
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Functionalized upconversion nanoparticles for cancer imaging and therapy

Liu, K.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Liu, K. (2014). Functionalized upconversion nanoparticles for cancer imaging and therapy.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/functionalized-upconversion-nanoparticles-for-cancer-imaging-and-therapy(e7f1f930-ab8a-41d8-8d1c-efbb9da7e1f3).html




 

 

 

Functionalized Upconversion Nanoparticles for 
Cancer Imaging and Therapy 

 

 

 

 

 

 

 

 

Kai Liu 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

This research was supported by NSFC (National natural Science Foundation 
of China), the exchange program for joint research between CAS (Chinese 
Academy of Sciences) of China and KNAW (Koninklijke Nederlandse 
Akademie van Wetenschappen) of the Netherlands, and the CAS-KNAW joint 
PhD training program. 

 

  



 

Functionalized Upconversion Nanoparticles for Cancer 

Imaging and Therapy 
 

 

 

 

ACADEMISCH PROEFSCHRIFT 
 

 

ter verkrijging van de graad van doctor 

aan de Universiteit van Amsterdam 

op gezag van de Rector Magnificus 

prof. dr. D.C. van den Boom 

 

ten overstaan van een door het college voor promoties 

ingestelde commissie, in het openbaar te verdedigen in de Agnietenkapel 

 

op dinsdag 16 december 2014, te 16:00 uur 

 

door  

Kai Liu 

geboren te Shandong, China 

 

  



 
 
 
Promotiecommissie: 
 
Promotor: Prof. dr. W.J. Buma 
 Prof. dr. X.G. Kong 
Co-promotor: Dr. H. Zhang 
 Prof. dr. M.C.G. Aalders  
 
 
 
Overige leden: Prof. dr. A.M. Brouwer 

 Prof. dr. B. de Bruin 
 Prof. dr. A.G.J.M. van Leeuwen 
 Prof. dr. H.J.C.M. Sterenborg 
 Prof. dr. J.F. de Boer 
 Prof. dr. C.W.G.M. Löwik 

 
 
 
Faculteit der Natuurwetenschappen, Wiskunde en Informatica 
 
 
 
 
 
 
 
 
 



~ v ~ 
 

Contents 
 

Chapter 1. ......................................................................................................................... 1 

Introduction 

Chapter 2. ....................................................................................................................... 19 

Covalent Upconversion Nanoplatform for Simultaneous Imaging and Photodynamic 

Therapy of Cancer Cells 

Chapter 3. ....................................................................................................................... 39 

Singlet Oxygen Generation by Core/Shell Structured NaYF4:Yb,Er@NaYF4 Upconversion 

Nanoparticles: Matching Upconversion and Energy Transfer 

Chapter 4. ....................................................................................................................... 51 

Effects of Surface Modification of Upconversion Nanoparticles on Cellular Uptake and 

Cytotoxicity 

Chapter 5. ....................................................................................................................... 65 

Target Labeling of Early-Stage Cancer in Chick Embryo Chorioallantoic Membrane with 

Upconversion Nanoparticles 

Chapter 6 ........................................................................................................................ 83 

Multispectral Upconversion Luminescence Intensity Ratio for Ascertaining Tissue Imaging 

Depth 

Summary ....................................................................................................................... 101 

Samenvatting ................................................................................................................ 105 

Acknowledgements ....................................................................................................... 109 

 

 

 

 

 



~ vi ~ 
 

  

  



~ vii ~ 
 

PUBLICATION COVERED IN THIS THESIS 

Covalently Assembled NIR Nanoplatform for Simultaneous Fluorescence Imaging and 

Photodynamic Therapy of Cancer Cells.  

Kai Liu, Xiaomin Liu, Qinghui Zeng, Youlin Zhang, Langping Tu, Tao Liu, Xianggui Kong, 

Yinghui Wang, Feng Cao, Saskia A. G. Lambrechts, Maurice C. G. Aalders, and Hong 

Zhang. 

ACS Nano. 2012, 6(5), pp 4054-4062. 

Critical Shell Thickness of Core/Shell Upconversion Luminescence Nanoplatform for 

FRET Application. 

Yu Wang, Kai Liu, Xiaomin Liu, Katerina Dohnalová, Tom Gregorkiewicz, Xianggui Kong, 

Maurice C. G. Aalders, Wybren J. Buma, and Hong Zhang. 

J. Phys. Chem. Lett. 2011, 2(17), pp 2083-2088. 

Surface Ligands and Charges Mediated Cellular Uptake and Toxicity of Upconversion 

Naoparticles. 

Kai Liu, Yadan Ding, Xiaomin Liu, Xianggui Kong, Yu Wang, Youlin Zhang, Langping Tu, 

Maurice C. G. Aalders, Wybren Jan Buma, and Hong Zhang. 

Submitted. 

Targeted Labeling of Early-Stage Tumor Spheroids in Chorioallantoic Membrane Model 

with Upconversion Nanoparticles. 
Kai Liu, Jasmin A. Holz, Yadan Ding, Xiaomin Liu, Youlin Zhang, Langping Tu, Bram 

Priem, Annemarie Nadort, Saskia A. G. Lambrechts, Maurice C. G. Aalders, Wybren Jan 

Buma, Yichun Liu, and Hong Zhang.  

Nanoscale 2014, accepted. 

Multispectral Upconversion Luminescence Intensity Ratios for Ascertaining the Tissue 

Imaging Depth. 

Kai Liu, Yu Wang, Xianggui Kong, Xiaomin Liu, Youlin Zhang, Langping Tu, Yadan Ding, 

Maurice C. G. Aalders, Wybren Jan Buma, and Hong Zhang.  

Nanoscale 2014, 6, pp 9257-9263. 

  

http://pubs.acs.org/doi/abs/10.1021/nn300436b?prevSearch=Covalently%2BAssembled%2BNIR%2BNanoplatform%2Bfor%2BSimultaneous%2BFluorescence%2BImaging%2Band%2BPhotodynamic%2BTherapy%2Bof%2BCancer%2BCells&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/nn300436b?prevSearch=Covalently%2BAssembled%2BNIR%2BNanoplatform%2Bfor%2BSimultaneous%2BFluorescence%2BImaging%2Band%2BPhotodynamic%2BTherapy%2Bof%2BCancer%2BCells&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jz200922f?prevSearch=yu%2Bwang&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jz200922f?prevSearch=yu%2Bwang&searchHistoryKey=


~ viii ~ 
 

OTHER PUBLICATIONS 

A Facile Approach to Fabrication of Hexagonal-Phase NaYF4:Yb3+,Er3+ Hollow 

Nanospheres: Formation Mechanism and Upconversion Luminescence.  

Junwei Zhao, Yajuan Sun, Yi Yu, Xiaomin Liu, Yifei Yang, Chuang Du, Yu Wang, Kai 

Song, Kai Liu, Shaozhe Lu, Xianggui Kong, and Hong Zhang. 
Eur. J. Inorg. Chem. 2010, 2010 (12), pp 1813-1819. 

Preparation, Characterization and Specific Biological Labeling of Silica Coated 

Upconversion Fluorescent Nanocrystals. 

Kai Song, Lijin Tian, Xianggui Kong, Kai Liu, Qingbin Zhang, Chuang Du, Qinghui Zeng, 

Yajuan Sun, and Xiaomin Liu. 

Spectroscopy and Spectral Analysis 2010, 30 (1), pp 133-136. 

Li+ Ions Doping: An Approach for Improving the Crystallinity and Upconversion Emissions 

of NaYF4:Yb3+,Tm3+ Nanoparticles. 

Chengzhou Zhao, Xianggui Kong, Xiaomin Liu, Langping Tu, Youlin Zhang, Fei Wu, Kai 
Liu, Qinghui Zeng, and Hong Zhang. 

Nanoscale 2013, 5, pp 8084–8089. 

The Real Role of Active-Shell in Enhancing the Luminescence of Lanthanides Doped 

Nanomaterials. 

Fei Wu, Xiaomin Liu, Xianggui Kong, Youlin Zhang, Langping Tu, Kai Liu, Shuguang 

Song, and Hong Zhang.  

Appl. Phys. Lett. 2013, 102, pp 243104-243107. 

A Versatile Synthesis Route for Metal@SiO2 Core-Shell Nanoparticles Using 11-

Mercaptoundecanoic Acid as Primer. 

Youlin Zhang, Xianggui Kong, Bin Xue, Qinghui Zeng, Xiaomin Liu, Langping Tu, Kai Liu, 

and Hong Zhang. 

J. Mater. Chem. C 2013, 1, pp 6355-6363. 

An Upconversion Nanoparticle e Zinc Phthalocyanine Based Nanophotosensitizer for 

Photodynamic Therapy. 

Lu Xia, Xianggui Kong , Xiaomin Liu, Langping Tu, Youlin Zhang, Yulei Chang, Kai Liu, 

Dezhen Shen, Huiying Zhao, and Hong Zhang. 

Biomaterials 2014, 35 (13), pp 4146-4156. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Song%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Tian%20LJ%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Kong%20XG%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20QB%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Du%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Zeng%20QH%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Sun%20YJ%5BAuthor%5D&cauthor=true&cauthor_uid=20302099
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20XM%5BAuthor%5D&cauthor=true&cauthor_uid=20302099


Introduction 

~ 1 ~ 

Chapter 1. 

Introduction 

1.1 Cancer 

Cancer, also known as malignant neoplasm, is a leading cause of death 
worldwide. According to global cancer estimates in 2008 about 12.7 million 
new cancer cases are found each year, while 7.6 million people die yearly 
from cancer.[1] Cancer is a broad group of diseases (more than 200)[2] that is 
difficult to cure. The main reasons for this are the uncontrolled growth of 
cancer cells in the human body and the migration ability of cancer cells which 
leads to spreading from the original site (primary cancer) to distant sites 
(metastasized cancer). On the other hand, cancer is not incurable. According 
to estimates by oncologists, the cancer cure rate might be able to reach 80%-
90% if tumors could be found and treated at an early stage (sub-millimeter 
(mm) level).[3] The ability to achieve an early diagnosis of cancer is thus of 
immense social importance. 

1.1.1 Fluorescence imaging 
With the rapid development of various biomedical technologies during the 

last few decades, more and more imaging methods have become available 
for cancer diagnosis including ultra sound (US), computed tomography (CT), 
magnetic resonance imaging (MRI), positron emission tomography (PET), 
single photon emission computed tomography (SPECT), and optical imaging. 
However, most of these methods only detect late-stage tumors and usually fail 
in early-stage cancer imaging.[4,5] For example, CT is able to achieve whole-
body diagnosis because of its strong tissue penetration ability, but has a poor 
resolution (>2 mm) and is harmful to normal tissues. A more sensitive imaging 
method is therefore urgently needed for early cancer diagnosis. 

Because of its properties such as intrinsic high sensitivity and high 
resolution, it has been concluded that fluorescence imaging could be a 
promising approach for early-stage cancer imaging.[6] Compared with CT, the 
use of non-ionizing irradiation has various advantages including its 
noninvasive character, lower cost, portability, and potential for personalized 
treatment. Based on its operational mode, optical imaging can be further 
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divided into intravital microscopy (IVM), bioluminescence imaging (BLI), 
fluorescence molecular tomography (FMT) and others. Clinical optical imaging  
methods are still limited by their relatively poor tissue penetration depth.[6] The 
standard approach of fluorescence imaging uses down-conversion of the 
excitation light, i.e., the emission wavelength is longer than the excitation 
wavelength and the latter falls mostly in ultraviolet (UV) or visible region. The 
strong absorption and scattering of the light in animal tissues and the strong 
intrinsic fluorescence are in this case a serious source of interference that 
effects the signal collection and processing, and severely limits the 
fluorescence signal-to-noise ratio (SNR) for in vivo imaging.[7] 

Most currently used fluorescence imaging probes are organic 
fluorophores that can only be excited by ultraviolet or visible (UV-Vis) light. 
They therefore have serious drawbacks such as a high autofluorescence 
background noise, low photostability, poor target-labeling efficiency, and broad 
emission spectra. Moreover, they are inappropriate for multicolor labeling and 
molecular tracking. Probes that can be excited at longer wavelengths thus 
would have significant advantages. This does not only pertain to reducing 
autofluorescence, but also to the scattering problem since the scattering 
intensity is proportional to 1/λ4. Taking into account the absorption spectrum of 
water, hemoglobin, melanin etc., it then turns out that the optimal region of 
excitation wavelengths is the region between 650 nm and 1100 nm. In this 
region usually designated as the “tissue optical window” minimal absorption 
occurs by tissue.[8] 

1.1.2 Photodynamic therapy (PDT) 
The ultimate goal of cancer treatment is to remove the cancer lesions 

completely without damaging other tissue. In present clinical oncology, cancer 
is treated by surgery, chemotherapy, radiation therapy, or a combination of 
them. However, these traditional methods always have negative effects on 
healthy tissue.[9,10] Fortunately, a large number of new treatment methods like 
photodynamic therapy, immunotherapy, targeted therapy, hormonal therapy, 
and angiogenesis inhibitors are under development in the laboratory or are 
already in a preclinical stage. They aim to cure cancer at an earlier stage,[9] 
thereby avoiding the negative side effects of the traditional therapies 
mentioned before. 

Photodynamic therapy (PDT) is an evolving treatment modality that has in 
the last three decades developed from an experimental treatment to a routine 
clinical therapy for some special diseases. In PDT, photosensitizer (PS) 
molecules are, ideally, selectively bound and retained in tumor lesions. Upon 
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irradiation with light of a particular wavelength, PS molecules can interact with 
molecular oxygen and generate reactive oxygen species (ROS, type I) or 
singlet oxygen (1O2, type II),[11] which are known to be highly toxic to bio-
macromolecules such as proteins and DNA, and thus can efficiently kill the 
cancer cells. It is important to distinguish PDT from other light- or laser-based 
therapies that do not require the presence of a photosensitizer such as 
thermal tumor removal and rejuvenation.[9] As PS molecules can be designed 
to be more-or-less selectively deposited (passive or active targeting) in tumors 
and the activating light is also focused on the tumor, the selectivity of PDT 
towards tumor lesions is quite high, resulting in limited damage to surrounding 
healthy tissues. 

Despite its favorable characteristics, there are still two major drawbacks 
restricting an extensive clinical application of PDT. The first drawback 
concerns the limited specificity of photosensitizers towards cancer cells. 
Although cancer cells are primarily targeted, also healthy cells absorb to some 
extent PS molecules. Caution therefore has to be taken to make sure that 
upon irradiation with light healthy cells are not damaged as well. For example, 
the widely adopted PS porfimer sodium (Photofrin®) always makes the skin 
and eyes sensitive to light after injection. Patients are therefore advised to 
avoid direct sunlight and indoor light for at least six weeks.[11] The second 
drawback, as mentioned before, is the shallow treatment depth. Most of the 
currently employed PS molecules need UV-Vis light for excitation, but light at 
such wavelengths has a very poor penetration depth in tissue. For treatment 
of deeper cancers the currently applied PDT treatments are thus ineffective. 

1.2 Fluorescent Nanoparticles 

With the fast development of nanoscience and nanotechnology, a variety 
of photonic nanoparticles (NPs) have been developed aimed to improve the 
efficacy of cancer diagnosis and therapy. Such nanoparticles include 
fluorescent silica nanoparticles (FSNPs), semiconductor quantum dots (QDs), 
fluorescent carbon nanoparticles (FCNPs), gold nanoparticles (GNPs), and 
upconversion nanoparticles (UCNPs).[12-15] In the following we will briefly 
discuss the properties of such particles as well as their pros and cons in the 
context of cancer diagnosis and treatment.  

FSNPs are a new class of engineered optical probes consisting of silica 
NPs loaded with fluorescent dye molecules like FITC (fluorescein 
isothiocyanate). Compared to commonly used organic fluorescent dye 



Chapter 1 

~ 4 ~ 

themselves, FSNPs exhibit a high photostability and are suitable for sensitive 
cancer cell imaging. However, the dyes still need to be excited by UV-Vis light 
and background noise arising from autofluorescence is thus still a drawback. 

QDs are nanometer-sized particles of group II-VI or III-V atoms from the 
periodic table of elements. As the nanoparticles are smaller than the exciton 
Bohr radius (typically 1-10 nm),[16] QDs exhibit quantum confinement effects, 
resulting in optical properties that are significantly different from the properties 
of the corresponding bulk material. By varying the size and chemical 
composition of the particle, the emission can be fine-tuned from the blue down 
to the infrared.[17] For example, cadmium sulfide (CdS) and zinc selenide 
(ZnSe) dots can be prepared to emit blue to near-UV light, while cadmium 
selenide (CdSe) can emit light across the entire visible spectrum. In 1998, 
Alivisatos[18] and Nie[19] independently demonstrated that it is possible to 
synthesize water-soluble quantum dots that can be tagged to biological 
molecules. Since then, quantum dots have attracted widespread interest in 
biology and medicine for tagging and tracking biological species. However, 
because QDs usually contain highly toxic heavy metals such as Cd and Se, 
one is still very hesitant to employ such NPs for further clinical applications.[20] 

FCNPs are a new generation fluorescent nanoparticles with a size of 1-
10 nm that exhibit size-dependent tunable visible emission.[21] FCNPs have 
been demonstrated to be promising alternatives to semiconductor 
nanocrystals for bioimaging probes, light emitting diode materials and other 
applications. Apart from that, FNSPs can be easily modified for further 
biofunctionalization and are less toxic than QDs in biomedical applications. 
However, carbon nanoparticles still require UV-Vis light for excitation, which 
restrict their applications for deep tissue imaging. 

UCNPs are unique luminescent nanoparticles that can be excited with 
near-infrared (NIR) light and generate light at shorter wavelengths 
(upconversion, see below)) from the UV to the visible to the NIR. Compared to 
conventional down-conversion fluorophores in which emission occurs at 
longer wavelengths than the excitation wavelength, UCNPs have many 
advantages for biomedical applications.[22] These include (i) a larger 
penetration depth of the excitation light into tissues, (ii) significantly decreased 
auto-fluorescence from surrounding tissues, (iii) absence of photobleaching 
and photoblinking, (iv) high spatial resolution, (v) decreased photo-damage to 
biological species (e.g., RNA, DNA) due to lower-energy NIR excitation, and 
(vi) low cytotoxicity. Since lanthanide-doped nanoparticles normally contain 
nontoxic elements and have stable luminescence, they offer a huge potential 
for labeling, imaging and other biological applications. 
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1.3 Upconversion Nanoparticles Doped with Rare Earth 

Ions 

1.3.1 Upconversion luminescence 
Upconversion luminescence (UCL) refers to nonlinear optical processes 

in which the sequential absorption of two or more photons leads to the 
emission of light at shorter wavelengths than the excitation wavelength (anti-
Stokes). In contrast to other emission processes based on two-photon 
absorption (TPA),[23,24] upconversion can be efficiently achieved even with a 
low excitation density, e.g. using a low-power continuous wave (CW) laser. 
Several upconversion mechanisms, some of which are shown in Figure 1.1, 
have been confirmed experimentally. These mechanisms are based on the 
sequential absorption of two or more photons by long-lived metastable states. 
Such a sequential absorption leads to the population of a highly excited 
electronic state from which upconverted emission occurs. In case of excited-
state absorption (ESA), the emitting ion is excited sequentially by two or more 
photons to reach the emitting level (Figure 1.1A). In energy-transfer 
upconversion (ETU), one photon is absorbed by the ion, but subsequent 
energy transfer from neighboring ions results in the population of a highly 
excited state of the emitting ion (Figure 1.1B). Photon-avalanche 
upconversion (PAU) involves both absorption from a metastable intermediate 
level and cross-relaxation energy transfer (Figure 1.1C). The two main 
features of these mechanisms are that (1) the pump wavelength corresponds 
to the rare earth ion energy level difference from the metastable state, rather 
than from the ground state to the up-converted excited state; and (2) the 
intensity or efficiency of the upconversion luminescence is dependent on the 
pump power density: at a low pumping power density only weak conversion 
luminescence is generated, once the pump power density exceeds a certain 
threshold the absorption will be significantly enhanced, resulting in an 
increase of the upconversion luminescence.[25] 

1.3.2 Synthesis of UCNPs 
An inorganic upconversion phosphor consists of a crystalline host 

material and lanthanide ion luminescent centers (RE3+ like Ho3+, Tm3+, Er3+ 
and similar) added at a low concentration. The host material provides a crystal 
structure matrix to bring these centers into optimal positions where the 
surroundings have minimum effect on their energy level structures. Till now, a 
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large amount of host materials have been put forward, including oxides like 
Gd2O3, Y2O3, and ZrO2, as well as fluorides like NaYF4, NaGdF4, and YF3. 
Amongst these host materials, fluorides exhibit a stronger upconversion than 
the others because they have lower phonon energies. Size, crystalline phase 
purity, morphology and monodispersity are critical parameters influencing the 
upconversion luminescence properties. As yet, NaYF4 has been shown to 
give rise to the highest upconversion efficiency, and this host will also be the 
material of choice in the present thesis.  

