibody-conjugated UCNPs a) without thyroid-
stimulating hormone and c) with 2880 mIU∙L-1 thyroid-stimulating hormone. The traces were binned to  
2 ms. b) The autocorrelation and cross-correlation curves formed form the data in a) and d) auto and cross-
correlation formed from the data in c).  

The greatest problem in the UCCS measurement was the formation of large UCNP 
aggregates leading to high fluorescent bursts. This problem was circumvented by 
removing large bursts above 100 counts per 2 ms from the data before calculating the 
AC and CC functions. The aggregates can form due to non-specific binding between 
the UCNP particles or due to TSH-induced bridging of multiple UCNPs together. 
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A standard curve for the homogeneous sandwich immunoassay was formed on the basis 
of ACC values (Figure 23). There is a clear dependency between the ACC and TSH 
concentration indicating increased binding of blue and green emitting UCNPs together 
with the increase of TSH concentration. The standard curve was fitted with a four-
parameter logistic function. The LOD, calculated by adding three times the standard 
deviation to the zero-analyte concentration, was 15 mIU L-1. The LOD of the developed 
assay is too high to detect TSH concentration in normal serum, which is in the range of 
0.3–5.0 mIU L-1.285 However, the assay was a proof-of-principle homogeneous assay, 
and thus it cannot be compared to highly sensitive heterogeneous assays with LODs as 
low as 60∙10-6 mIU L-1.286, 287  

 
Figure 23. Standard curve of homogeneous sandwich immunoassay for thyroid-stimulating hormone 
(TSH). The dashed line represents the limit of detection of the curve and the error bars represent the standard 
deviation of at least five replicate measurements with a length of 300 s each.  

UCNP aggregation is the major limiting factor of the assay sensitivity. The high 
luminescence bursts of the aggregates can cause strong variation in the CC curve even 
after the high bursts are removed from the data.288, 289 The UCNP aggregation can be 
removed by optimizing the surface modification or optimizing the buffer combinations 
used in the assay. The sensitivity can also be lowered by optimizing the concentrations 
of UCNPs in the binding reaction. In the assay, the molar amount of individual UNCPs 
was adjusted to two times higher than the highest TSH concentration tested in order to 
reduce the bridging of the multiple UNCPs together. The sensitivity could be improved 
by optimizing the UCNP concentration for lower TSH values. Moreover, the sensitivity 
could be improved by increasing the measurement time, which would improve statistics.     
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6 CONCLUSIONS 
Interest towards UCNPs and their use in bioaffinity assays has increased over the years 
due to their excellent luminescent properties and suitability for detection in biological 
matrices. The synthesis of nanosized UCNPs opened new possibilities for the reporter 
technology enabling higher specific activity, and the UCNP properties, such as 
luminescence, size, shape, and surface modification are still being developed. Despite 
the advancements in the field, UCNPs have drawbacks that have prevented their wider 
adaptation, especially in commercial applications. Additionally, the properties of 
luminescence, host matrix, and surface modification of nanosized particles have not 
been completely understood yet. 

In this thesis, the properties of UCNPs were studied further and UCNPs were used as 
reporters in homogeneous and heterogeneous bioaffinity assays. The disintegration 
mechanism of the fluoride-based UCNP host matrix was studied and a method to 
prevent ion dissolution from the particle matrix was presented. Two homogenous 
bioaffinity assays were developed, which either introduced a new donor-acceptor pair 
in a UC-RET-based assay or demonstrated the applicability of UCNPs in cross-
correlation spectroscopy measurements. Moreover, a method to reduce the non-specific 
binding of UCNP conjugates was presented.     

The main conclusions based on the original publications are: 

I  Intrinsically luminescent Eu3+ chelate was a highly suitable acceptor for  
 UC-RET-based bioaffinity assay. The antenna of the Eu3+ chelate had 
 significant absorption at 360 nm, which overlapped with the transitions of the 
 UCNP used in the study. Since the intrinsic luminescence lifetime was longer 
 than that of the UCNP, the sensitized acceptor emission could be measured even 
 after the UCNP donor luminesce had decayed resulting in higher signal-to-
 background ratio. Furthermore, Eu3+ chelates have a large Stokes shift, and thus 
 they did not self-quench in high concentration, and the donor crosstalk was 
 minimal. The presented donor-acceptor pair has a great potential also for 
 sensing and imaging applications because the sensitized acceptor lifetime is 
 independent from donor lifetime and could therefore be used for modulation.   

II UCNPs disintegrated in aqueous solutions due to the dissolution of particle 
 constituting ions. The ions dissolved until a solubility equilibrium was 
 achieved, in which the fluoride ion had a major impact. Thus, in diluted UCNP 
 suspensions, most of the nanoparticles are disintegrated before the equilibrium 
 is achieved, which could be observed also as an almost complete disappearance 
 of luminescence. Nevertheless, the disintegration could be prevented by adding 
 free fluoride ions to the solution creating the equilibrium in the solvent without 
 the dissolution of the nanoparticle ions. This observation is critical for the use 
 and measurement of diluted UCNP concentration in bioaffinity assays. 
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III The non-specific binding of PAA-coated UCNP conjugates was significantly 
 reduced by adding free PAA to the buffer during reporter incubation. By 
 reducing the non-specific binding to the solid support, highly sensitive 
 immunoassays  were achieved. The method for lowering the non-specific 
 binding was simple and easy to perform and did not require time consuming 
 optimization of surface modification.   

IV UCNPs have great potential as reporters in UCCS, which was demonstrated 
 with a proof-of-concept homogeneous sandwich immunoassay. The presence 
 of the analyte was detected by simultaneous emission of two differently 
 emitting UCNPs. The detectability of TSH with UCCS was limited by the 
 aggregation of UCNPs, and thus, by preventing the aggregation, the 
 performance of the assay would enhance significantly. UCCS is not restricted 
 to only in vitro -assays, but could be highly suitable for in vivo -applications, 
 where conventional cross-correlation spectroscopy is limited due to the 
 autofluorescence background.    

In conclusion, new insights and improvements of UCNPs were provided in this thesis 
for the use of UCNPs in bioaffinity applications. Despite the solutions presented for the 
certain drawbacks of UCNPs, aggregation, non-specific interactions, low upconversion 
efficiency, and protection of the host lattice from the environment remain as challenges 
for the use of UCNPs in bioaffinity applications. By solving these issues, UCNPs would 
enable extremely sensitive assays and would facilitate the transition from academic 
studies to commercial applications.       
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