 

Figure 1.1. Schematic of upconversion luminescence mechanisms: (A) excited-state 
absorption (ESA); (B) energy-transfer upconversion (ETU); (C) photon-avalanche 
upconversion (PAU). (GSA: ground-state absorption, CR: cross relaxation) 

In the past decades, many different methods have been developed for 
synthesizing upconversion nanoparticles, such as co-precipitation, thermal 
decomposition, the hydro(solvo)-thermal method, and the sol-gel method. 
1) Co-precipitation method 

The co-precipitation synthetic method is simple in the sense that it is not 
time consuming and does not require a costly setup, complex procedures, or 
severe reaction conditions. Nanoparticle growth can be controlled and 
stabilized by adding capping ligands such as polyvinylpyrrolidone (PVP), 
polyethylenimine (PEI) and ethylenediaminetetraacetic acid (EDTA) into the 
solvent.[26] Co-precipitation generally yields cubic-phase NaYF4 which is not a 
very efficient upconverting matrix. It has been reported that hexagonal-phase 
NaYF4:Yb,Er nanocrystals exhibit an upconversion efficiency that is 
significantly higher than cubic-phase NaYF4:Yb,Er.[27] So cubic-phase 
NaYF4:Yb,Er nanocrystals are therefore usually converted into the hexagonal 
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phase by a calcination process at high temperatures.[26] 
2) Thermal decomposition 

Thermal decomposition is another widely used technique. In this method, 
rare earth trifluoroacetates are thermolized in the presence of solvents with a 
high boiling point, e.g. oleic acid (OA), oleylamine (OM), or octadecene (ODE), 
at a temperature usually exceeding 300 °C for the synthesis of highly 
monodispersed UCNPs.[28] Using this method, Yi et al. decomposed the 
precursors Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3, and Er(CF3COO)3 

/Tm(CF3COO)3 in oleylamine at 330 °C and obtained hexagonal-phase 
NaYF4:Yb,Er and NaYF4:Yb,Tm nanoparticles with an average particle size of 
10.5 nm.[29] However, the disadvantages associated with this method are the 
use of expensive and air-sensitive metal precursors and the generation of 
toxic byproducts. 
3) Hydro(solvo)-thermal method 

Hydrothermal/solvothermal synthesis can be defined as a method to 
synthesize crystals using the solubility of minerals in hot water or a hot solvent 
under high vapor pressures. The crystal growth is performed in an autoclave 
in which the nutrients such as YCl3, YbCl3, ErCl3, NaCl3, NH3F are supplied 
along with complexant solutions of ethylene diamine tetraacetic acid (EDTA) 
or others. Compared with other nanocrystal synthetic routes, the hydrothermal 
method has the following advantages:[30,31] (1) the synthesis occurs at a 
relatively low temperature (in general < 250 °C); (2) the size, structure, and 
morphology of the products depend on the hydrothermal conditions and can 
be controlled easily; (3) the purity of the product is high owing to 
recrystallization in the hydrothermal solution; and (4) the required equipment 
and processes are simple. In order to obtain small and uniform particles, 
organic additives are often used to stabilize the particles in solution and 
control particle growth, e.g., EDTA as mentioned before, 
cetyltrimethylammonium bromide (CTAB), and trisodium citrate (TSC) etc. 

Our group reported an ionothermal synthesis method in 2011.[32] Ionic 
liquids are non-volatile, non-flammable and thermally stable liquid organic 
salts, which have been suggested as a ‘green’ alternative to conventional 
organic solvents for synthesizing inorganic compounds. However, the stability 
of the resulting nanoparticles is poor and further surface modification is 
needed. Apart from the methods described above, other procedures such as 
the sol-gel process,[33] microwave-assisted synthesis,[34] and combustion 
synthesis[35] have also been employed for fabricating lanthanide-doped 
UCNPs.  

http://en.wikipedia.org/wiki/Single_crystal
http://en.wikipedia.org/wiki/Crystal_growth
http://en.wikipedia.org/wiki/Autoclave
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1.3.3 Surface modification of UCNPs 
In general, the nanoparticles generated by the high-temperature thermal 

decomposition method have a narrow size distribution, low crystalline defects, 
a tunable shape and a good dispersibility in organic solvents. The down-side, 
however, is that this approach produces nanocrystals with hydrophobic 
surfaces. As is well known, the ideal luminescent nanoparticles used for 
biology/biomedicine should meet several requirements, such as being 
homogeneously dispersed and colloidally stable in aqueous solutions, 
maintaining a high quantum yield, and showing high specific binding to 
biological components. The lack of dispersibility of such nanocrystals in 
aqueous solution thus greatly limits their bio-applications. Surface 
modification of nanocrystals is obviously one of the research foci in the fields 
of materials science. Several strategies have been developed to transfer 
nanocrystals from the hydrophobic to the hydrophilic phase, not only for 
UCNPs but also for other hydrophobic nanoparticles such as quantum dots, 
magnetic nanoparticles and others.  
1) Silica coating 

Silica coating is one of the most popular methods for nanoparticle surface 
modification. It can be used for both hydrophilic and hydrophobic 
nanoparticles of metals, metal oxides, and quantum dots.[36-38] This coating 
technique introduces a silica shell to protect the core nanoparticle from the 
external environment. The silica coating method has several challenges. The 
formation of insoluble silica-nanoparticle aggregates is a common problem 
due to the sensitive surface chemistry of nanoparticles. Preparation of finer 
core/shell particles by this method is also difficult as particles with thin silica 
coatings have a very high tendency to aggregate, leading to multicore 
formation within the silica shell. Moreover, this method is difficult to apply to 
nanoparticles that are insoluble in the alcohol-water media. 
2) Ligand exchange 

Ligand exchange is a popular method to make nanoparticles hydrophilic. 
The method is based on replacing hydrophobic surfactants on the particle 
surface by molecules containing polar groups on both ends. The advantage of 
this method is that it generates water-soluble nanoparticles with the lowest 
possible hydrodynamic diameter. In 2007, Yin et al. reported a general 
approach for transferring hydrophobic nanocrystals into water through a 
ligand exchange procedure.[39] Polyelectrolytes such as poly(acrylic acid) and 
poly(allylamine) are used to replace the original hydrophobic ligands on the 
surface of nanocrystals at an elevated temperature in a glycol solvent and 
eventually render the nanocrystals highly water soluble. The physical 
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properties of the nanocrystals, such as superparamagnetism, photocatalytic 
activity, and photoluminescence are maintained or even improved after ligand 
exchange. In 2009, we reported an efficient surface-ligand-exchange 
procedure employing hexanedioic acid molecules to replace the original 
hydrophobic ligands in diethylene glycol solvent at high temperature. This 
procedure was shown to have negligible adverse effects on the quality of the 
UCNPs including size, up-converting emission and dispersibility. The obtained 
carboxyl-functionalized UCNPs were found to have a good specific molecular 
recognition capacity after avidin-functionalization, confirming their suitability 
for biological labeling.[40] 
3) Polymer encapsulation 

Polymer encapsulation is another method for phase transfer. In this 
method the original hydrophobic ligands are retained on the nanoparticles’ 
surface. Because single polymer chains contain multiple hydrophobic units 
and their interactions with the native organic coatings on nanocrystals can be 
numerous, they can be bound more strongly than conventional surfactants. 
One advantage of this method is that the functionality of the nanocrystal-
polymer assembly can be widely varied through introduction of different 
amphiphilic moieties. Colvin et al.[41] used amphiphilic copolymers containing 
poly(ethylene glycol) (PEG). Those copolymers are generated using a maleic 
anhydride coupling scheme that permits the coupling to hydrophobic tails of a 
wide variety of PEG polymers, both those with or without functional groups 
like carboxyl or amine. The benefit of this approach is that after encapsulating 
the hydrophobic nanocrystals the amphiphilic polymers offer not only PEG 
chains available for biocompatibility but also free carboxylic acid groups for 
further reaction. However, it is obvious that the polymer encapsulation method 
has one large disadvantage: it increases the hydrodynamic diameter. 
Moreover, the polymers are often not commercially available and 
functionalized polyethylene glycol (PEG) derivatives are also very expensive. 
4) Other methods 

Apart from these popular methods to convert the hydrophobic UCNPs 
into hydrophilic ones, a few other strategies such as ligand oxidation reaction 
and ligand-free UCNPs have also been developed recently. Huang et al.[42] 
introduced a novel strategy to prepare hydrophilic upconversion nanoparticles. 
The Lemieux-von Rudloff oxidation method was utilized to oxidize selectively 
a carbon-carbon double bond (R-CH=CH-R’) in the oleic acid ligand to provide 
two carboxylic acid groups. Owing to the presence of the free carboxylic acid 
groups on the surface, the oxidized UCNPs could be directly conjugated with 
biomolecules. This method, however, still suffers from limitations such as a 
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relatively long reaction time (> 48 hours) and a low production yield. 
In 2011, Capobianco et al.[43] obtained water-dispersible ligand-free 

UCNPs by removing the oleate ligand from the surface of oleate-capped 
UCNPs synthesized via thermal decomposition using a simple acid treatment 
process. After adding HCl solution, the carboxylate groups of the oleate ligand 
were protonated to yield oleic acid. The ligand-free nanoparticles could be 
dispersed in water, but further surface functionalization of these UCNPs would 
be needed for bio-applications. 

1.4 UCNPs in Biomedical Applications 

Upconversion nanoparticles are presently widely explored as a promising 
photonic label/platform for biological applications. Compared with traditional 
fluorophores such as fluorescent organic dyes and quantum dots (QDs) which 
are mainly based on down-conversion fluorescence, these upconversion 
fluorophores do not have the drawbacks such as photobleaching, background 
noise from bio-tissue autofluorescence, and photodamage to biological 
materials. 

1.4.1 UCNPs for biological sensing and detection 
The first biomedical application of UCNPs was reported in the field of 

biosensing. In 2001, Hampl et al. reported the use of upconversion particles in 
immunoassays as an alternative to conventional labeling agents. Submicron-
sized (400 nm diameter) Y2O2S:Yb3+,Er3+ particles were shown to enable a 
detection limit of 10 pg human chorionic gonadotropin in a lateral flow 
immunochromatographic assay format. In contrast to conventional labeling 
agents such as gold nanoparticles or colored latex beads, the upconversion 
particles exhibited a ten-fold improvement in detection sensitivity.[44] 

The Hampl immunoassay was a solid phase immunoassay. Nowadays 
biosensors are generally fluorescence resonance energy transfer (FRET) 
based homogeneous assays.[45-50] FRET is a radiationless excitation transfer 
process that relies on the distance-dependent transfer of energy from a donor 
molecule to an acceptor molecule, as illustrated in Figure 1.2. The excitation 
can be transferred from the donor to the acceptor molecule without emission 
of a photon, and leads to a decrease of the excited state lifetime of the donor 
and a decrease of its emission quantum yield. According to Förster theory,[51] 
the energy transfer efficiency 𝐸𝐸 depends on the inverse sixth-power law due 
to the dipole-dipole coupling mechanism: 
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𝐹𝐹𝐷𝐷 and 𝐹𝐹𝐷𝐷′  are the donor fluorescence intensities with and without an acceptor, 
respectively. 𝑅𝑅0 is the Förster distance of this pair of donor and acceptor, i.e. 
the distance at which the energy transfer efficiency is 50%. The Förster 
distance depends on the overlap integral of the donor emission spectrum with 
the acceptor absorption spectrum and their mutual molecular orientation. 
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Figure 1.2. Schematic of the FRET process between a donor and an acceptor. 

In 2005, Li et al. constructed a FRET system to detect trace amounts of 
avidin with upconversion luminescent nanoparticles as energy donors and 
gold nanoparticles (λabs~520 nm) as energy acceptors. Both UCNPs and gold 
nanoparticles were biofunctionalized with biotin. Because the absorption of 
the gold nanoparticles matches well the UCNPs emission spectrum, the 
luminescence of UCNPs is quenched when UCNPs and gold nanoparticles 
are in close proximity due to the biotin-avidin interaction. The results indicate 
that this FRET system is a sensitive and simple system for biological 
analyses.[45] 

Xu et al. utilized a UCNP-gold nanoparticle system to determine the 
amount of goat anti-human immunoglobulin G (IgG) in a sandwich-type 
bioassay. In this system, rabbit anti-goat IgG functionalized NaYF4:Yb3+,Er3+ 
nanoparticles served as the donor and human IgG functionalized gold 
nanoparticles as the acceptor. A short spacing between the donor and 
acceptor nanoparticles was achieved through sandwich-type 
immunoreactions of human IgG/goat anti-human/rabbit anti-goat IgG. The 
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presence of goat antihuman IgG as a bridge leads to energy transfer, which 
enables the determination of the concentration of the goat antihuman IgG in 
the system.[46] A short spacing between the donor and acceptor nanoparticles 
was achieved through sandwich-type immunoreactions . 

UCNPs also show great potential in DNA detection based on FRET. In 
2009, Rantanen et al. utilized the different emission bands of the UCNPs 
donor simultaneously. Such a method can be used as long as the emission 
wavelengths of the acceptor fluorophores are sufficiently apart from each 
other and do not overlap with the other labels in the assay. In a dual-
parameter sandwich hybridization assay, two probe oligonucleotides with 
sequences complementary to a target sequence of β-actin or HLA-B27 were 
selectively conjugated to AF546 and AF700. The oligonucleotide-modified dye 
molecules (AF546 and AF700) and target oligonucleotides were then mixed 
with UCNPs premodified with capture oligonucleotides. Upon formation of the 
sandwich complex through hybridization, upconversion emission at 540 and 
653 nm was quenched by AF546 and AF700, respectively. By measuring the 
intensities of probe-specific emissions at 600 and 740 nm, two different target-
oligonucleotide sequences could be detected simultaneously and quantified 
with a measurement range from 0.35 to 5.4 nM.[47] 

1.4.2 UCNPs for biomedical imaging 
In vitro cell imaging. The advantages of fluorescent upconversion 

nanoparticles are a high upconversion quantum yield compared with other 
two-photon absorption molecules, a tunable emission wavelength from the UV 
to the NIR and a high stability against photobleaching. In 2009, Yu et al. 
demonstrated that the UC-based visualization technique has negligible fading 
effects over time, implying the ability to use UCNPs for long-period 
observation of cells. Furthermore, in contrast to down-conversion fluorescent 
materials, upconversion nanoparticles show very low background emission 
and a deep penetration depth of excitation light. Due to their unique 
luminescence properties they have become a new generation of fluorescent 
labels.[52] Target imaging of tumor cells with UCNPs has been widely 
investigated by using UCNPs functionalized with biomolecular recognition 
moieties.[53-55] Wang et al. demonstrated that NaYF4:Yb/Er nanoparticles 
conjugated with an antibody can be used for highly specific staining and 
imaging of Hela cells with the antigen expressed on the cell membrane.[53] 

In vivo animal imaging. In 2008, Nyk et al. demonstrated for the first 
time in vivo imaging of a BALB/c mouse injected with UCNPs. These 
experiments showed a high uptake in the liver and spleen after intravenous 
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injection. In contrast to traditional down-conversion fluorescence imaging 
using QDs or organic dyes, UCNP-based UCL imaging does not suffer from 
autofluorescence.[56] By varying the Ln3+ dopants during UCNP synthesis, the 
UCL emission spectra of nanoparticles could be tuned well, enabling 
multicolor UCL imaging in biological systems.[57] Liu et al. synthesized a series 
of PEGylated UCNPs NaYF4:Yb,Er, NaYF4:Yb,Tm with different UCL emission 
spectra.[58] Upon 980 nm laser excitation, three types of UCNPs were easily 
differentiated after spectral deconvolution. Multicolor in vivo UCL imaging was 
demonstrated by imaging subcutaneously injected UCNPs, and applied in 
multiplexed in vivo lymph node mapping as well as in multicolor in vivo cell 
labeling and tracking. 

Multimodal imaging. The concept of using tumor volume as the only 
measure of disease progression has been shown to be inadequate since it 
only gives an indication of a delayed response to therapy and no indication of 
metabolism and other parameters. Multimodal imaging, such as the most 
successful PET/CT system which has been regarded as a revolution in 
modern medicine, combines several different imaging modalities of MRI, CT, 
PET, and PA etc. to overcome the limitations of each single imaging approach. 
It has received tremendous attention in the area of in vivo biomedical imaging 
and diagnosis. Recently, large efforts have been made to obtain a new 
generation of multimodal imaging probes based on UCNPs and their 
nanocomposites.[59-62] For example, Li et al. fabricated 18F-labeled magnetic- 
upconversion nanophosphors as multimodal bioprobes and demonstrated for 
PET, UCL, and MR triple-modal imaging in animal experiments. 

1.4.3 UCNPs for photodynamic therapy 
In recent years, the development of upconversion nanoparticles (UCNPs) 

capable of converting NIR to the visible range under relative low power 
density (500 mW/cm2) excitation conditions has attracted considerable 
interest in PDT because NIR excitation sources can penetrate deeper into bio-
tissues. 

Silica encapsulation. The first PDT research using UCNPs was reported 
in 2007, when NaYF4:Yb3+,Er3+ nanoparticles were coated with a thin layer of 
SiO2 doped with merocyanine-540 photosensitizer and functionalized with a 
tumor-targeting antibody on the surface.[63] Under 980 nm excitation 
conditions, in vitro cancer cells were observed to decline by 1O2. This 
nanosystem could be delivered to cancer cells in a highly specific way, and 
was capable of targeting different types of cancer cells. The only problem was 
the low photosensitizer loading. In order to solve this problem, NaYF4 UCNPs 
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were coated with mesoporous silica, which has a large surface area of ~770 
m2g-1 and an average pore size of 2 nm. By incorporation of the 
photosensitizer into the mesoporous silica a high loading of zinc 
phthalocyanine photosensitizers could be achieved. It was shown that the 
photosensitizer encapsulated in mesoporous silica was protected from 
degradation in the harsh biological environment and was not released from 
the silica during NIR excitation.[64,65] 

Polymer encapsulation. In 2011 a polymer encapsulation method for 
loading Chlorin e6 (Ce6) photosensitizer on UCNPs was developed. Based on 
the UCNP-Ce6 complex, in vivo photodynamic therapy on a tumor bearing 
mouse model was successfully demonstrated.[66] In 2012 it was shown that 
very good cancer therapy results in mice could also be obtained using 
amphiphilic chitosan polymer to encapsulating photosensitizers Zinc 
phthalocyanine (ZnPc) onto UCNPs.[67] However, when polymer 
encapsulation is used, the photosensitizers are loaded via a noncovalent 
interaction. There are thus still serious drawbacks like a poor loading 
efficiency and a poor bonding stability. 

1.5 The Thesis 
1.5.1 Aim of the Thesis 

Till now, we have described the unique optical properties of UCNPs and 
their promising advantages in biomedical applications like cancer cell imaging 
and therapy. But there are still some major challenges to overcome to 
expanding their applications, including the low energy transfer efficiency 
between UCNPs and PS, the poor target delivery probilities of UCNPs in 
cancer cells etc. The objective of the thesis is to develop new surface 
modification methods and functionalization methods to improve their bio-
compatibilities, target delivery properties, and energy transfer efficiency 
between UCNPs and PS in PDT applications, especially to achieve the 
precisely localization and treatment of cancer cells at the relative earlier stage.  

1.5.2  Outline of the Thesis 
In Chapter 2, we introduce a new design of a dual-functional nanosystem 

where the bioimaging and photodynamic therapy can be realized 
simultaneously. In Chapter 3, core/shell structured UCNPs are introduced to 
form a FRET system for singlet oxygen generation. It will be shown that a 
proper shell thickness of core/shell UCNPs can facilitate not only strong 
luminescence but also optimization of energy transfer efficiency compared to 
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pure core UCNPs. In Chapter 4, NaYF4:Yb3+,Er3+ UCNPs are modified with 
different ligand materials. Relevant nonspecific adsorption properties and their 
cytotoxicities are studied in different cell lines. In Chapter 5, we develop the 
tumor spheroid bearing chicken chorioallantoic membrane (CAM) model and 
perform in vivo studies on the vascular circulating and target labeling 
properties of the antibody (Ab) functionalized NaYF4 nanoparticles. In 
Chapter 6 we deal with light penetration quantitatively utilizing UCNPs and 
demonstrate a novel method for determining the depth-in-tissue of the 
fluorophores for cancer diagnosis and staging. 
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Chapter 2. 

Covalent Upconversion Nanoplatform 
for Simultaneous Imaging and Photo-
dynamic Therapy of Cancer Cells 
 

A highly efficient multifunctional nanoplatform for simultaneous upconversion 
luminescence (UCL) imaging and photodynamic therapy (PDT) has been 
developed based on selective energy transfer from multicolor luminescent 
NaYF4:Yb3+,Er3+ upconversion nanoparticles (UCNPs) to photosensitizers 
(PS). Different from popular approaches based on electrostatic or 
hydrophobic interactions, over 100 photosensitizing molecules were 
covalently bonded to every 20 nm UCNP, which significantly strengthened the 
UCNP-PS linkage and reduced the probability of leakage/desorption of the PS. 
Over 80% UCL was transferred to PS and the singlet oxygen production was 
readily detected by its emission at 1270 nm. Tests performed on JAR 
choriocarcinoma and NIH 3T3 fibroblast cells verified the efficient endocytosis 
and photodynamic effect of the nanoplatform with 980 nm irradiation specific 
to JAR cancer cells. This work highlights the promise of using UCNPs for 
potential image guided cancer photodynamic therapy.  
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2.1 Introduction 

Photodynamic therapy (PDT) is an emerging therapeutic modality using 
photosensitizers (PS) and light irradiation to eradicate cancer tissues. Under 
proper light excitation, the PS can on the one hand interact with molecular 
oxygen and generate cytotoxic singlet oxygen (1O2, Type II) for killing cancer 
cells;[1-4] on the other hand, the inherent photoluminescence from PS can also 
be used for fluorescence imaging and localizing the diseases, which is often 
referred as photodynamic diagnosis (PDD).[4,5-7] However, photo-triggered 
theranostics based on traditional photosensitizing molecules are suffering 
mainly from the low signal to noise ratio (SNR), small tissue penetration depth 
and photo-bleaching of PS.[6] In addition, two different wavelength lights are 
always adopted to implement respectively imaging and therapy, which makes 
it difficult for real-time monitoring and evaluating PDT efficacy. For example, 
for 5-ALA administrated theranosis, excitation at 405 nm is adopted for PDD 
whereas 630 nm irradiation is applied for PDT. The contradictory 
requirements of high 1O2 production for PDT and strong fluorescence for PDD 
make it difficult to realize simultaneously imaging and therapy employing 
existing photosensitizers. Therefore it is very appealing to develop new 
photosensitizing nanoplatforms which can simultaneously perform on-site 
fluorescence imaging and photodynamic therapy under a single wavelength 
irradiation. 

Recently, lanthanide ions (Ln3+, such as Er3+, Tm3+, Ho3+) doped 
upconversion nanoparticles (UCNPs) have received much attention in 
biomedicine.[8-33] Because of the unique ladder-like energy level structures of 
Ln3+, UCNPs are able to convert NIR to visible lights efficiently.[34,35] Their 
application in fluorescence imaging has shown various benefits, including 
significantly improved tissue penetration depth, large Stokes-shift, reduced 
auto-fluorescence and enhanced photostability. Up to now, several 
approaches have been reported in developing PDT reagents based on 
UCNPs, like silica encapsulation,[27-29] polymer encapsulation,[30,31] and 
hydrophobic interaction.[32,33] The cytotoxic singlet oxygen is generated 
through photosensitizing molecules that are activated via an energy transfer 
process from excited UCNPs, wherein UCNPs play a role of energy 
transducer for NIR lights. Production of 1O2 is obviously dependent on the 
energy transfer efficiency which relies on the spectral overlap between the 
donor and acceptor, the distance between the two, as well as the amount of 
the photosensitizing molecules loaded on each UCNP. However, PS loading 
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efficiency of those noncovalently formed UCNP-PS complexes is usually low. 
For example, it was reported that following a hydrophobic interaction 
approach only about 5 zinc phthalocyanine (Zn-PC) molecules were linked to 
a 50 nm NaYF4:Yb3+,Er3+ nanoparticle, which was much less than the number 
of the donor (emission centers).[33] Besides, the desorption and/or leakage of 
PS from the nanoplatform is also a big concern. In a recent report a high 
excitation power density (>100 W/cm2) was still necessary in order to receive 
observable therapeutic effect, which indicated low singlet oxygen 
production,[30] even though large amount of meso-tetraphenylporphine (TPP, 
10 wt%) photosensitizers were originally co-localized within PEG layer 
functionalized NaYF4:Yb3+,Er3+ UCNPs via a flash nano precipitation (FNP) 
coating method. This phenomenon might be related to the poor stability of the 
originally loaded photosensitizers in UCNPs. In general, non-covalent 
adsorption is not an ideal approach in uploading photosensitizing molecules 
for energy transfer based PDT/PDD. 

To meet the demands of a high fluorescent intensity and a high 1O2 

production yield, we have in this work developed a multifunctional 
upconversion nanoplatform for simultaneous imaging and therapy. Upon NIR 
continuous wave (CW) laser excitation two upconversion luminescence bands 
of NaYF4:Yb3+,Er3+ peaking around 540 nm and 650 nm are employed for 
simultaneous PDD and PDT, respectively (Scheme 2.1). As mentioned above, 
a high PS loading is necessary to achieve a high energy transfer efficiency 
and subsequent high singlet oxygen production. To achieve this goal, a 
covalent conjugating strategy is adopted to link functionalized UCNPs with the 
photosensitizing molecule rose bengal (RB). Under 980 nm excitation singlet 
oxygen is readily detected via its emission at 1270 nm. To the best of our 
knowledge, this is the first time that 1O2 from upconversion nanoplatforms is 
directly probed. Relevant in vitro experiments on cancer and non-cancerous 
cells are performed to validate the design of the novel upconversion 
nanoplatform.  

2.2 Experimental Methods 

2.2.1 Synthesis of amino functionalized NaYF4:Yb3+,Er3+ UCNPs 
Hexagonal-phase NaYF4:Yb3+,Er3+ nanoparticles were synthesized by 

thermal decomposition of trifluoroacetate precursors in oleylamine following 
the earlier published methods.[36] In detail, 2 mmol of CF3COONa, 0.78 mmol 
of (CF3COO)3Y, 0.2 mmol of (CF3COO)3Yb and 0.02 mmol of (CF3COO)3Er 
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(all from GFS Chemicals) were dissolved in 12 mL oleylamine (Sigma Aldrich), 
and the mixture was heated to 120 °C for one hour with vigorous magnetic 
stirring to remove water and oxygen under argon flow protection. The mixture 
was then heated to 320 °C for one hour. After cooling down to 80 °C, the 
produced nanoparticles were washed with ethanol for at least three times and 
collected by centrifugation, and then dispersed in chloroform before further 
treatment. 

 

Scheme 2.1. Covalent conjugation of NaYF4:Yb3+,Er3+ UCNPs, photosensitizer RB and 
target molecule FA. 

In order to obtain amino-functionalized upconversion nanoparticles, a 
ligand exchange approach was adopted using 2-aminoethyl 
dihydrogenphosphate (AEP, Sigma Aldrich) to transfer the hydrophobic 
NaYF4:Yb3+,Er3+ nanoparticles into hydrophilic ones.[37] 200 mg of AEP was 
first dispersed in 10 mL mixture of milli-Q water and ethanol with a volume 
ratio of 3:2, and then 5 mL chloroform solution of OM functionalized 
NaYF4:Yb3+,Er3+ nanoparticles (20 mg) were added dropwise into the AEP 
solution and stirred vigorously for over 48 hours at room temperature. 
Afterwards, it could clearly be seen under NIR excitation that the UCNPs were 
transferred from the bottom chloroform layer into the top water layer. After 
phase transfer, the NaYF4:Yb3+,Er3+ nanoparticles were centrifuged and 
redispersed in 5 mL water. The solution was stable for seven days without 
obvious aggregation. 
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2.2.2 Covalent conjugation of NaYF4:Yb3+,Er3+ with photosensitizers 
The rose bengal-hexanoic acid ester was obtained by reacting rose 

bengal (Sigma Aldrich) with hexanoic acid (Sigma Aldrich) and adopted for 
functionalization.[38] To covalently conjugate RB to UCNPs, a 5 mL dimethyl 
formamide (DMF, Sigma Aldrich) solution containing 2 mg RB-HA, 20 mg 1-
ethyl-3-(3-dimethyllaminopropyl)carbodiimide (EDC, Sigma Aldrich) and 20 
mg N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, Sigma Aldrich) was 
incubated at room temperature for 2 hours, and then 10 mg amino-
functionalized NaYF4:Yb3+,Er3+ upconversion nanoparticles were added into 
the solution and stirring vigorously for 24 hours. UCNPs-PS conjugates were 
subsequently centrifuged and washed with water to remove any unreacted RB. 
The amount of photosensitizer attached to UCNPs was calculated from the 
RB absorption spectrum. 

To further study the stability of covalently bonded UCNPs-PS conjugates, 
2 mg RB was also linked with 10 mg UCNPs via electrostatic interaction, 
followed by the same washing procedure with water. Both conjugates formed 
via electrostatic and covalent bonding were washed by dimethylsulfoxide 
(DMSO) in which RB can dissolve well, followed by centrifugation separation. 
The process was repeated three times. The RB elute was characterized by 
UV/Vis absorption after each time separation. The reason for which the RB 
elute was used to study the stability instead of the conjugates was that the 
conjugates scattered light extensively which impeded a quantitative 
comparison. 

2.2.3 Singlet oxygen measurements 
Two different methods were implemented to confirm singlet oxygen 

generation. The first used a chemical probe1,3-diphenylisobenzofuran (DPBF), 
the second detected directly its 1270 nm photoluminescence. In a typical 
DPBF experiment, 20 μL DPBF/ethanol solution (10 mmol/L) was added to 2 
mL UCNPs-PS solution, and transferred in a 10 mm cuvette. The solution was 
kept in the dark and irradiated with a 980 nm laser for 16 min, the absorption 
intensity of DPBF at 417 nm being recorded every two minutes. For the 
control experiments, DPBF absorption was also recorded under the same 
conditions in the absence of UCNPs-PS or 980 nm irradiation. 

To detect the 1270 nm photoluminescence, UCNPs-PS nanoconjugates 
were collected by centrifugation and re-dispersed in D2O, and then saturated 
with oxygen gas for 30 minutes before experiment. Singlet oxygen production 
was measured under direct excitation of RB with 540 nm or indirect excitation 
of RB with 980 nm via FRET. 
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2.2.4 Target cancer cell imaging and therapy 
In order to increase the specificity, folic acid (FA) was covalently linked 

with the NaYF4:Yb3+,Er3+ UCNPs in the similar way as rose bengal cross-
linking. FA-PEG ester was prepared using a hetero-bifunctional polyethylene 
glycol (COOH-PEG-NH2, MW=3400, Nanocs) following the literature.[39,40] The 
FA-PEG was mixed with 10 mg UCNPs-PS and stirred for 24 hours in 
darkness. The resulting nanoconjugates were collected by centrifugation and 
washed with water for three times, redispersed in 5 mL phosphate buffer, and 
stored in the dark at 4 °C for further application. 

JAR choriocarcinoma cells that overexpress folate receptors (positive 
control) and NIH 3T3 fibroblasts that have low expression of folate receptors 
(negative control) were purchased from American Type Culture Collection 
(ATCC). JAR cells were cultured in a folate free RPMI-1640 medium and NIH 
3T3 cells were cultured in a DMEM medium. All the mediums were 
supplemented with 10% fetal bovine serum (FBS), 100 unit/mL penicillin and 
100 μg/mL streptomycin (all from Invitrogen). Cells were cultivated in a 
medium at 37 °C in a humidified 95% air and 5% carbon dioxide (CO2) 
atmosphere. 

For confocal imaging, both JAR cells and NIH 3T3 cells were seeded on 
a cover slip at a concentration of 104 cells/mL and then treated with 
NaYF4:Yb3+,Er3+-RB/FA nanoconjugates (20 μg/mL) for 12 hours at 37 °C. 
Prior to imaging, the cover slip was washed twice with phosphate buffered 
saline (PBS) in order to remove any unbounded upconversion 
nanoconjugates. To further study the specificity of the nanoconjugates, 
another negative control experiment was carried out with JAR cells by 
supplementing 100 times more folic acid (100 mg/L) in the culture medium to 
saturate folate receptors on the cell membrane before incubating with 
NaYF4:Yb3+,Er3+-RB/FA nanoconjugates.  

To carry out photodynamic therapy of cancer cells, JAR cells were 
collected through centrifugation and diluted to a density of 1×105 cells/mL in 
the complete 1640 culture medium, and seeded onto 96-well plates (100 μL 
per well). After 24 hours culturing, NaYF4:Yb3+,Er3+-RB/FA nanoconjugates 
were added to the culture medium at different concentrations from 0 to 1000 
μg/ml, with 5 parallel wells for each concentration (0, 2, 5, 10, 20, 30, 50, 100, 
200, 400, 1000 μg/mL). Before being exposed to NIR irradiation, the cells 
were allowed to incubate for another 24 hours at 37 °C, and then washed 
twice with PBS. A power-adjustable 980 nm fiber laser with a maximal output 
power of 30 Watts (n-LIGHT Corporation) was collimated and employed as an 
area light source to irradiate the 96-well plate. After 10 minutes exposure with 
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980 nm light at 1.5 W/cm2, the cells were allowed to incubate for an additional 
48 hours. Cell viability was measured according to the standard MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide, Sigma Aldrich) assay 
method. Typically, 10 μL of MTT solution (5 mg/mL MTT in PBS, pH 7.4) was 
added to each well and incubated for 4 h at 37 °C. After removing the medium, 
the wells were washed by PBS and then the intracellular formazan crystals 
were extracted into 100 μL of DMSO. The absorbance of cell lysate was 
recorded at 550 nm by a plate reader, and the cell viability could be calculated 
from the average value of five parallel wells. 

The choice of an exposure power density of 1.5 W/cm2 was based on the 
following consideration. In clinical applications and most PDT experiments the 
light dose is in the range of 1-1000 J/cm2, and the typical power density is 
below 1 W/cm2.[41] But this value is obtained for a Stokes case, i.e. direct 
excitation of photosensitizers, whereas in our case an anti-Stokes scheme, i.e. 
indirect excitation (NIR light converted into UV/Vis and the latter is then used 
to excite photosensitizers) is used. In the anti-Stokes scheme the efficiency is 
less than for direct excitation and the required excitation power density should 
be higher. However, a higher excitation power density may lead to thermal 
decline of cells. In the current case the highest possible excitation power 
density was determined to be ~ 2 W/cm2. Therefore 1.5 W/cm2 was used in 
our study. 

2.2.5 Instruments 
Structure characterization was performed with TEM images obtained with 

a MorgagniTM Transmission Electron Microscope (FEI Company). UV-Vis 
spectra of solutions were recorded in quartz cuvettes (1 cm) with a Hewlett-
Packard/Agilent 8453 Diode-Array Biochemical Analysis UV-Vis 
spectrophotometer. The steady-state upconversion luminescence spectra of 
UCNPs and UCNPs-PS nanoconjugates were recorded using a Horiba Jobin-
Yvon Spex Fluorolog 3 spectrofluorometer. A CW 980 nm semiconductor 
diode laser was used to excite the samples. To record the 1O2 emission at 
1270 nm, the Spex spectrofluorometer was equipped with a highly sensitive 
liquid nitrogen cooled InGaAs detector (DSS-IGA020L). Time-resolved 
luminescence was measured with a Hamamatsu R9110 PMT in a single-
photon counting setup.[42] Wide-field imaging and upconversion luminescent 
confocal imaging of cancer cell were carried out using an inverted Olympus 
IX71 microscope system equipped with an 100× oil immersion objective.[43] 
The 980 nm excitation light was from a Chameleon ULTRA-II Ti:Sapphire 
laser (80 femtoseconds, 80 MHz) which was coupled into the adapted 

http://psdubnofmetabolicshaking.co.cc/Horiba-Jobin-Yvon-Spex-Fluorolog-3-Spectroflourometer/
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confocal unit. The emitted light was passed through a dichroic mirror and a 
650 nm bandpass filter (FWHM 10 nm) and recorded by a CCD camera. 

2.3 Results and Discussion 

2.3.1 Characterization of amino functionalized NaYF4:Yb3+,Er3+ UCNPs 
The hydrophilic UCNPs of NH2 functionalized NaYF4:Yb3+,Er3+ were 

prepared via a ligand-exchanging process using 2-aminoethyl 
dihydrogenphosphate (AEP) as surface coating agents to replace the original 
oleylamine (OM) ligands. The average size of the NaYF4:Yb3+,Er3+ UCNPs 
was determined to be ~20 nm in diameter from TEM measurements (Figure 
2.1A and B). The crystal structures and the phase purity of the 
NaYF4:Yb3+,Er3+ UCNPs were examined by XRD as presented in Figure 2.1C. 
The diffraction peaks of the UCNPs are well-defined, and the peak positions 
and intensities agree well with the standard pattern of hexagonal NaYF4 (line 
pattern in Figure 2.1C, JCPDS No. 16-0334), confirming the high quality of the 
samples. Figure 2.1C also demonstrates the high monodispersity of the 
nanoparticles. FTIR absorption spectra (Figure 2.1D) confirm that AEP 
molecules were coated on the surface of UCNPs. Upconversion 
luminescence spectra of OM or AEP stabilized UCNPs (Figure 2.1E) show 
little difference, which indicates that the ligand exchange process had 
negligible effect on the optical properties of UCNPs. The amino-functionalized 
NaYF4:Yb3+,Er3+ nanoparticles were stabilized in water for seven days without 
noticeable deposition. This is due to the fact that the phosphate group of AEP 
molecules can easily form bidentate bond with the unsaturated rare earth ion 
at surface.[44] 

2.3.2 Covalent construction of UCNPs-PS nanoplatform 
As schematically illustrated in Scheme 2.1, a covalent conjugation 

strategy was realized via a carbodiimide cross-linking reaction between the 
amino group of NaYF4:Yb3+,Er3+ UCNPs and the carboxyl group of the 
hexanoic acid ester of rose bengal (RB-HA). The covalent coupling between 
UCNPs and RB was confirmed by FTIR absorption spectra shown in Figure 
2.2. For a free RB-HA the C=O stretching vibration mode of the carboxyl 
group is located at 1774 cm-1. After conjugation with UCNPs this peak 
disappeared and two new peaks appeared at 1542 cm-1 and 1384 cm-1, 
corresponding to the amide II band of N-H bending vibration and the amide III 
band of the C-N stretching vibration, respectively. The absorption peak at 
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1634 cm-1 is partly associated with the C=O stretching vibration of the amide I 
band.  
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Figure 2.1. TEM images of OM (A) or AEP (B) stabilized NaYF4:Yb3+, Er3+ nanoparticles, 
scale bar: 100 nm. (C) X-ray diffraction patterns of NaYF4:Yb3+,Er3+ UCNPs. The 
standard pattern of hexagonal phases NaYF4 is given for reference (JCPDS card 16-
0334, red line). (D) FTIR absorption spectra of OM stabilized (black) and AEP stabilized 
(red) NaYF4:Yb3+,Er3+ upconversion nanoparticles. (E) Upconversion luminescent spectra 
of OM stabilized (black) and AEP stabilized (red) NaYF4:Yb3+,Er3+ upconversion 
nanoparticles. 
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Figure 2.2. FTIR absorption spectra of amino-functionalized RB (red curve), 
NaYF4:Yb3+,Er3+ UCNPs (black curve) and UCNPs-PS nanoconjugates (green curve). 

Owing to the robust covalent bonding between RB and NaYF4:Yb3+,Er3+, 
we could bind around 100 photosensitizing molecules to each UCNP. In 
principle it could be even higher, but in our case a drawback of doing so was 
that the dimerization of RB would become serious as indicated from the 
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absorption spectra in Figure 2.3A. The relative intensity of the shoulder at 
short wavelength, corresponding to the dimer absorption, enhances with 
increasing RB concentration—a distinct evidence of the formation of dimers. 
Figure 2.3B is the corresponding singlet oxygen production determined using 
the chemical probe DPBF. From this figure the optimal number of RB for 
individual NaYF4:Yb3+,Er3+ nanoparticles is determined to be ~100. This is in 
agreement with an earlier report that 1O2 production markedly decreases with 
photosensitizer agglomerating process.[45] Compared to popular non-covalent 
bonding approaches like electrostatic interaction, covalent bonding is 
supposed to be very robust, which is in line with our results shown in Figure 
2.3C where the RB elute was characterized by UV/Vis absorption each time 
after washing with DMSO. The spectra tell us that, contrary to obvious RB 
desorption from electrostatically assembled UCNPs-PS complexes, the 
amount of RB in the elute is one order of magnitude less for covalently 
bonded UCNPs-PS conjugates.  
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Figure 2.3. (A) UV-Vis absorption spectra of UCNPs-PS nanoconjugates incubated at 
different RB concentrations. The numbers marked in the Figure indicate the number of 
RB molecules per nanoparticle. (B) The RB dependent 1O2 generation. The ratio is the 
number of UCNPs versus the number of RB. (C) Absorption spectra of the RB elute after 
washing with DMSO for 1, 2 and 3 times the physically adsorbed NaYF4:Yb3+,Er3+-RB 
complexes (solid lines) and the covalently bonded NaYF4:Yb3+,Er3+-RB nanoconjugates 
(dashed lines, see also inset).  

2.3.3 Selective energy transfer from UCNPs to PS 
The multifunctional nanoplatform is constructed based on the selective 

energy transfer from multicolor upconversion luminescent NaYF4:Yb3+,Er3+ 

UCNPs to photosensitizers. Selective energy transfer can be achieved by 
properly choosing a PS of which the absorption matches a desired 
upconversion luminescence band of NaYF4:Yb3+,Er3+ UCNPs. In this study, a 
water soluble photosensitizing molecule RB was chosen because its 
absorption spectrum overlaps perfectly with the green UCL band (540 nm) of 
NaYF4:Yb3+,Er3+ (Figure 2.4A). Moreover, RB is a very efficient 
photosensitizer for producing singlet oxygen.[45] 



Covalent Upconversion Nanoplatform for Simultaneous Imaging and Photodynamic Therapy 

~ 29 ~ 

500 600 700

Em
is

si
on

 (a
.u

.)
 

 

A
bs

or
pt

io
n 

(a
.u

.)

Wavelength (nm)

A

     
500 600 700

 

 

In
te

ns
ity

 (a
.u

.)

Wavelenght (nm)

 B 

 

                     

Figure 2.4. (A) The spectral overlap between the upconversion emission spectrum of the 
donor NaYF4:Yb3+,Er3+ (black curve) and the absorption spectrum of the acceptor RB 
(red curve). (B) Upconversion luminescence spectra of UCNPs (black curve) and NaYF4: 
Yb3+, Er3+-RB conjugates (red curve). Photographs of UCNPs (C) and NaYF4:Yb3+,Er3+-
RB nanoconjugates (D) under ambient light (left) and under 980 nm diode laser 
irradiation (right). 

The selective energy transfer from NaYF4:Yb3+,Er3+ to RB is confirmed 
from both steady-state UCL spectra and luminescent decay lifetimes. The 
UCL spectra of Figure 2.4B demonstrate clearly that the 540 nm band was 
strongly quenched by RB while the 650 nm band was not. This can be 
observed from the obvious fluorescent color changes of the pure UCNPs and 
the UCNPs-PS conjugates, as given in Figure 2.4C and Figure 2.4D, 
respectively. Under excitation of 980 nm CW diode laser, UCNPs appeared 
green (Figure 2.4C, right) while UCNPs-PS nanoconjugates became red 
(Figure 2.4D, right). The fluorescence resonance energy transfer (FRET) 
efficiency E can be estimated from the quenching of green UCL: E = (I0 – I1)/I0, 
where I0 and I1 are green emission intensities of free UCNPs and UCNPs-PS 
nanoconjugates, respectively.[46,47] Based on this formula, the energy transfer 
efficiency was determined as high as 83% for the present covalently bonded 
nanoconjugates. The high energy transfer efficiency is attributed to the small 
size of AEP molecules used here for covalent crosslinking photosensitizers. 
This shortened the distance between UCNPs and PS compared to previously 
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reported protocols like the silica shell encapsulating method, and promoted 
significantly the energy transfer process.  

To further study the energy transfer process from NaYF4:Yb3+,Er3+ to RB, 
the temporal behavior of upconversion luminescence of both UPNPs and 
UCNPs-PS conjugates was recorded at 540 nm and 650 nm (Figure 2.5A and 
2.5B). In both cases the green and the red decay curves could be well fitted 
with a biexponential function, the fitted time constants being listed in Table 1. 
In the presence of photosensitizer RB, the average decay time at 540 nm 
decreases from 93.34 to 55.41 μs, while the average decay time at 650 nm 
hardly shows any change (from 194.35 to 192.65 μs ). This is a confirmation 
of the high selectivity in the energy transfer mechanism. Moreover, different 
from the direct excitation situation (i.e. excitation at 540 nm) in which case 
fluorescence of RB shows an exponential decay in the order of nanoseconds, 
the fluorescent decay lifetime of RB prolongs to 43.70 μs when excited at 980 
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Figure 2.5. Luminescence decay curves of upconversion emission monitored at (A) 540 
nm, (B) 650 nm with (in red) and without (in green) photosensitizers. RB fluorescence 
decay was monitored at 587 nm (C). Best fitting curves are also shown as a solid line. 

Table 2.1: Fitting parameters of upconversion luminescence kinetics of NaYF4:Yb3+,Er3+ 
and NaYF4:Yb3+,Er3+-RB conjugates with triexponential functions. The instrumental 
response time is 10 ns. 

 

NaYF4:Yb3+,Er3+ NaYF4:Yb3+,Er3+-RB 

τrise(μs) τ1decay(μs) τ2decay(μs) τrise(μs) τ1decay(μs) τ2decay(μs) 

540 nm 
650 nm 
587 nm 

5.37 

21.62 

* 

82.15 

181.42 

* 

177.92 

442.70 

* 

4.28 

18.69 

2.74 

51.90 

175.49 

43.70 

164.01 

431.12 

* 
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nm (Figure 2.5C), which further assures that FRET occurred in UCNPs-PS 
conjugates. However, the average lifetime of RB is shorter than that of the 
donor, i.e., the decay of 540 nm upconversion emission is around 55.41 μs. 
This discrepancy can be understood from the structure of the UCNPs. In a 
UCNP there are discrete luminescent centers distributed over the whole 
nanoparticle and the distances between these centers to the surface-linked 
RBs are therefore diverse. For those closer to the RB FRET would be more 
efficient than those further away from RB. Some centers may even be out of 
the FRET interaction distance and will not participate in the energy transfer. 
For an efficient FRET the emission time behaviors of the donor and the 
acceptor would be the same. Considering the distribution of energy donors in 
an UCNP, the fluorescence kinetics of the acceptor is therefore faster than 
that of the UCNPs because the UCNPs in the present case are an ensemble 
of luminescent centers with different kinetics. 

2.3.4 Singlet oxygen production from UCNPs-PS nanoconjugates 
Figure 2.6A shows that the absorption of DPBF monitored at 420 nm 

decreases exponentially with 980 nm irradiation time when incubated with 
UCNPs-PS nanoconjugates. In control experiments of (i) DPBF incubated 
with UCNPs-PS nanoconjugates without 980 nm irradiation, (ii) DPBF 
incubated with UCNPs (without loading photosensitizers) and 980 nm 
irradiation, the absorption of DPBF remains unchanged. This observation 
illustrates that singlet oxygen could only be generated from the cooperation of 
UCNPs and photosensitizer via an efficient energy transfer process. After 16 
min irradiation 50% DPBF was consumed, which was very efficient compared 
with those UCNPs-PS complex with silica coating where only 3% 1O2 probes 
was consumed after 16 min continuous irradiation.[27] In that case both the low 
photosensitizer uploading efficiency in a non-porous silica shell and the silica 
shell itself might hamper the encapsulated PS from interacting with molecular 
oxygen dissolved in solution.[48] In the present UCNPs-PS conjugates 
covalent bonding between the UCNPs and PS surmounted these shortages 
because the photosensitizer molecules were bound strongly to the UNCPs 
and linked to the terminal side of UCNPs so that the interaction with oxygen 
was sufficient. 

A more direct way to detect singlet oxygen is by monitoring its 
characteristic phosphorescence at 1270 nm, which is usually difficult because 
of its short lifetime in solution and the limited amount of 1O2. Figure 2.6B 
shows the 1O2 spectra under excitation of 980 nm (black curve) and under 
excitation of 540 nm (red curve). To the best of our knowledge, this is the first 
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time that 1O2 photoluminescence has been detected from NIR excited UCNPs, 
which confirms the highly efficient 1O2 generation of NaYF4:Yb3+,Er3+-RB 
nanoconjugates.  
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Figure 2.6. 1O2 generated from UCNPs-PS nanoconjugates. (A) Consumption of DPBF 
over time (black), other bars refer to control experiments without UCNPs (red) or NIR 
irradiation (green). (B) 1O2 luminescence spectra under excitation of 980 nm (in black) or 
540 nm (in red). 

2.3.5 Cancer cell imaging and photodynamic therapy 
The targeting molecule folic acid (FA) was covalently functionalized to 

NaYF4:Yb3+,Er3+-RB nanoconjugates via a dual functional PEG (NH2-PEG-
COOH). The reason for selecting PEG as linkers was two-fold. On the one 
hand, PEG has a good compatibility with biological systems which can reduce 
the undesired toxicity of nanoparticles to normal tissue. On the other hand, 
tailoring folic acid at the end of the long chain of a PEG molecule can reduce 
steric hindrance for FA binding with its receptor and improve the targeting 
efficacy for cancer cells. 

Figure 2.7 shows the target staining of NaYF4:Yb3+,Er3+-RB/FA 
nanoplatform in JAR choriocarcinoma cells and control result using non-
cancerous NIH 3T3 cells. The fluorescence was collected at 650 nm from 
NaYF4:Yb3+,Er3+. The nanoconjugates were mainly located in cytoplasm and 
perinuclear regions (Figure 2.7, top), illustrating the endocytosis of UCNPs 
nanoplatform mediated by folate receptor. On the contrary, when the folate 
receptors on cancer cell membrane were saturated by free folic acid before 
incubating with UCNPs nanoplatform, few NaYF4:Yb3+,Er3+-RB/FA 
nanoconjugates stained in cancer cells (Figure 2.7, middle), which might be 
due to the nonspecific adsorption of UCNPs. Furthermore, there was no 
significant morphology change observed in cancer cells, suggesting the good 
biocompatibility of the NaYF4:Yb3+,Er3+-RB/FA nanoplatform. To further verify 
the specificity of the UCNPs-RB conjugates, non-cancerous NIH 3T3 cells, 



Covalent Upconversion Nanoplatform for Simultaneous Imaging and Photodynamic Therapy 

~ 33 ~ 

which are poor in expressing folate receptor, were used for negative control 
(Figure 2.7, bottom), where only few UCNPs were observed on the cells. All 
these results indicate the capability of using UCNPs-PS for targeted cancer 
cell imaging/diagnosis. 

 

Figure 2.7. Specificity of the nanoconjugates. JAR carcinoma cells cultured in folate free 
medium (top, positive), and in 100 times folate supplemented medium (middle, negative). 
Negative control is also performed with NIH 3T3 cells (bottom). 

Photodynamic therapeutic effects of UCNPs-PS nanoplatforms were 
studied by incubating JAR cells with UCNPs-PS at different concentrations. 
The cell viability determined from 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay is shown in Figure 2.8. Dark toxicity, as a 
control, was also evaluated. No significant decrease in viability was observed 
in the control. It is known that RB has inherent concentration dependent 
toxicity.[49] Our result shows that the toxicity is becoming non-negligible only 
when its concentration is higher than 150 µg/ml, which is consistent with 
previous reports.[42] When JAR cancer cells were exposed to NIR light at a 
relatively low density of 1.5 W/cm2, the cell viability decreased significantly 
with the increase of the concentration of UCNPs-PS conjugates, strongly 
suggesting the feasibility of the nanoconjugates to kill cancer cells. Compared 
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with most previous reports in which a much higher power density had to be 
used,[30] the covalently bound UCNPs-PS nanoconjugates were obviously 
more efficient in killing cancer cells. As far as NIH 3T3 fibroblast cells are 
concerned, 980 nm irradiation had no obvious effect on cell viability, verifying 
the low expression of the nanoconjugates for the non-cancerous cell line. 
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Figure 2.8. Viability of JAR cells (A) and NIH 3T3 fibroblasts (B) treated with UCNPs-PS 
of different concentrations with (solid) or without (open) 980 nm exposure. Standard 
deviations are shown (n=5). 

It is worth to notice that the upconversion nanoplatform is restricted 
neither to NaYF4:Yb3+,Er3+ nanoparticles nor RB. Since the upconversion 
emission spectrum is tunable in the UV/Vis/NIR range, dependent on dopant 
and/or host materials, the upconverted light for imaging can be tuned more to 
the red to match better the optical window for tissues when needed. Besides, 
more photosensitizers like cholorin and phthalocyanine that expanded to 
UV/Vis range (650 nm excitation) are also selectable to covalently 
functionalized onto the UCNPs. 

2.4 Conclusions 

In conclusion, we have, employing a covalent bonding strategy, 
constructed a highly efficient NIR photosensitizing nanoplatform for 
simultaneous PDT and imaging. The covalent bonding between the 
NaYF4:Yb3+,Er3+ UCNPs and photosensitizers has significantly improved the 
quality of the nanoplatform. Compared with the generally adopted adsorption 
approach, both the photosensitizer loading capacity and the energy transfer 
efficiency from nanoparticles to photosensitizers have been significantly 
improved. The characteristic phosphorescence of 1O2 at 1270 nm was readily 
detected for these photosensitizing nanoconjugates. The UCNPs-PS 
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nanoplatforms have shown good biocompatibility and are able to perform 
fluorescence imaging and photodynamic therapy simultaneously under the 
same NIR light irradiation, highlighting the potential of these nanoplatforms for 
medical applications. 
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Chapter 3. 

Singlet Oxygen Generation by 
Core/Shell Structured NaYF4:Yb,Er@ 
NaYF4 Upconversion Nanoparticles: 
Matching Upconversion and Energy 
Transfer 
 

Upconversion nanoparticles (UCNPs) have shown a large potential for 
increasing the tissue depth to which photodynamic therapy (PDT) can be 
applied. However, the in vivo application is still restricted by the low singlet 
oxygen production. In order to improve this singlet oxygen yield, core/shell 
structured NaYF4:Yb3+,Er3+@NaYF4 nanoparticles with different shell 
thickness are synthesized and covalently functionalized with rose bengal 
photosensitizer molecules. The influence of the shell coating on the 
fluorescence resonant energy transfer (FRET) process necessary to activate 
the photosensitizer is studied by measurement of steady-state emission 
spectra. Singlet oxygen generation yields from the conjugates of 
upconversion nanoparticles and photosensitizers is determined using the 
chemical probe 1,3-diphenylisobenzofuran (DPBF). From the photophysics 
studies, we determine the optimal shell thickness for the performance of the 
FRET conjugates. We show that the optimal shell thickness is a trade-off 
between the opposing optimal conditions for upconversion and energy 
transfer efficiency. 

 

 

This work has been published in: Yu Wang, Kai Liu, Xiaomin Liu , Katerina Dohnalová , 
Tom Gregorkiewicz, Xianggui Kong, Maurice C. G. Aalders, Wybren J. Buma, Hong 
Zhang “Critical Shell Thickness of Core/Shell Upconversion Luminescence Nanoplatform 
for FRET Application”, J. Phys. Chem. Lett. 2(17), 2083, (2011). 
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3.1 Introduction 

Upconversion nanoparticles (UCNPs) that can be excited at near infrared 
(NIR) wavelengths have shown great potential for cancer photodynamic 
therapy (PDT) applications[1-7]. From a biomedical point of view, the use of 
NIR light is very attractive, since NIR radiation has a higher tissue penetration 
than normal UV-Vis radiation and leads to less photodamage to living 
organisms. PDT using UCNPs is based on the generation of singlet oxygen 
(1O2) by Förster resonant energy transfer (FRET) from the rare earth ions 
(energy donor) to photosensitizers (PS, energy acceptor)[6]. However, as yet 
the poor upconversion efficiency of UCNPs with an upper limit of only a few 
percent has been a serious hurdle. This is certainly true for biological 
applications where excitation power is restricted and the upconversion 
efficiency is thus even an order of magnitude lower. In recent years large 
efforts have been devoted to improve the upconversion efficiency of UCNPs[8-

14]. One strategy is to use a core/shell structure (such as NaYF4:RE3+@NaYF4) 
where a shell of the same or similar material as the core is grown on the 
surface of the core.[10-12] This strategy aims to protect the emission centers 
such as Er3+, Tm3+ ions doped in the core, especially those near the surface, 
from non-radiative losses caused by surface defects and high-energy 
vibrational modes of molecules attached to the outside of the particle. Our 
previous work[13] has demonstrated already that a large enhancement of the 
upconversion emission intensity can be achieved by such a core/shell 
structure.  

As far as the core/shell approach is concerned, a thick shell favors 
usually the upconversion luminescence. However, a high upconversion 
luminescence does not guarantee automatically a high-quality energy transfer 
performance from donor to acceptor. FRET is a nonradiative process in which 
the energy transfer rate depends strongly on the distance between the donor 
and the acceptor.[15] A thicker shell implies that the distance between the 
donor (basically the core where emitters are located) and the acceptor 
(usually the photosensitizer molecules on the surface of the nanoparticle) 
becomes larger, and thus that the energy transfer rate decreases. Therefore, 
for FRET applications the size of the shell of the core/shell UCNPs cannot be 
increased to such an extent that the strongest upconversion luminescence is 
reached. 

In the present work the core/shell architecture of NaYF4:Yb,Er@NaYF4 

UCNPs is used for the first time in conjunction with covalently conjugated with 
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rose bengal (RB) photosensitizing molecules to improve singlet oxygen 
generation. The relationship between the shell thickness and 1O2 generation 
is studied in detail. The most important result is that we find that there is an 
optimal value for the shell thickness, which corresponds neither to the 
thickness for which the strongest upconversion luminescence is reached nor 
to the thickness for which the highest energy transfer efficiency is obtained.  

3.2 Experiments and Methods 

3.2.1 Chemicals 
Y(CF3COO)3·3H2O, Yb(CF3COO)3·3H2O and Er(CF3COO)3·3H2O were 

purchased from GFS Chemicals, CF3COONa, oleylamine (OM), rose bengal 
(RB), 6-bromohexanoic acid, polyallylamine (PAAm) solution (Mw~17000), 1-
ethyl-3-(3-dimethyllaminopropyl) carbodiimide (EDC), and N-hydroxy- 
succinimide (NHS) were purchased from Aldrich. 1,3-diphenylisobenzofuran 
(DPBF) was purchased from Fluka. Ethanol and hexane were of analytical 
grade.  

3.2.2 Synthesis of NaYF4:Yb3+,Er3+@NaYF4 core/shell structured 
upconversion nanoparticles 

The synthesis of NaYF4:Yb3+,Er3+@NaYF4 core/shell structured 
upconversion nanoparticleshas been performed similar to the procedures 
reported previously.[16] Briefly, a mixture of designated molar ratio of 
trifluoroacetate salts powder (Na+/RE3+ = 1/1, Y3+/Yb3+/Er3+ = 78/20/2 mol/mol) 
was dissolved in oleylamine (OM) and passed through a filter to get rid of the 
residues. Under vigorous stirring in a three-neck flask, the mixture was heated 
under vacuum to 110 ºC and maintained at this temperature for more than 30 
min to remove the residual water and oxygen. During this time the flask was 
purged periodically with dry argon gas for protection from oxidation. 
Afterwards the solution was clear with a slight orange color. The mixture was 
subsequently slowly heated to 310 ºC in the presence of an argon 
atmosphere. After half an hour, all the products were left to cool to room 
temperature and separated into six equal parts. Every part of the product we 
obtained was reheated to 310 ºC under vigorous stirring and in a dry argon 
gas atmosphere, after which different amounts of shell precursor solutions 
containing sodium trifluoroacetate and yttrium trifluoroacetate of equal 
molarity were slowly added into the reaction systems. All the reactions that 
followed were allowed to continue for another 30 minutes. Every final mixture 
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was left to cool to room temperature, precipitated with ethanol, and separated 
via centrifugation for at least three times. The resulting nanoparticles were 
dried in vacuum at 60 ºC for a minimum of 24 hours. According to the 
increasing amount of shell materials we denote the samples as A, B, C, D, E 
and F. 

3.2.3 Phase transfer of upconversion nanoparticle from hydrophobic to 
hydrophilic 

A ligand exchange process was carried out to transform hydrophobic 
upconversion nanoparticles into hydrophilic ones. 40 μL of poly(allylamine) 
(PAAm) solution (10% wt. in water) was dispersed in 10 ml ethanol, then 1 ml 
hydrophobic UCNPs solution (0.1 mmol/mL) was added drop by drop to the 
PAAm solution and stirred vigorously over 36 hours at 40 °C. After 
centrifugation (13000 rpm, 4 °C, 2 hours) the obtained nanoparticles were 
redispersed in water. In the resulting system, PAAm has replaced oleylamine 
as a ligand. The PAAm terminated UCNPs provide a terminal amino group, 
which can be used for covalently coupling carboxyl terminated molecules.  

3.2.4 Conjugation of upconversion nanoparticles and rose bengal 
photosensitizer 

First, the RB-NHS ester was synthesized according to a previously 
described protocol.[17] In the present work we want to compare singlet oxygen 
generation from the different UCNP-RB nanosystems and thus it was 
necessary to have the same ratio of RB/UCNP for all six samples. To this 
purpose, an ethanol solution of UCNPs with a concentration of 7.2×1013 
particles/mL was mixed with 2.5 nmol RB-NHS at room temperature in the 
dark for 10 hours, leading to about 20 RB molecules attached to one 
nanoparticle. Almost all the RB molecules were bound covalently to the 
surface of UCNPs, and UCNP-RB conjugates were washed twice with water 
to remove the “free” photosensitizer.  

3.2.5 Singlet oxygen measurements 
Generation of 1O2 by UCNP-photosensitizer conjugates was detected 

chemically by 1,3-diphenylisobenzofuran (DPBF).[18,19] Under reaction with 
singlet oxygen, DPBF is converted into its endoperoxide form, which in turn 
leads to its photobleaching. Bleaching was monitored by measuring the 
reduction in absorption intensity at 410 nm. Hereto, 25 μL (2 mmol/L) DPBF 
solution was added to 1 ml ethanol solution of UCNPs with a concentration of 
7.2×1013 particles/mL. The UV-Vis absorption spectrum of DPBF was 
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measured every 5 minutes. The reduction in absorption was monitored as a 
function of time after irradiating samples with a 980 nm diode laser. All 
measurements were performed at room temperature.  

3.2.6 Characterizations 
Structure characterization was performed on the basis of TEM images 

obtained with a MorgagniTM Transmission Electron Microscope (FEI 
Company). UV-Vis spectra of solutions were recorded in quartz cuvettes (1 
cm) with a Hewlett-Packard/Agilent 8453 Diode-Array Biochemical Analysis 
UV-Vis Spectrophotometer. The steady-state upconversion spectrum of 
upconversion samples was measured with a SPEX Fluorolog 3 spectrometer 
using excitation from a CW semiconductor diode laser at 980 nm. The 
upconversion luminescence spectra were measured under identical 
conditions in order to compare their relative emission intensities. Time-
resolved luminescence of upconversion samples was measured with a 
Hamamatsu R9110 PMT in a single-photon counting setup (Fast Comtec). 
For excitation a 980 nm laser pulse (~10 ns, 100 Hz) generated by a Nd:YAG 
laser system (Solar Inc.) was used. 

3.3 Results and Discussion 

3.3.1 Characterization of core and core/shell structured UCNPs 
The core UCNPs and five core/shell structured UCNPs of different shell 

thicknesses were synthesized following a modified version of the well-known 
thermolysis method.[6] A schematic illustration of the six samples is given in 
Figure 3.1. Sample A is the NaYF4:20%Yb3+,2%Er3+ core UCNP; samples B, 
C, D, E and F have the same core as A but a different shell thickness which 
was controlled during the synthesis. All six samples have a good dispersibility 
in hexane. Figure 3.1 shows the TEM images of the six hydrophobic samples. 
The average particle diameters are 16.0 nm (A), 20.2 nm (B), 23.0 nm (C), 
27.4 nm (D), 34.4 nm (E), and 40.4 nm (F), corresponding to the shell 
thickness of 0 nm, 2.1 nm, 3.5 nm, 5.7 nm, 9.2 nm and 12.2 nm, respectively.  

3.3.2 Energy transfer from UCNPs to photosensitizers 
Figure 3.2A displays UCNP emission as well as RB absorption and 

emission spectra. The Figure clearly shows that there is an appreciable 
overlap between the absorption spectrum of RB and the emission spectrum of 
UCNPs, and thus that energy transfer between the two can occur. The 
mechanism of FRET from UCNPs to RB photosensitizing molecules upon 980 
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nm excitation is shown in Figure 3.2B. Absorption of pump photons populates 
the 2F5/2 level of Yb3+, which is followed by energy transfer from excited Yb3+ 
ions to Er3+ ions, populating the 4I11/2 level of the latter. Higher electronic 
levels of Er3+, such as the 4F7/2 level, can then be populated by absorbing the 
energy of another excited Yb3+ ion or by direct absorption of another 980 nm 
photon. Part of the 4I11/2 excited ions relaxes to the 4I13/2 level through 
multiphonon non-radiative relaxation. The 4F7/2 level can decay nonradiatively 
to the 2H11/2, 4S3/2 and 4F9/2 levels, leading to the green emission bands 
around 520 and 560 nm, and the red emission band at 650 nm. Another 
population route of the 4F9/2 level is by absorption of a 980 nm photon or 
energy transfer from another Yb3+ ion from the 4I13/2 level of the Er3+ ions. The 
absorption band (520-570 nm) of RB overlaps well with the green emission  

 

Figure 3.1. TEM results of six NaYF4:Yb,Er@NaYF4 nanoparticles samples. Insets show 
a schematic illustration of the structures. (A) is NaYF4:20%Yb3+,2%Er3+ core UCNP. (B) 
to (F) are core/shell structure NaYF4:20%Yb3+,2%Er3+@NaYF4 UCNPs with different shell 
thicknesses as described in the text. 

     

Figure 3.2. (A) Upconversion emission spectrum of UCNPs under 980 nm excitation, and 
absorption and emission spectra of RB. The excitation for RB emission is at 550 nm. (B) 
Mechanism of upconversion in the UCNP-RB nanoconjugate under excitation of 980 nm.  
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band of UCNPs. Therefore, if RB molecules are bound to the surface of 
UCNPs, one should be able to excite them indirectly by 980 nm light via FRET 
through UCNPs.  

The integrated intensities of the upconversion emission of the six 
samples are shown in Figure 3.3A. This figure shows that the emission 
becomes monotonically stronger for thicker shells. We also observe that for all 
samples the green upconversion emission decreases upon binding with RB 
molecules, consistent with energy transfer from the upconversion nanoparticle 
to photosensitizing molecules. The energy transfer efficiency of this process 
can be calculated from the quenching value of donor luminescent intensity 
given by E = (ID - IDA) / ID where ID and IDA are emission intensities of the 
donor in the absence and presence of the acceptor, respectively.[20] The result 
is shown in Figure 3.3B. It is clear that for the bare core sample A-RB, 53% 
green emission is quenched, which is in line with the fact that the 
upconversion emission centers (donors) and photosensitizer molecules 
(acceptors) are very close leading to efficient energy transfer. For the 
core/shell structured upconversion samples the efficiency decreases 
monotonically from around 40% for sample B to less than 18% for sample F. 
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Figure 3.3. (A) Green upconversion emission intensity of samples A-F before (green 
columns) and after (orange columns) RB attachment. Red columns refer to the emission 
(580 nm) from RB bound covalently to UCNPs. Excitation occurs by a CW diode laser at 
980 nm with an excitation power of about 730 mW. (B) Energy transfer efficiency of the 
six UCNP-RB samples. 

However, the generation of singlet oxygen does not only depend on the 
energy transfer efficiency. To study this in more detail we have monitored the 
fluorescence of RB in these samples (Figure 3.3A). As illustrated in Figure 3.2, 
the fluorescence of RB can be used to measure the efficiency of RB excitation, 
provided that S1→T1 intersystem crossing is about the same in the six 
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samples. The results shown in Figure 3.3 demonstrate unambiguously that 
there exists an optimal shell thickness as far as RB excitation is concerned. 
Samples C, D and E are in this respect the best with sample D showing the 
maximum emission. This means that a thinner or thicker shell is not efficient 
for exciting RB, even though a thin shell would favor energy transfer from 
nanoparticles to photosensitizer. This “inconsistency” actually reflects the 
surface dependence of the photophysics of upconversion nanoparticles. This 
is a typical feature of nanomaterials for which the surface is much more 
critical in determining their properties than for their bulk counterparts. In the 
present case the upconversion efficiency is enhanced with the increase of the 
shell thickness due to the better separation between the emitters in the core 
and the quenchers on the surface. The shell thickness therefore has two 
opposite effects on the excitation of RB. On the one hand, a thick shell 
facilitates a strong upconversion emission, and thus favors excitation of RB. 
On the other hand, a thick shell is not favorable for the energy transfer 
efficiency, and thus excitation of RB will be reduced. Combination of these 
two opposing effects therefore indeed is expected to lead to an optimum in 
the fluorescence of RB as a function of the shell thickness.  

3.3.3 Singlet oxygen generation 
The generation of singlet oxygen can bemonitored by a chemical method 

using DPBF as a probe.[18] When reacting with singlet oxygen, DPBF converts 
to its endoperoxide form. The decrease of the absorbance of DPBF can 
therefore be used to determine the amount of singlet oxygen. Figure 3.4 
shows the absorption spectra of ethanol solutions of DFBF and the six UCNP-
RB conjugates as a function of exposure time to CW 980 nm irradiation. The 
main absorption band around 410 nm is due to DPBF while the 560 nm 
absorption band is associated with RB. The UV-Vis absorption spectrum of 
DPBF was taken every 5 minutes. For all samples degradation of DPBF is 
observed.  

Figure 3.5 displays the absorbance of DPBF at 410 nm versus exposure 
time. The rate at which the curve falls off as a function of time is roughly 
proportional to the efficiency with which singlet oxygen is generated. It is 
readily seen that UCNP-RB conjugates C, E, and in particular D are the best 
in generating singlet oxygen. Thus, nanoparticles with a 16 nm core and a 6 
nm shell are the best in generating 1O2, although these particles show neither 
the strongest upconversion luminescence nor the highest energy transfer 
efficiency.  
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Figure 3.4. Time dependence of spectra of sample A to F under irradiation of 980 nm 
diode laser (730 mW). Time interval between subsequent traces is 5 minutes. 
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Figure 3.5. Absorbance at 410 nm of DPBF in ethanol solutions of A to F as a function of 
irradiation time. The excitation wavelength is at 980 nm. 

3.4 Conclusions 

An effective method for improving the singlet oxygen production by using 
core/shell structured NaYF4:Yb3+,Er3+@NaYF4 nanoparticles as the energy 
donor has been reported. From studies of the photophysics of UCNPs-
photosensitizer conjugates and studies of the generation of singlet oxygen by 
these conjugates we have determined the optimal shell thickness for the 
highest upconversion efficiency and for the energy transfer efficiency. 
Optimization of these two efficiencies requires opposing conditions: increasing 
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the upconversion efficiency leads one to increase the shell thickness, 
increasing the FRET efficiency leads one to decrease the shell thickness. 
Since 1O2 generation is determined by both processes we thus find an optimal 
shell thickness for 1O2 generation which is a trade-off between these two 
conditions. In other words, our results show that to optimize UCNPs-based 
FRET conjugates one should not just be guided by only the upconversion 
luminescence efficiency or the FRET efficiency, but consider both at the same 
time.  
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Chapter 4. 

Effects of Surface Modification of 
Upconversion Nanoparticles on Cel- 
lular Uptake and Cytotoxicity 
 

Lanthanide-doped upconversion nanoparticles (UCNPs) have shown great 
promise for applications in biomedical imaging and therapy. For their actual 
application it is, however, a prerequisite that the interaction of such 
nanoparticles with mammalian cells is elucidated. In this article 
NaYF4:Yb3+,Er3+ nanoparticles are prepared without any ligands (Bare), and 
coated with 2-aminoethyl dihydrogen phosphate (AEP), polyacrylic acid (PAA) 
or polyallylamine (PAAm) via a simple two-step ligand exchange of oleic acid 
capped NaYF4:Yb3+,Er3+ nanoparticles. We show that after surface 
modification the crystal structure and TEM size distribution of the 
nanoparticles remain the same, that there is no significant change in 
upconversion luminescence and that the nanoparticles retain a good 
dispersibility in aqueous solution. Clear differences are observed, on the other 
hand, in the surface charge and hydrodynamic diameter. The cellular uptake 
and cytotoxicity of the nanoparticles are studied on two different cell lines, 
breast cancer MCF-7 and fibroblast 3T3. Confocal microscopy images 
demonstrate that PAAm-coated UCNPs can enhance cellular uptake and 
endocytosis, while AEP- and PAA-coated UCNPs show a very low level of 
nonspecific adsorption. Biocompatibility studies based on MTT assay, 
however, indicate that the PAAm-coated UCNPs show more toxicity than the 
other two. These results are critical in building the knowledge base required to 
design UCNPs to be used efficiently and specifically. 
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4.1 Introduction 

Since the early 1990s, enormous efforts worldwide have been proceeded 
on producing series types of nanomaterials with diameters in the range of 1–
100 nm.[1-4] Owning to their unique physical, chemical, and biological 
properties, nanoparticles have attracted booming interests in biomedical 
application like molecular imaging,[5] drug delivery,[6] and tissue engineering[7] 
etc. In particular, the nanoparticles are believed to have the potential to assist 
in delivering imaging contrast agents, therapeutic drugs or genetic materials 
to targeted lesion tissue, and make the delivery procedures more precise, 
more effective, and less harmful to healthy tissues and organs.[8] Although 
most of the present researches are still focusing on polymer nanoparticles 
such as polyglycolic acid (PLGA) and chitosan,[9-11] a numerous 
(number/amount) of inorganic nanomaterials like silica nanoparticles,[12] 
magnetic nanoparticles,[13] carbon materials,[14] metallic nanoparticles (like 
silver, gold),[15,16] and upconversion nanoparticles[17-20] have also been widely 
utilized for drug delivering in laboratory with great prospect. Especially for the 
lanthanide ions (Ln3+) doped upconversion nanoparticles (UCNPs) that 
possessing unique optical properties of near-infrared light excitation, have 
attracted enormous attention in cellular and animal fluorescence imaging in 
improving the tissue imaging depth, multimodal imaging of combined 
fluorescence imaging (FI), magnetic (MRI) and positron-emission transverse 
tomography (PET) etc.[21-25] Besides molecular imaging, UCNPs show also 
great potential as vehicles for photodynamic therapy (PDT),[26-28] gene 
therapy,[29,30] and chemotherapy[31] benefiting from the great surface areas. 
Moreover, the high physicochemical stabilities of UCNPs provide also a 
prerequisite for wide application of this material for in vivo biomedical 
applications in the future.  

Because molecular imaging, drug delivery and intracellular gene delivery 
are dependent on the cellular uptake efficiency of nanoparticles, thus the 
understanding of the interaction of nanoparticles with cells is critical for 
fundamental design of the nanoparticles for these biomedical applications.[32] 
From the increasing number of scientific reports published on both in vitro and 
in vivo investigations of the wide-range organic and inorganic nanoparticles in 
the past few decades, it turns out that the size, shape, and surface coating 
properties of the colloidal particles play an important role in modulating their 
interactions with cells.[33-38] For example, nanoparticles with diameter of 30 nm 
or less can be endocytosed by cells while the ones less than 12 nm might 
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cross the blood-brain barrier.[35] With these traits in mind various UCNPs 
synthesis methods and surfacing modification strategies including silica 
coating, polymer coating, ligand oxidation, electrostatic layer by layer 
assembly, and ligand exchange have been developed in last several years in 
order to improve their water-dispersibility and bio-compatibility.[17] But there 
are still not much systematic researches on the cellular uptake of different 
UCNPs at present. Only in 2011, Wong et al. synthesized three kinds of 
UCNPs with different polymer material coatings of polyvinylpyrrolidone (PVP), 
polyacrylic acid (PAA) or polyethylenimine (PEI), and studied their cellular 
uptake properties on in vitro cultured Hela cancer cells. Their study indicated 
that the positive charged UCNPs-PEI have higher uptake efficiency compared 
with other two nanoparticles and are thus more suitable for cell labeling.[39] 
Besides cellular uptake, the unexpected toxicity is also an important aspect 
for biomedical applications of UCNPs especially for in vivo imaging and 
therapy. The cellular uptake and toxicity interactions between such UCNPs 
and cells are, however, still under debate.  

In the present work, the cellular uptake and toxicities are studied using 40 
nm hexagonal phase NaYF4:Yb3+,Er3+ UCNPs with different surface ligand 
materials and charges, resulting from transferring the oleic acid (OA) capped 
hydrophobic nanoparticles into hydrophilic via a simple two-step ligand 
exchange strategy. Three typical surface ligands, 2-aminoethyl dihydrogen 
phosphate (AEP), polyacrylic acid (PAA) and polyallylamine (PAAm), are 
used to functionalize the NaYF4:Yb3+,Er3+ UCNPs. Two different mammalian 
cell lines of MCF-7 human breast cancer cells and NIH-3T3 mouse embryo 
fibroblast cells are employed to determine the cellular uptake and toxicity of 
the nanoparticles. This study provides a fundamental understanding of the 
effect of the surface charges of UCNPs on cellular uptake and toxicity, which 
shall benefit the design of upconversion nanoparticles for different biomedical 
applications.  

4.2 Experiments and Methods 

4.2.1 Synthesis and surface modification of NaYF4:Yb3+,Er3+ UCNPs  
NaYF4:Yb3+,Er3+ UCNPs were synthesized according to previously 

described methods.[40] In a typical procedure, 0.78 mmol of YCl3, 0.20 mmol 
of YbCl3, and 0.02 mmol of ErCl3 were put into a 100 mL flask and dissolved 
in 2 mL of deionized (DI) water to form a clear solution after vigorous stirring. 
Afterwards 6 mL of oleic acid (OA) and 15 mL 1-octadecene (ODE) were 
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added. This solution was heated to 100 °C for 10 min and then to 156 °C for 
30 min and subsequently allowed to cool to room temperature. A solution of 4 
mmol NH4F (0.1482 g) and 2.5 mmol NaOH (0.1 g) in 10 mL methanol was 
added, and the solution was kept at 55 °C for 30 min. After evaporation of 
methanol, the solution was heated to 300 °C under an argon atmosphere for 
1.5 h and cooled down to room temperature. The nanocrystals were 
precipitated with 10 mL acetone, collected after centrifugation, and 
redispersed in 10 mL of hexane.  

A two-step ligand exchange method as illustrated in Figure 4.1 was 
performed to render the hydrophobic UCNPs hydrophilic for further biological 
applications. Ligand-free UCNPs were made using a procedure reported 
previously.[41,42] In a typical process 10 ml hexane solution of oleate-capped 
UCNPs was added to a glass bottle containing 10 mL deionized water and 
stirred vigorously for 2 h at room temperature while maintaining the pH around 
4 by adding 0.1 M HCl solution. After the reaction was completed, oleic acid 
was removed from the aqueous solution by extraction for three times with 
diethyl ether. The bare UCNPs were collected by centrifugation and washed 
with acetone twice before being redispersed in water. To this solution of bare 
UCNPs ligand materials were added. Because of the high surface chemical 
activity, ligand molecules can readily react with dangling bonds on the ligand-
free UCNPs and form a coordinating bond. In the present studies one small 
molecule AEP, and two polymeric molecules PAA and PAAm were utilized to 
functionalize UCNPs by mixing them directly with bare UCNPs, and washing 
afterwards with water for at least three times in order to remove the excess 
ligand materials. 

 

Figure 4.1. Schematic representation of the two-step ligand exchange method (PAAm is 
illustrated here, AEP and PAA can be functionalized in the same way of PAAm) for 
turning UCNPs from hydrophobic into hydrophilic. 

4.2.2 Characterization of UCNPs 



Effects of Surface Modification of Upconversion Nanoparticles on Cellular Uptake and Cytotoxicity 

~ 55 ~ 

Transmission electron microscope (TEM) images were recorded on a 
JEOL-2010 TEM operated at an acceleration voltage of 200 kV. The TEM 
samples were prepared by dropping sample solutions (5 mg/mL in water) onto 
a 300-mesh carbon coated copper grid (3 mm in diameter) followed by 
evaporation of the solvent. Upconversion luminescence (UCL) spectra were 
recorded on a Hitachi F-4500 fluorescence spectrophotometer equipped with 
a commercial CW NIR laser (980 nm). Fourier transform infrared (FTIR) 
spectra of bare UCNPs, and UCNPs coated with AEP, PAA, and PAAm were 
measured with a Bruker Vertex 70 FTIR spectrometer. Hydrodynamic 
diameter and zeta (ζ) potential of UCNPs were determined using a Malvern 
Zetasizer Nano system.  

4.2.3 Confocal imaging 
The cancer cells were cultured in standard RPMI-1640 medium with a 

supplement of 10% fetal bovine serum (FBS), 1% penicillin and 1% 
streptomycin, and incubated in a humidified atmosphere at 37 °C regulated 
with 5% CO2. The UCNPs were sterilized in an autoclave at 121 °C for 30 min 
before being added to the cell culture. 

Two different cell lines of fibroblast cells 3T3 and breast cancer cells 
MCF-7 were separately seeded on sterile glass coverslips in six-well cell 
culturing plates. After 24 h, cell uptake experiments were performed by 
incubating both cell lines for 12 h with ligand free UCNPs as well as AEP, 
PAA, and PAAm functionalized UCNPs. Fluorescence imaging was 
conducted on a Nikon confocal microscope equipped with a Ti:sapphire 
pulsed laser. A narrow band pass filter (540-560 nm) was put in front of the 
CCD camera to block scattered laser light.[43] Before imaging, the cells were 
washed with a phosphate buffer saline solution for at least two times to 
remove the excess UCNPs that adsorbed nonspecifically on cell membranes. 

4.2.4 Cellular uptake and cytotoxicity study 
Cellular viability was performed by a standard MTT assay method to 

evaluate the biocompatibilities of UCNPs. Briefly, the culture medium was 
removed, and the cultures were washed twice with a phosphate buffered 
saline solution. 100 μl cell culture medium and 10 μl MTT solution (5 mg/mL) 
were added to each well and incubated at 37 °C for 4 h. When the purple 
precipitate of formazans crystal was clearly visible under a microscope, 200 μl 
of dimethylsulfoxide (DMSO) was added to each well and incubated in the 
dark for 2 h at room temperature until the purple crystal was dissolved 
completely. Absorbance was measured on a microplate reader (Bio-Rad) at 
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550 nm. The cell viability was expressed as a percentage of the control. All 
results are averages ± SD of three samples.  

4.3 Results and Discussion 

4.3.1 Synthesis and characterization of UCNPs 
Oleic acid (OA) is one of the commonly used ligands that can control the 

size and morphology of UCNPs. However, oleate-capped UCNPs have no 
intrinsic aqueous dispersibility and lack functional groups for biological 
functionalization. Further surface modification is thus always needed to render 
the hydrophobic nanoparticles hydrophilic. Different from traditional methods 
like silica coating, oxidation, one-step ligand exchange etc., a modified two-
step ligand exchange method has been developed as shown in Figure 4.1. 
Ligands on the surface of UCNPs are removed by HCl leading to bare UCNPs, 
and then functional ligands such as AEP, PAA, PAAm et al. are anchored 
onto the surface of the bare UCNPs. Because the functional groups like 
phosphate, amine and carboxylic acid have a high binding affinity toward 
lanthanide ions, these groups can readily coordinate with the bare UCNPs 
and produce UCNP-AEP, UCNP-PAA and UCNP-PAAm at room temperature. 
Compared with traditional one-step ligand exchange methods,[44] the two-step 
method is easier to execute. Moreover, it does not require large amounts of 
ligand materials and its efficiency is high. 

Figure 4.2 show TEM images of different surface modified UCNPs. The 
bare UCNPs have a narrow size distribution with an average diameter of 40 
nm (Figure 4.2A). The UCNPs feature a hexagonal structure with excellent 
crystallinity as evidenced by its typical selected area electron diffraction 
(SAED) pattern in Figure 4. 2B and the high-resolution TEM (HRTEM) picture 
in Figure 4.2C. Figure 4.2C clearly demonstrates the presence of 2D lattice 
fringes of the (111) and (200) planes of a single UCNP nanoparticle, indexed 
from their corresponding Fourier transform diagram (inset Figure 4.2C). 
UCNP-AEP, UCNP-PAA and UCNP-PAAm maintain the same morphology 
and size distribution properties as bare UCNPs (Figure 4.2 D, E and F), 
indicating that these ligand molecules interact only with surface-dangling 
lanthanide ions to perform coordinating bond without interfering the inner 
structure of UCNPs. 

Figure 4.3 displays FTIR spectra of the UCNPs with different ligands. The 
bands at 1732 cm−1 and 1580 cm-1 are attributed to the C=O stretching 
vibration modes of the free carboxyl groups and the asymmetric stretching 
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vibration modes of carboxylate anions, which can be considered as direct 
evidence for the polyacrylic acid coating for UCNP-PAA. The indicated bands 
at 1576 cm−1 and 1115 cm−1 can be assigned to the characteristic N-H 
bending and C-N stretching vibrations respectively, which confirm the 
presence of PAAm on UCNPs. Strong absorption bands centered at 1640, 
1108, and 1010 cm−1 are observed for UCNP-AEP, which are associated with 
the N-H bending vibration of amine groups and the O-P stretching vibration of 
phosphate groups of AEP, respectively. 

 

Figure 4.2. TEM characterization of NaYF4:Yb3+,Er3+ UCNPs with a series of surface 
coatings. (A) are ligand-free UCNPs. (B) and (C) are the selected area electron 
diffraction (SAED) pattern and high-resolution TEM images of these particles. The inset 
of (C) shows the corresponding fast Fourier transform diffractogram. (D), (E), (F) are 
TEM images of UCNP-AEP, UCNP-PAA and UCNP-PAAm, respectively. Scale bar is 100 
nm for panels A, D, E, and F. 

 

Figure 4.3. FTIR spectra of NaYF4:Yb3+, Er3+ nanoparticles with different surface 
coatings. Black curve is the bare UCNPs without any ligand, red curve is the UCNPs 
coated with PAA, purple curve is the UCNPs coated with PAAm, blue curve is the 
UCNPs coated with AEP. 
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Figure 4.4 and Table 1 report on the hydrodynamic diameter and zeta 
potential of the UCNPs coated with different ligands. The hydrodynamic 
diameter gives us information of the inorganic core along with any coating 
material outside as the nanoparticle moves under the influence of Brownian 
motion. Compared with the results obtained with TEM, the hydrodynamic 
diameter of UCNPs shows significant increase, which might be caused by the 
ligands materials and the solvent layer (water here) attached to the 
particles.[42,45] A small increase in the hydrodynamic diameters of the polymer 
coated UCNPs can also be observed clearly in compare with AEP coated 
UCNPs, which is in agreement with the chain length differences of the ligand 
materials. The ζ-potentials are given in Figure 4.4B. Different from the 
positively charged bare UCNPs, UCNP-AEP, and UCNP-PAAm, UCNP-PAA 
shows a negative charge (-37.9 mV). This can be attributed to the large 
number of carboxyl groups in PAA. The dramatic difference in ζ-potentials 
directly confirms the successful surface functionalization of UCNPs. Due to 
the modification with water-soluble and biocompatible ligand molecules, 
UCNPs show excellent stability in deionized water (several months) without 
any noticeable agglomeration, which makes them suitable for biomedical 
applications. 

 

Figure 4.4. Hydrodynamic diameter distribution (A) and ζ-potential (B) of 
NaYF4:Yb3+,Er3+ UCNPs with different surface coatings dispersed at the concentration of 
4 mg/mL in deionized water. 

Table 4.1. Hydrodynamic diameters and zeta potential of bare UCNPs and UCNPs 
coated with three different materials. 

NPs Average diameter (nm) Width (nm) Zeta potential (mV) 

Bare 87.1 28.1 45.5± 8.7 
AEP 90.6 24.5 35.4 ±7.5 
PAA 102.8 31.4 -37,9 ± 6.3 

PAAm 108.6 39.2 50.5 ±6.8 



Effects of Surface Modification of Upconversion Nanoparticles on Cellular Uptake and Cytotoxicity 

~ 59 ~ 

4.3.2 Upconversion luminescence properties 
Figure 4. 5 shows the upconversion luminescence spectra of UCNPs with 

different ligands in water. Similar upconversion luminescence is observed 
from these water dispersed UCNPs with or without ligand materials at the 
same concentration, indicating that the surface coatings have negligible 
influence on the upconversion mechanism of UCNPs. The upconversion 
luminescence can be split into two segments, a green region around 540 nm 
and a red region around 650 nm, ascribed to the 4S3/2-4I15/2 and 4F9/2-4I15/2 
transitions of Er3+ ions, respectively.  
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Figure 4.5. Upconversion luminescence spectra of polymer-coated UCNPs dispersed in 
water at a concentration of 4 mg/ml using 980 nm laser excitation. The laser power is 500 
mW/cm2. 

4.3.3 Surface effect on cellular uptake and endocytosis 
Figure 4.6 demonstrates that for incubation with positively charged 

UCNP-PAAm, numerous bright green luminescent spots illuminating the cell 
cytoplasm are clearly observed in both cell lines. On the contrary, bare 
UCNPs, UCNP-AEP and UCNP-PAA demonstrate under the same incubation 
and image acquisition conditions few illuminated spots with dimmed 
brightness. Z-scan imaging confirms that UCNP-PAAm is internalized into the 
cells (Figure 4.7). Figure 4.5 demonstrates that in aqueous media the 
efficiency for upconversion luminescence is similar for the various UCNPs. It 
is therefore reasonable to ascribe the larger number of bright green 
luminescent spots observed for UCNP-PAAm to its enhanced cellular uptake 
efficiency. This distinct cellular uptake efficiency can be interpreted as 
resulting from the electrostatic attraction of the negatively charged cell plasma 
membrane leading to a higher affinity towards UCNP-PAAm as opposed 
UCNP-PAA, and the long-chain alkyl property of UCNP-PAAm in compared 
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with UCNP-AEP. 

 

Figure 4.6. Bright-field (BF, left column), upconversion luminescence (UPL, middle 
column) and merged (right column) images of MCF-7 cells (A) and 3T3 cells (B) following 
12 h incubation with 50 μg/ml of our different surface modified UCNPs. From top to 
bottom are shown the images obtained with Bare UCNPs and coated with AEP, PAA, and 
PAAm, respectively. Excitation wavelength is 980 nm, emissions have been acquired in 
the 530-550 nm region. 

 

Figure 4.7. Z-scan confocal imaging obtained at different depths of MCF-7 breast 
cancer cells labeled with UCNP-PAAm when excited at 973 nm. The upconversion 
luminescence emission has been collected in the 540 nm wavelength region. 

4.3.4 Cytotoxicity research 
All of the studied UCNPs have potential as bioimaging nanoprobes due to 

their unique upconversion luminescence and good biocompatibility. However, 
cytotoxicity is a concern. The viability of MCF-7 and 3T3 cells after exposure 
to UCNPs with different coating molecules is given in Figure 4.8 using a 
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standard MTT assay. UCNP-PAA shows negligible cytotoxicity to both MCF-7 
and 3T3 cells, even at a high dosage of 0.5 mg/mL for 24 h. However, this is 
not the case for UCNP-PAAm. After treatment with 0.5 mg/mL of UCNP-PAAm 
for 24 h, the relative viability of MCF-7 and 3T3 cells is reduced to 70% or 
even less. The relative high toxicity of UCNP-PAAm might be caused by the 
higher endocytosis amount of UCNPs with PAAm encapsulation. Besides this, 
the surface coating molecules PAAm might also play a role in cytotoxicity. 
According to earlier reports [46,47], PAAm is a weak polyelectrolytes with pKa 
about 9, and the residual amino groups are almost fully charged at 
physiological pH, which resulting in a positive charge that alters greatly the 
cellular micro enviorment like the membrane potential. Thus we can infer that 
the moderate cytotoxicity of UCNP-PAAm at high dosages might also 
originate from the PAAm surface coating. Therefore, the endocytosis and 
cytotoxicity of UCNPs are subject to their surface charges, as well as other 
chemical properties of ligand materials used for surface modification. 
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Figure 4.8. Relative cell viability of MCF-7 (left) and 3T3 (right) cells after treating with 4 
UCNPs at different concentration ranging from 20 to 500 μg/mL for 24 h. Each data point 
is represented as mean of three duplicates. 

4.4 Conclusion 

Four different NaYF4:Yb3+,Er3+ UCNPs with different surface ligands and 
charges (Bare, PAAm, PAA, AEP) have been compared for their cellular 
uptake behavior and cytotoxicity employing the breast cancer cell line MCF-7 
and the fibroblast cell line NIH-3T3. All UCNPs have a similar size, a similar 
upconversion luminescence efficiency, and an excellent water dispersibility. 
However, their cellular uptake behaviors differ greatly. The PAAm coated 
UCNPs have the highest cellular uptake, but also with higher cytotoxicity. Our 
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experiments demonstrate that both surface ligands and charge of UCNPs 
determine cellular uptake efficiency. 
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Chapter 5. 

Target Labeling of Early-Stage Cancer 
in Chick Embryo Chorioallantoic 
Membrane with Upconversion Nano-
particles 
 

In vivo detection of early-stage tumors, i.e. smaller than 2 mm, is still a huge 
challenge in biomedicine. Upconversion nanomaterials, which can efficiently 
convert near infrared (NIR) light into visible light, offer a possibility to solve 
this challenge. In this chapter, detection of cancer at the early stage is 
demonstrated in chick embryo chorioallantoic membrane (CAM) model, where 
antibody functionalized upconversion nanoparticles (UCNPs-Ab) are 
constructed and utilized for targeted labeling of early-stage MCF-7 tumor 
spheroid (~500 μm) grafted on chick embryo CAM. NaYF4:Yb3+,Er3+ UCNPs 
are covalently functionalized with monoclonal antibody of estrogen receptor 
alpha (ER-α) via EDC cross-linking method, which show good cellular 
compatibility and high specificity to human breast cancer MCF-7 cells. In 
order to study their in vivo targeting, 3-dimensional MCF-7 multicellular tumor 
spheroid (MCTS) is transplanted on CAM to serve as an early stage tumor 
model, and systematically administrated with UCNPs-Ab conjugates via 
intravenously injection. From the intravital imaging, it turns out that the 
nanoconjugates can extravasate from the blood vessels and specifically label 
on the xenografted MCTS. The histological study has clearly proved the highly 
specific labeling of UCNPs-Ab conjugates in the transplanted MCTS. Our 
research highlights the potential of UCNPs-Ab in in vivo study of cancer at 
early stage. 

This work has been accepted for publication in: Kai Liu, Jasmin A. Holz, Yadan Ding, 
Xiaomin Liu, Youlin Zhang, Langping Tu, Bram Priem, Annemarie Nadort, Saskia A.G. 
Lambrechts, Maurice C.G. Aalders, Wybren Jan Buma, Yichun Liu, and Hong Zhang. 
“Targeted Labeling of Early-Stage Tumor Spheroids in Chorioallantoic Membrane Model 
with Upconversion Nanoparticles”, Nanoscale, accepted, (2014). 
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5.1 Introduction 

It is axiomatic in clinical oncology that detection of cancer at early-stage, 
e.g. carcinoma in situ that smaller than 2 mm, is of great importance for 
improving the cancer cure probability.[1-3] Unfortunately, most of present 
clinical imaging modalities like ultrasonic (US), computed tomography (CT), 
and magnetic resonance imaging (MRI) are not sufficient for detecting the 
early-stage cancers because of their low resolution and poor sensitivity and/or 
specificity.[4,5] Florescence imaging, an optical detection technique, has 
recently regained increased attention for cancer diagnosis, because of the 
new developments in exogenous contrast agents.[6-11] such as rare earth ions 
doped upconversion nanoparticles (UCNPs) that can convert near infrared 
(NIR) light into and/or shorter wavelength NIR light. In comparison to 
traditional ‘down conversion’ fluorescent markers that need ultra-violet or 
visible (UV-Vis) light for excitation, the UCNPs hold many advantages for 
biomedical imaging, such as minimized background fluorescence, and no 
photo bleaching. Furthermore, since UCNPs have large surface area, 
biofunctional molecules like photosensitizers, doxorubicin (DOX), si-RNA, folic 
acid, and peptides can be easily conjugated for targeted labeling or therapy. 
Numerous research studies have been reported in this respect on both in vitro 
and in vivo tests utilizing UCNPs.[12-25] Xiong et al. reported targeted labeling 
of 4-6 mm U87MG tumor in mice model utilizing argine-glycine-asparatic 
(RGD) peptide conjugated NaYF4:Yb,Er,Tm UCNPs.[13] Zhou et al. achieved 
tri-mode imaging of upconversion luminescence, magnetic resonance and 
positron emission tomography (PET) in mouse utilizing fluorine-18-labeled 
Gd3+/Yb3+/Er3+ co-doped NaYF4 UCNPs.[22] However, most of these 
researches are performed on mice model in which the imaging can usually be 
executed at relatively late stage when tumors reached to 4–6 mm. In vivo 
target detection of early stage cancer, i.e. smaller than 2 mm, remains a 
difficult task in biomedicine. 

In this chapter, a highly sensitive upconversion luminescence imaging 
nanoplatform of UCNPs-Ab is constructed by anchoring antibody on UCNPs 
and used for target labeling of the early stage tumor spheroid that grafted on 
chick embryo chorioallantoic membrane (CAM). Chick embryo CAM is a well- 
established model which has already been widely used for cancer and 
angiogenesis research, drug delivery and immunology.[26-35] Compared with 
the widely used mice model, chick embryo CAM has unique advantages in 
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cancer research, including (i) the chick embryo is a naturally immunodeficient 
system, various types of tumor cells can be transplanted into the CAM without 
any species-specific restrictions, and (ii) since the chick embryo CAM is an 
extremely thin membrane layer (~200 μm) that usually lies at the top, it’s very 
convenient to observe motility process of the injected cancer cells or drug 
molecules under a microscope with little impact on the host. On top of that, 
the chick embryo model is simple (without animal manipulation), low cost, 
easy to maintain, and easily accessible. In our study, multicellular tumor 
spheroids (MCTS, ~0.5 mm in diameter) of MCF-7 human breast 
adenocarcinoma cell were cultured and transplanted onto the chick embryo 
CAM to serve as an early stage tumor model. Since MCF-7 cell line has a 
high expression level of estrogen receptor alpha (ER-α), the corresponding 
monoclonal antibodies (Ab) of ER-α were covalently functionalized onto 
NaYF4:Yb,Er UCNPs via a simple EDC cross-linking method (shown in 
Scheme 1). The cytotoxicity and targeting properties of UCNPa-Ab were also 
assessed in a tumor cell line (MCF-7) and normal cell line (3T3). The in vivo 
microcirculation behavior and targeting property of UCNPs-Ab conjugates 
were investigated following micro vein injection, which demonstrated that they 
could efficiently flow through the bloodstream, extravasate from the 
vasculature, and specifically accumulate at the tumor spheroids. These 
results indicate that UCNPs have great potential for in vivo target labeling and 
diagnosis of cancer at early stage.  

 

Scheme 5.1. Synthesis of UCNPs-Ab nanoplatform. 
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5.2 Experiments and Methods 

5.2.1 Synthesis of carboxyl functioned NaYF4:Yb,Er, UCNPs 
Hydrophobic NaYF4:Yb(20%),Er(2%) upconversion nanoparticles were 

synthesized by a modified hyper-thermal decomposition method according to 
literature.[36] The method involved dissolving 236.54 mg YCl3·6H2O (0.78 
mmol), 77.48 mg YbCl3·6H2O (0.2 mmol), and 7.64 mg ErCl3·6H2O (0.02 
mmol) in 2 mL methanol before being transferred into a 50 mL three-neck 
flask containing 3 mL oleic acid (OA) and 7 mL 1-octadecene (ODE). The 
mixture was stirred at room temperature for 30 min and then slowly heated to 
110 °C for 15 min to remove methanol and water under argon atmosphere. 
After, the solution was heated to 156 °C and maintained at this temperature 
for 1 h. The received lanthanide precursors were allowed to cool down to 
room temperature, followed by adding 10 mL methanol solution containing 
148.21 mg NH4F (4 mmol) and 100.02 mg NaOH (2.5 mmol) into the flask and 
stirring for 1 h. After evaporating methanol at 60 °C, the solution was heated 
to 300 °C for 90 min followed by a period of cooling down to room 
temperature. The mixture was precipitated by the addition of 20 mL ethanol, 
and collected after centrifugation at 5000 r/min for 15 min. Product was re-
dispersed with 5 mL hexane and precipitated by adding 15 mL ethanol, then 
collected after the same centrifugation step. The product was washed three 
times, and the final product was re-dispersed in 10 mL hexane. 

As the OA capped NaYF4:Yb,Er UCNPs have poor dispersibility in 
aqueous phase, further surface modification is usually needed to improve 
their water-solubility and biocompatibility. In our case, a two-step ligand 
exchange method utilizing polyacrylic acid (PAA, -COOH groups) to replace 
the OA molecules was used, as is illustrated in Scheme 5.1. To start, 5 mL 
OA capped UCNPs (50 mg) dispersed in hexane was mixed with 10 mL 
aqueous solution. After adding 200 μL HCl solution (1 mol/L), the mixture was 
stirred vigorously for 2 h at room temperature. The oleate ligands were easily 
protonated and released from UCNPs in the presence of HCl, leaving ligand 
free UCNPs.[37] These ligand-free UCNPs were then collected after 
centrifugation and washed with water/acetone for two times to remove the 
excess HCl and OA, and were then redispersed in 5 mL water. At this stage, 
50 mg PAA molecules were added into the ligand free nanoparticles and 
stirred overnight. Because ligand free UCNPs have very high surface activity, 
PAA molecules can bond tightly onto UCNPs with strong coordinate 
interaction between carboxyl groups and rare earth ions. The obtained 
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carboxyl functioned UCNPs were washed with water for at least two times to 
remove the free PAA molecules. 

5.2.2 Covalent functionalization of UCNPs-Ab conjugates 
PAA stablized NaYF4:Yb,Er UCNPs were covalently functionalized with 

monoclone antibodies of estrogen receptor alpha (ER-α) via a simple EDC 
cross-linking method in order to acquire target cancer delivering ability. Briefly, 
2 mg UCNPs were dispersed in 500 μL MES buffer, 10 mg EDC (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide) and 10 mg NHS (N-Hydroxysuccinimide) 
were added into the solution and shaken continuously for 90 minutes at room 
temperature. The amino-activated nanoparticles NaYF4:Yb,Er-NHS were 
collected by centrifugation and washed twice with MES (2-(N-
morpholino)ethanesulfonic acid) buffer, and redispersed in 500 μL MES buffer 
for further conjugation. Afterwards 100 μg ER-α antibodies was added into 
UCNPs solution and shaken gently for 1 hour at room temperature. The 
acquired UCNPs-Ab conjugates were washed with PBS twice and 
redispersed in 500 μL PBS. Then 3% BSA was added into the UCNPs-Ab 
conjugates in order to blocking the excess unnecessary bonding sites and 
stocked at 4 °C for further application. 

5.2.3 In vitro experiment 
Two different cell lines of human breast adenocarcinoma MCF-7 (ER-α 

positive cells) and fibroblast NIH 3T3 (ER-α negative cells) were cultured to 
evaluat the biocompatibility and specificity of UCNPs-Ab conjugates. Both 
were bought from the American Type Culture Collection (ATCC) and cultured 
according to standard methods. MCF-7 cells were cultured in the complete 
Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM⁄F-12). The 
medium was supplemented with 10% fetal bovine serum, 1% MEM Non-
Essential Amino Acids Solution (100X), 100 unit/mL penicillin, and 100 μg/mL 
streptomycin (all from Invitrogen). NIH 3T3 cells were cultured in DMEM 
medium, supplemented with 10% fetal bovine serum (FBS), 100 ug/mL 
penicillin and 100 μg/mL streptomycin (all from Invitrogen). Both cells are 
cultivated in medium at 37 °C in a humidified 95% air and 5% carbon dioxide 
(CO2) atmosphere. 

The cytotoxicity of UCNPs-Ab conjugates was evaluated by the 
mitochondrial activity using standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) assay. Both 3T3 cells and MCF-7 cells in log 
phase growing were seeded into 96-well cell-culture plates at a concentration 
of 5×104 /well and 1×105 /well, respectively, and incubated at 37 °C under 5% 
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CO2. After 24 h, different amounts of UCNPs-Ab conjugates were added into 
the culturing medium at final concentrations of 0, 5, 10, 20, 50 and 100 μg/mL. 
The cells were incubated for 24 h at 37 °C. Subsequently, 10 μL MTT (5 
mg/mL) was added to each well and incubated for an additional 4 h at 37 °C. 
After removing the medium, the wells were washed by PBS, and the 
intracellular formazan crystals were extracted into 100 μL iso-propanol. The 
absorbance of the cell lysate was recorded at 550 nm by a plate reader, and 
the cellular viability was calculated from the average value of four wells. 

To study the specificity of the UCNPs-Ab conjugates for targeted imaging, 
in vitro experiments were carried out on human breast adenocarcinoma MCF-
7 cells (with high expression level of ER-α). Mouse fibroblast cells 3T3 
(expressing low levels of ER-α) were used for the control experiments. Both, 
MCF-7 and 3T3 cells were seeded on a coverslip at a concentration of 104 
cells/mL and then treated with UCNPs-Ab conjugates (20 μg/mL) for 8 h at 
37 °C. Prior to imaging, the coverslip was washed twice with PBS in order to 
remove any unbound upconversion conjugates. The cells were then fixed with 
4% paraformaldehyde and mounted with 95% glycerol solution. Upconversion 
luminescence imaging was performed using our previous described confocal 
microscope system.[38] 

5.2.4 Chick embryo preparation and tumor spheroids transplantation 
A modified shell-less chick embryo CAM model was developed in order to 

evaluate the in vivo target labeling property of UCNPs-Ab conjugates. The 
fertilized white chick eggs (Drost Loosdrecht BV, The Netherlands) were 
disinfected with 70% alcohol and incubated in a rotating ventilated hatching 
incubator set at 39 °C and 70% humidity. After 3 embryonic age (EA) days, 
shell-less chick embryo CAM preparation was conducted by carefully 
dropping the egg contents into a dry and sterile weighing dish (8 cm) under a 
clean and light restricted atmosphere. The dish was then covered with 
parafilm and put back into a static hatching incubator set at 38 °C and 60%. 
Additional holes were added using an 18G needle to ensure gas exchange.  

3-Dimensional multicellular Tumor Spheroids (MCTS) of human breast 
cancer cells MCF-7 were cultured in vitro for transplantation. To create MCTS, 
single MCF-7 cell suspensions (0.5×106 cells/mL) in complete DMEM/F-12 
cell culture medium were added to 1.5% agar-coated 24 well plates (200 
μl/well), and incubated under CO2 flow. During the 3 days of incubation, tumor 
cells aggregated with each other to forma spheroid. The spheroids were 
transferred into regular 24 well plates (non-agar coated) for further incubation. 
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200 μl of extra DMEM/F-12 was added daily into each well until the tumor 
spheroids were approximately 0.4 mm in diameter. 

The tumor spheroids were implantated in the CAM on day 9 or 10 of 
embryonic development. Under sterile conditions, a small incision was made, 
using a 30 gauge hypodermic needle attached to a 1 mL syringe, in the upper 
surface (ectodermal epithelium) of the CAM in a region away from major 
blood vessels. A small area of the chorionic layer of the CAM was scratched 
with the edge of the needle’s bevel. The ectodermal epithelium was 
successfully removed when the target area appeared watery due to local 
ischemia. Any resulting sera, blood or debris was gently aspirated with the 
syringe. At the end, the tumor spheroid was dropped onto the severed area. 
The dish was then covered with parafilm, and returned to the incubator. 
Successful implantation was observed when the tumor spheroid was engulfed 
by the CAM (typically 2 days post-implantation), and the tumor spheroid 
rested in the highly vascularized mesodermal layer between the allantoic 
epithelium (endoderm) and the healed chorionic epithelium (ectoderm). At this 
stage, the model was ready for use for biological and biomedical engineering 
investigations. 

5.2.5 Intravital microscopy fluorescence imaging of MCTS on CAM 
On 14 EA days, 50 μL UCNPs-Ab conjugates (1 mg/mL) were 

systematically administrated into the CAM by microvein injection under a 
stereomicroscope. The upconversion luminescence imaging from UCNPs 
were captured by a homemade intravital microscope system which was 
equipped with a 100 W mercury lamp, a 500 mW 980 nm laser, 890 nm short 
pass filter to reject the excitation light, a 4x objective and a fast, high 
resolution, low light performance digital camera (Q Imaging, Retiga-SRV, 
Canada). The CAM was put on an electrical heating plate to keep the 
temperature at 37 °C. Both bright field images and fluorescence images of the 
tumor and surrounding tissue were recorded. 

5.2.6 Histological research 
On EA day 15, after imaging, areas containing the MCTS were cut out 

and embedded in tissue fixation gel for cryotom sectioning. The MCTS were 
cut into 10 μm sections, stained with hematoxylin-eosin (H&E) and further 
analyzed using a standard white light microscope. In addition, upconversion 
luminescence confocal imaging was carried out using an inverted Olympus 
IX71 microscope equipped with an 100× oil immersion objective and a 980 nm 
Ti:Sapphire laser, as previously described. 
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5.3 Results and Discussion 

5.3.1 Synthesis and characterization of UCNPs 
As the NaYF4:Yb,Er UCNPs synthesized from organic solvent could not 

be dispersed well in water, a surface modification process was firstly carried 
out to transfer the hydrophobic UCNPs into hydrophilic ones via a simple two-
step ligands exchange method. As illustrated in Scheme 5.1, first the oleic 
acid (OA) caped outside UCNPs were removed by protonation treatment, to 
receive ligand free UCNPs.[35,36] Then the ligand free nanoparticles were 
treated with poly acrylic acid (PAA), which equipped the UCNPs with 
carboxylic groups. Figure 5.1 shows the TEM images of ligand free and PAA 
coated NaYF4:Yb3+,Er3+ UCNPs. Both nanoparticles show good dispersibility 
and uniform size distribution, and the average size of the UCNPs is around 45 
nm. Figure 5.1C shows the high resolution TEM image of an individual UCNP, 
where the lattice fringes with interplanar spacing are about 0.52 nm, 
corresponding to the (100) plane of hexagonal-phase structured NaYF4. The 
insert shows the fast Fourier-transform (FFT) diffractogram, which confirms 
the hexagonal-phase of the UCNPs. 

 

Figure 5.1. TEM image of ligand free NaYF4:Yb,Er UCNPs (A) and PAA coated 
NaYF4:Yb,Er UCNPs (B). (C) is the high-resolution TEM image of a single nanoparticle, 
where the inset is the corresponding Fourier-transform diffractogram. 

To prove that PAA molecules were capped on NaYF4:Yb3+,Er3+ UCNPs, 
Fourier transform infrared spectroscopy (FTIR) characterization was 
performed (spectra are shown in Figure 5.2A). The band around 1422 cm-1 is 
due to the C–O stretching vibration of the carboxyl groups, and the two strong 
bands centered at 1580 cm-1 and 1462 cm-1 are associated with the 
asymmetric and symmetric stretching vibration modes of carboxylate anions, 
suggesting the effective COO-RE3+ complexation on the UCNPs surface. The 
band at 1728 cm-1 is assigned to the C=O stretching vibration of the free 
carboxyl groups on the PAA polymer chain. 
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Figure 5.2B is the upconversion luminescence spectra of ligand free and 
PAA coated UCNPs of the same concentration (1 mg/mL) in water under 980 
nm excitation (400 mW). The upconversion luminescence in visible region has 
two bands, a green one around 515-560 nm and a red one around 640-675 
nm, which are ascribed to transitions of 4S3/2—4I15/2 and 4F9/2—4I15/2 from 
doped Er3+ ions, respectively. The two upconversion luminescence spectra 
are similar, indicating that polymer coating has negligible effect on the UC 
luminescence of UCNPs.  

It is known that the hydrodynamic diameters and surface charges greatly 
affect cellular endocytosis and toxicity,[39-41] therefore we have measured the 
hydrodynamic diameters and zeta-potential and the results are shown in 
Figure 5.2 C and D. Compared with the ligand free nanoparticles, an obvious 
increase in hydrodynamic diameters is observed in PAA coated nanoparticles, 
which might be attributed to the dwelling effect of polymer coating at the 
surface of UCNPs. A significant change was also observed in the surface 
charges, varying from 45.5 mV (ligand free UCNPs) to -37.9 mV (PAA coated 
UCNPs), which further confirmed the existence of carboxyl groups at the 
surface of UCNPs. 
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Figure 5.2. FTIR spectra (A) and upconversion luminescence spectr (B) of ligand free 
and PAA coated NaYF4:Yb,Er UCNPs under 980 nm excitation (400 mW). (C) and (D) 
are the hydrodynamic diameter distribution and zeta potential of ligand free UCNPs and 
PAA coated UCNPs. 
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5.3.2 Cytotoxicity research of the UCNPs-Ab conjugates 
Cytotoxicity was investigated on two different cell lines, human breast 

cancer MCF-7 and mouse embryo fibroblast 3T3, with different UCNPs-Ab 
conjugates concentration (0, 5, 10, 20, 50, 100 μg/mL). No significant change 
was observed in the cell morphology and proliferation of both cell lines after 
24 h in the presence of the UCNPs-Ab conjugates. The cellular viability is 
further evaluated by MTT assay of mitochondrial activity, the results are 
shown in Figure 5.3. Both cell lines demonstrate good cellular viability, even 
at the maximum concentration 100 μg/mL the viability maintains higher than 
90%. These results indicate that UCNPs-Ab conjugates have good 
biocompatibility and therefore could be used for in vivo imaging. 
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Figure 5.3. Cellular toxicity results based on standard MTT assy. Gray column and black 
column are corresponding to 3T3 and MCF-7. 

5.3.3 In vitro target labeling of cancer cells with UCNPs-Ab conjugates 
Figure 5.4 shows the confocal microscope images of MCF-7 breast 

adenocarcinoma cells (for positive control) and 3T3 fibroblast cells (for 
negative control) after treatment with UCNPs-Ab (100 μg/mL) for 8 h. The 
bright field images show that the cellular morphology is intact, which is 
consistent with the cytotoxicity results of the UCNPs-Ab conjugates. The dark 
field images show the upconversion luminescence within the MCF-7 cells 
(Figure 5.4, top row), whereas little luminescence was observed in the 3T3 
cells (Figure 5.4, bottom row). The latter is related with the residual non-
specific adsorption of the UCNPs on the 3T3 cell membranes. These results 
indicate the UCNPs-Ab conjugates can specifically label on the MCF-7 breast 
cancer cells.  
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Figure 5.4. Confocal upconversion luminescence images of UCNPs-Ab incubated with 
MCF-7 cells (top) and 3T3 cells (bottom) for 8 h at 37 °C, from left to right are bright filed, 
dark field and merged images. 

5.3.4 In vivo target labeling of tumor spheroid with UCNPs-Ab 
conjugates 

In our study shell-less cultured chick embryo was developed as the 
model to research the in vivo labeling properties of UCNPs-Ab. A typical shell-
less chick embryo is shown in Figure 5.5A. The CAM membrane is settled on 
the top of embryo and yolk, and the blood vessels of CAM can be seen very 
clearly with naked eyes. In order to assess the in vivo targeting behavior of 
the UCNPs-Ab conjugates on early stage cancer spheroids, MCTSs were 
cultured in vitro and transplanted onto the CAM. Compared with the cancer 
cells cultured in 2-D, the MCTS show a condensed structure in 3-D, and can 
mimic more closely of the cellular-matrix and cell-cell interactions in vivo.[42] 
After 3 days of incubation, the MCTS could be embedded into the CAM 
membrane, and the new grown blood vessels can be clearly seen surrounding 
the MCTS. Then UCNPs-Ab were systematically administrated into the chick 
embryo CAM via venule injection under a stereomicroscope. Owing to the 
depression of autofluorescence during UCL imaging, the microcirculating 
behavior of the nanoconjugates in blood vessels was able to be neatly 
investigated with a modified fluorescence intravital microscope that equipped 
with a 980 nm laser. As shown in Figure 5.5B, left is the white image of a 
typical CAM blood vessel net, right is the corresponding upconversion 
luminescence image after 10 min of injection of UCNPs-Ab conjugates. We 
can distinctly see that the nanoparticles fluently flow with the bloodstream and 
efficiently extravasate from the main blood vessels into the surrounding 
tissues. Thus the CAM model provides us a simple approach for real-time 
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visualizing the in situ interaction of nanoparticles with the vascular networks 
and also the biotissues, which might be of great value for future Nano-Bio 
researches.  

 

Figure 5.5 (A) A typical ex-ovo cultured chick embryo. (B) Intravital microscope images 
of bright field (left) and upconversion luminescence (right) of the chick CAM after 10 min 
intraveneous injection with 100 μg UCNPs-Ab.  

The in situ upconversion luminescence imaging of the tumor spheroid 
was then investigated at different time with intravital microscope. The UCNPs 
without any antibody functionalization (non-functionalized UCNPs) were also 
injected for control, data are shown in Figure 5.6. We see the non-
functionalized UCNPs were present in both the MCTS and the environment 
without specific accumulation within the MCTS, both at 1 h and at 24 h after 
injection. In contrast, the functionalized UCNPs-Ab were accumulated 
specifically on the MCTS (Figure 5.7). One hour after injection, the UCNPs-Ab 
were observed mainly in the surrounding tissue of MCTS. Twenty-four hours 
after injection, strong upconversion luminescence was obviously observed in 
the MCTS, indicating the good targeted delivery of UCNPs-Ab conjugates. 

In order to further demonstrate the selective labeling of UCNPs-Ab in 
tumor cells, the resected MCTS region was histological examined. Figure 
5.8A shows the microscope image of the H&E stained MCTS imbedded into 
the CAM tissue. Figure 5.8 B and C are the confocal upconversion 
luminescence images of CAM and MCTS corresponding to the marked areas 
in Figure 5.8A. As expected, normal CAM regions show very low amount or 
no luminescence of UCNPs-Ab (Figure 5.8B). Whereas targeted 
luminescence of UCNPs-Ab was only observed in the transition zone from the 
CAM into the MCTS (Figure 5.8C). Low fluorescence was detected from 
surrounding tissue, resulting in a high contrast between targeted MCF-7 cells 
and surrounding tissue. On the contrary, from histological examination of 
MCTS administrated with non-functionalized UCNPs, only very little amount of 
upconvedrsion luminescence was observed in MCTS (data not shown). 

A B 
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Figure 5.6. Non-targeted labeling of MCTS transplanted on the CAM with UCNPs at 
1 h (top row) and 24 h (bottom row). From left to right are bright field, dark field (980 
nm irradiation) and merged intravital microscope images at 4x magnification and 2 
min exposure time. 

 

Figure 5.7. Target labeling of MCTS transplanted on the chick CAM with UCNPs-Ab 
conjugates at 1 h (top row) and 24 h (bottom row). From left to right arebright field, dark 
field (980 nm irradiation) and merged intravital microscope images. 
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Figure 5.8. H&E-stained section (A) of MCTS on the CAM, 30 min after UCNP-Ab 
injection. Part (B) shows the upconversion luminescence of the surrounding CAM. 
Part (C) shows the upconversion luminescence of the transition zone between CAM 
and MCTS. 

5.4 Conclusion 

In conclusion, upconversion nanoparticles have been successfully 
functionalized and employed in labeling the cancer at early stage in CAM. 
PAA coated UCNPs were synthesized by a two-step ligand exchange method, 
and functionalized with ER-α antibody to obtain UCNPs-Ab conjugates. In 
vitro researches reveal that the UCNPs-Ab conjugates have no significant 
cytotoxicity on mammalian cells, and can specifically label in the MCF-7 
breast cancer cells rather than normal cells. The cellular viability was higher 
than 90% even at relatively high concentration (100 μg/mL) of UCNPs-Ab. 
The 3-dimensional MCTS (~500 µm) transplanted CAM model has been 
developed as the early stage tumor model to research the in vivo labeling 
properties of UCNPs-Ab. Intravital microscope imaging demonstrated that 
intravenously injected UCNPs-Ab conjugates have high specificity in labeling 
the breast cancer. Our work suggests that UCNP-Ab, in combination with 
CAM, offers new possibility in early cancer studies. 
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Chapter 6 

Multispectral Upconversion Lumines-
cence Intensity Ratio for Ascertaining 
Tissue Imaging Depth 

 

Fluorescence imaging is an established method in oncology for imaging of 
early stage tumors. However, the interpretation of the images is often 
hampered by the lack of knowledge on how deep a (pool of) fluorescence 
probe is embedded in the tissue. In this chapter, a multispectral upconversion 
luminescence (UCL) imaging method is introduced to accurately ascertain the 
depth of the accumulated probes based on the relative intensity changes of 
different emission bands. Under 980 nm near infrared light excitation, 540 nm 
and 650 nm UCL intensity ratio (G/R ratio) of NaYF4:Yb3+,Er3+ nanoparticles 
was monitored using tissue mimicking liquid phantoms. Excitation path (Ex 
mode) and emission path (Em mode) dependence of the G/R ratio were 
studied separately. The observed quantitative relation was examined by 
embedding NaYF4:Yb3+,Er3+ nanoparticles in layered pork muscles, which 
demonstrated a very high accuracy in the thickness range up to centimeter. 
This approach shall promote significantly the power of nanotechnology in 
biomedical imaging by expanding the imaging information from 2-dimensional 
to real 3-dimensional. 

 

 

 

 

This work has been published in: Liu K.; Wang Y.; Kong X.; Liu X.; Zhang Y.; Tu L.; Ding 
Y.; Aalders M. C. G.; Buma W. J.; Zhang H. “Multispectral Upconversion Luminescence 
Intensity ratios for Ascertaining the Tissue Imaging Depth”, Nanoscale 6 (15), 9257 
(2014). 
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6.1 Introduction 

Fluorescence imaging has shown great potential in early cancer 
diagnosis because of its high sensitivity and resolution,[1-3] especially with the 
development of near infrared (NIR) light excitable lanthanide ions (Ln3+) 
doped upconversion nanoparticles (UCNPs), more and more attractions have 
been paid on upconversion scheme.[4-16] NIR light excitation has minimal 
absorption/scattering in animal tissue and will not excite biological 
environment, which makes UCNPs superior in luminescence imaging over 
traditional fluorescence compounds like organic dyes and quantum dots (QDs) 
that need ultraviolet or visible (UV-Vis) light for excitation. Such as Chen et al. 
demonstrated in 2012 that, the Tm3+ doped UCNPs can image up to 3.2 cm 
thick in pork tissue, indicating UCNPs is an excellent luminescent probe for in 
vivo imaging of deep tissue.[8] Zhang also synthesized several different 
UCNPs and systematically studied their microscopic luminescence imaging 
depths by embedding the nanoparticles labeled cells in different animal 
tissues.[13] Moreover, benefits from the ample energy level structures of doped 
Ln3+ ions, UCNPs show a unique optical property of multiband upconversion 
luminescence (UCL) spanning from ultraviolet to near infrared, and the 
spectrum can be readily modulated by simply varying the doping ions, e.g. Er, 
Tm, Ho, etc. and/or relevant concentrations.[17-20] Based on this, multicolor 
imaging methods can be aptly achieved for simultaneously imaging several 
different lesions with a single 980 nm excitation.[21,22] As described in Chapter 
2, we also developed a multifunctional nanoplatform for cancer cell imaging 
and photodynamic therapy upon the selective energy transfer from 
multicolored NaYF4:Er3+,Yb3+ UCNPs to surface covalently functionalized 
photosensitizers Rose Bengal (RB).[23] All these efforts indicate the prospect 
of UCNPs in tissue imaging and/or therapy.  

Despite these progresses, how to relate these images to the exact 
position of the lesion, i.e. how to accurately locate the tissue depth of 
luminescence probe labeled cancer, still remains a big challenge.[24] In clinical 
oncology it has been proved that the invasion depth has a close relation with 
cancer metastasis,[25-27] and thus the determination of cancer depth is of great 
significance in cancer staging and prognosis. However, because of the 
intrinsic complex of the interactions between light and animal tissues 
(absorption, scattering, reflection, etc.), it’s usually difficult to resolve the 
lesion from traditional single colored planar imaging (only lateral distribution of 
the luminescent probes is acquired) in which the detected signal intensity has 
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a nonlinear dependence on the propagation depth in surrounding tissue, 
especially when the concentration of luminescent probes is taken into account. 
In this aspect, fluorescence molecular tomography (FMT) was recently 
developed to reconstruct the fluorescence images.[28,29] However, this effort is 
often interfered by the complex light source arrays and detection techniques, 
and the requirements of intensive computation and complicated data analysis. 
Moreover, most present FMT techniques have to marry together CT or MRI to 
improve the photon reconstruction and image visualization.[30,31] Thus a simple 
and independent method of evaluating the lesion depth is very demanding. 

In this chapter, we have established a theoretical model which can be 
used to have an easy but accurate assessment the depth of luminescence 
probes embedded in tissue based on multispectral luminescence of UCNPs. 
The parameters in the deduced quantitative relation between the light 
propagation depth and UCL spectrum were fixed from tissue mimicking liquid 
phantoms, and the setup is depicted in Figure 6.1, where UCNPs were 
encapsulated into a capillary tube and embedded in the tissue mimicking 
liquid phantoms. The optical path-length on excitation and emission could be 
well separately adjusted and the corresponding UCL spectra were recorded 
by PMT respectively. The integrated intensity ratio of the green and red 
emission was used for sensing the depth. The deduced relation between the 
relative intensities and depth was successfully used to determine, with a high 
accuracy, the depth of the UCNPs embedded in pork muscle tissue in the 
range up to centimeter. 

6.2 Experiments and Methods 

6.2.1 Synthesis of NaYF4:Er3+,Yb3+ UCNPs 
Monodispersed NaYF4:Yb(20%),Er(2%) UCNPs of hexagonal phase 

were synthesized by a modified solve-thermal method according to 
literature.[32] In a typical synthesis procedure, 236.54 mg YCl3·6H2O (0.78 
mmol), 77.48 mg YbCl3·6H2O (0.2 mmol), and 7.64 mg ErCl3·6H2O (0.02 
mmol) were dissolved in 2 mL methanol and transferred into a 50 mL three-
neck flask containing 3 mL oleic acid (OA) and 7 mL 1-octadecene (ODE). 
After intense stirring for 30 min at room temperature, the mixture was slowly 
heated to 110 °C under argon atmosphere and maintained at that temperature 
for 15 min to remove methanol and water. After this, the mixture was heated 
up to 156 °C under an argon atmosphere and maintained at that temperature 
for 1 h to obtain the OA stable lanthanide precursors. The precursor solution 
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was cooled down to room temperature, before adding 10 mL methanol 
solution containing 148.21 mg NH4F (4 mmol) and 100.02 mg NaOH (2.5 
mmol) to the flask and mixing. After methanol evaporating at 60 °C for 30 min, 
the mixture were heated to 300 °C and reacted for 90 min. After that it was 
cooled down to room temperature and the received mixture was precipitated 
by adding 20 mL ethanol and collected by centrifugation at 5000 r/min for 15 
min. The nanoparticles were re-dispersed with 5 mL hexane and precipitated 
by adding 15 mL ethanol, then collected by the same centrifugation. After 
three times washing, the OA caped NaYF4:Er3+,Yb3+ UCNPs were re-
dispersed in 10 mL hexane. 

In order to make the NaYF4:Er3+,Yb3+ UCNPs water soluble, hydrophobic 
ligands (OA) that capping on UCNPs were removed according to a previously 
reported method.[33] Briefly, 5 mL of OA capped UCNPs was mixed with 10 
mL HCl solution (pH~3) and then rigorously stirred for 2 h at room 
temperature. After that, UCNPs were transferred into the water layer after 
standing 10 min. The ligand free UCNPs in the water layer were washed with 
ether for 3 times at least and re-dispersed in 5 mL water.  

6.2.2 Characterization of UCNPs 
Structure characterization was performed with TEM images obtained with 

a Philips MorgagniTM transmission electron microscope (FEI Company, US). 
UV-vis absorption spectra of solutions were recorded in quartz cuvette (1 cm) 
with a Hewlett-Packard/Agilent 8453 diode-array biochemical analysis UV-Vis 
spectrophotometer. The steady-state upconversion luminescence spectra of 
UCNPs were detected using a SPEX Fluorolog-3 spectrofluorometer (Horiba- 
Jobin Yvon, France) where a CW semiconductor diode laser of 980 nm was 
used for excitation. 

6.2.3 Liquid phantom experimental stage 
In order to build a model for simulating the upconversion luminescence 

attenuation in tissue, a special sample chamber equipped with a two-
dimensional translation stage, shown in Figure 6.1A, was used for our 
research. The propagation distance of the excitation light and emission light 
can be separately controlled. UCNPs, encapsulated in a small glass capillary 
(1 mm outer diameter) at a concentration of 10 mg/mL, were dipped into the 
liquid phantom vertically. The tissue-equivalent liquid phantom[34] was used as 
simulation model and poured into a 10 mm×10 mm silica cuvette, which was 
fixed on the 2-D translation platform. The optical properties were tuned by the 
concentration of India ink (absorption) and intralipid (scattering). The spectra 
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at different depth were recorded by PMT in SPEX system with the 980 nm 
excitation (400 mW/cm2).  

 

 

Figure 6.1. Schematic of the setup used for light propagation path-length dependent 
upconversion luminescence spectrum study (A). (B), (C), (D) are the three different 
working modes. The liquid phantom cuvette moves along the directions shown by dashed 
line. 

In excitation mode (Ex mode, Figure 6.1B), the liquid phantom cuvette 
was moving along the excitation direction, i.e. Y-axis, in steps of 1 mm, the 
UCL spectra were recorded at each step with SPEX spectrophotometer. In 
emission mode (Em mode, Figure 6.1C), the cuvette was moving along the 
emission direction, i.e. X-axis, in steps of 1 mm. In reflection mode (Ref mode, 
Figure 6.1D), the cuvette was moving along the excitation direction and the 
emission direction simultaneously. 

Considering the absorption difference of real tissue at the two wavelength 
(540 and 650 nm), a second absorber (Rose Bengal) was also added into the 
liquid phantoms at different concentrations to investigate the imaging depth of 
NaYF4:Er3+,Yb3+ nanoparticles. The optical properties of liquid phantoms can 
be well tuned by the relative concentration of the three components India Ink, 

(A) 
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Rose Bengal and Intralipid. The absorption and scattering coefficients of liquid 
phantoms are given below, sample A: μa=0.872 cm-1, μs=8.2 cm-1 (540 nm), 
μa=0.306 cm-1, μs=5.2 cm-1 (650 nm); sample B: μa=1.362 cm-1, μs=8.2 cm-1 
(540 nm), μa=0.308 cm-1, μs=5.2 cm-1 (650 nm); sample C: μa=1.362 cm-1, 
μs=16.4 cm-1 (540 nm), μa=0.308 cm-1, μs=10.4 cm-1 (650 nm). 

6.2.4 Animal tissue depth evaluation using UCNPs 
To validate the methodology of using multicolor UCL imaging to 

determine tissue depth, layered pork muscle tissue (thickness~0.65 mm) was 
utilized as the model. In the experiment, 50 μl of NaYF4:Er3+,Yb3+ UCNPs 
solution (10 mg/mL) were firstly dropped onto a layer of pork muscle, which 
can seep into the tissue within a few seconds. Then more layers of fresh pork 
muscle (label-free) were covered layer by layer onto the one labeled with 
UCNPs, and the corresponding UCL spectra at different tissue depth were 
recorded by the SPEX Fluorolog-3 system under 980 nm excitation (700 
mW/cm2). The luminescence intensities at 540 nm and 650 nm were used for 
quantitative analysis. All the measurements are carried out in triplicates in 
order to research the accuracy of this method for ascertain the tissue depth. 
The real color UCL imaging were recorded using a Canon Power Shot S120 
digital camera by putting an 890 nm short-pass filter (Semrock) in front to 
eliminate the scattered 980 nm laser light. 

6.3 Results and Discussion 

6.3.1 Characterization of NaYF4:Er3+,Yb3+ nanoparticles 
Figure 6.2A is the transmission electron microscope (TEM) image of the 

ligand free NaYF4:Er3+,Yb3+ nanpoarticles, the average diameter is 39 nm. 
Figure 6.2B is the corresponding selected area electron diffraction (SAED) 
pattern, which confirms the as-synthesized UCNPs are hexagonal phase, 
which is known to have high upconversion efficiency.  

Figure 6.3A is the energy level structures of Yb3+ and Er3+ co-doped 
UCNPs and there are two main UPL bands around 540 nm and 650 nm, 
respectively. Considering that the allowed excitation power density is limited 
in animal tissues, we began with the excitation power dependence of the UCL 
spectrum. The upconversion spectra shown in Figure 6.3B were taken under 
relative weak excitation densities from 175 to 700 mW/cm2, well below the 
UCL saturation threshold. The upconversion luminescence in visible region, 
contains a green wavelength band round 540 nm and a red one round 650 nm, 
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Figure 6.2. (A) TEM image of the NaYF4:Er3+,Yb3+ UCNPs. (B) selected area electron 
diffraction (SAED) diagram of UCNP.  

52
0n

m

98
0n

m

2H9/2

65
0n

m
54

0n
m

Yb3+ Er3+
4I15/2

4I13/2

4I11/2

4I9/2

4F9/2

4S3/2

2H11/2

4F7/2

4F5/2
A

  
500 600 700

 

 
In

te
ns

ity
 (a

.u
.)

Wavelength (nm)
In

cr
ea

se
 p

ow
er

B

  

 
200 400 600 800

2.03

 

 

In
te

ns
ity

 (a
.u

.)

Power density (mW/cm2)

 540 nm
 654 nm

1.96

C

   
0 5 10 15 20 25 30

650 nm

540 nm
D

 

 

In
te

ns
ity

 (a
.u

.)

Time (min)  

Figure 6.3. Optical property researches of UCNPs. (A) Upconversion luminescence 
process in NaYF4:Er3+,Yb3+ UCNPs. (B) UCL spectra of UCNPs in water (1 mg/mL) 
under 980 nm excitation at different excitation power from 175 to 700 mW/cm2. (C) 
Power dependence curves of the two emission bands at 540 nm and 650 nm. (D) Photo-
stability of the UCL under 30 min continuous 980 nm illumination (600 mW/cm2). 

corresponding to transitions of 4S3/2--4I15/2 and 4F9/2--4I15/2 from doped Er3+ ions, 
respectively. The excitation power density dependence of the upconversion 
luminescence is shown in Figure 6.3C. From the slope of linear fitting (log--log 
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scale), it can be seen that the upconversion emission has a quadratic power 
dependence, in consistence with the fact that the upconversion is a two-
photon process. An ideal fluorescent probe should have minimum or no 
bleaching effect under a long time irradiation, so the photostability of the two 
UCNPs emission bands are particularly investigated under 30 min continuous 
980 nm excitation, data is shown in Figure 6.3D. We can clear see that both 
540 nm and 650 nm did not show any decrease in intensity. Therefore UCNPs 
can be served as an ideal probe for long-term luminescence imaging. 

6.3.2 Upconversion luminescence penetration in liquid phantom 
To study the path-length effects on UCL spectra a 2-Dimensional 

translation platform was built up as shown in Figure 6.1A, in which the 
excitation and emission processes could be separately controlled by simply 
adjusting the liquid phantom cuvette along different directions. Figure 6.4A are 
the extinction spectra of the different components of the liquid phantom used 
in our study. India Ink and Intralipid were served respectively as the main 
absorption and scattering components. From the spectra we can see that their  
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Figure 6.4. (A) Wavelength dependent extinction coefficients of the components of liquid 
phantom. (B) Extinction spectra of liquid phantom without (black curve) and with (red 
curve) Rose Bengal. (C) and (D) are the linear fitted curves of extinction coefficients of 
Intraplipid and India Ink at 540 nm, 650 nm and 980 nm.  



Multispectral Upconversion Luminescence Intensity Ratio for Ascertaining Tissue Imaging Depth 

~ 91 ~ 

extinction coefficients at short wavelength (e.g. 540 nm) are higher than that 
of longer wavelength (e.g. 650 nm). Since the hemoglobin in real animal 
tissue has high absorption round 540 nm, Rose Bengal was also added into 
the liquid phantom to further enhance the absorption in this spectral region. 
Figure 6.4B shows the extinction spectra of liquid phantoms with and without 
Rose Bengal. The small peak detected round 540 nm in the red curve can be 
attributed to the characteristic absorption of Rose Bengal. Both the Intralipid 
and India Ink have linear response of extinction coefficients to their 
concentrations (Figure 6.4 C and D), thus we could control the optical 
properties by modulating the relative concentrations of the two. 

The UCL spectra measured in Em-, Ex- and Ref modes are shown in 
Figure 6.5 A, B and C, and their corresponding integrated intensities of the 
green and the red bands are given in Figure 6.6 A, B and C (mono-logarithm 
scale). In Ex mode (Figure 6.6A), both the green and red emissions attenuate 
exponentially with the same slope (~ -4.3), indicating that the spectral shape 
do not vary with the propagation path-length of the excitation light. Here the 
contribution of surface reflection is already excluded. In Em mode (Figure 
6.6B), however, the green band attenuates faster than the red one, which is 
understandable because the liquid phantom absorbs and scatters more at 
shorter wavelength (Figure 4). The fitted attenuation slopes are -3.25 and -
2.72 for the green and red bands, respectively. The slope difference between 
Ex- and Em mode is related with the two photon nature of the UCL process. 
Figure 6.6C shows the fitted slopes of Ref mode, both emission bands 
attenuate significantly with depth, the fitted attenuation slopes are -7.57 and -
7.01, respectively. The attenuation slopes in Ref mode are found to be exactly 
the sum of the slopes in Ex- and Em modes. In Figure 6.6D, we show the 
penetration depth dependent intensity ratio of green/red UCL (G/R ratio). 
Exponential relation is found in Em- and Ref modes, whereas it remains 
almost constant in Ex mode. This indicates that propagation path-length of 
excitation light has negligible effect on G/R ratio. 
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Figure 6.5. Upconversion luminescence spectra detected from Em mode (A), Ex mode 
(B) and Ref mode (C) by embedding UCNPs at different depth in liquid phantom consist 
of 0.025% India ink and 0.5% intralipid with same 980 nm NIR excitation power of 600 
mW/cm2. 
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Figure 6.6. Upconversion luminescence intensities attenuation with penetration depth in 
(A) Ex mode, (B) Em mode, and (C) Ref mode in liquid phantoms (ink 0.025%, lipid 
0.5%). (D) Attenuation curves of G/R ratio in the three modes.  

6.3.3 Theoretical analysis 
In our experiments the 980 nm laser is collimated into a planar beam of 

10 mm2, which can be treated as a pencil beam during imaging. We can 
therefore consider upconversion luminescence as a point light source, and the 
energy fluence attenuates isotropically in surrounding tissue. Based on the 
optical diffusion theory,[35,36] the distribution of the excitation light and the 
emission light along their propagation direction (z) inside tissue can be written 
as:  

𝑫𝑫𝒙𝒙
𝒅𝒅𝟐𝟐𝜱𝜱𝒙𝒙(𝒛𝒛)
𝒅𝒅𝒛𝒛𝟐𝟐

− 𝝁𝝁𝒂𝒂,𝒙𝒙𝜱𝜱𝒙𝒙(𝒛𝒛) = −𝝁𝝁𝒔𝒔,𝒙𝒙
′ 𝑷𝑷𝒙𝒙𝒙𝒙𝒆𝒆−𝝁𝝁𝒕𝒕,𝒙𝒙

′ 𝒛𝒛     (1) 

 𝒅𝒅𝟐𝟐Φ𝒎𝒎(𝒛𝒛)
𝒅𝒅𝒛𝒛𝟐𝟐 + 𝟐𝟐

𝒛𝒛
𝒅𝒅Φ𝒎𝒎(𝒛𝒛)
𝒅𝒅𝒛𝒛 − 𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆,𝒎𝒎

𝟐𝟐 Φ𝒎𝒎(𝒛𝒛)  = −𝑷𝑷𝒎𝒎𝒙𝒙
𝑫𝑫𝒎𝒎

𝜹𝜹(𝒛𝒛)    (2) 
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Φ𝒙𝒙  and Φ𝒎𝒎  are the influent intensities of excitation light and emission light 
inside the tissue, 𝑷𝑷𝒙𝒙𝒙𝒙  and 𝑷𝑷𝒎𝒎𝒙𝒙  are the initial intensities of the incident 
excitation light (e.g. 980 nm) and the emission light (e.g. 540 nm or 650 nm), 
𝝁𝝁𝒂𝒂,𝒙𝒙, 𝝁𝝁𝒔𝒔,𝒙𝒙

′  and 𝝁𝝁𝒕𝒕,𝒙𝒙′  are the absorption coefficient, reduced scattering coefficient 
and the total attenuation coefficient for the excitation light, μeff,m is the effective 
attenuation coefficient for the emission light, Dx and Dm are the diffusion 
coefficient of excitation and emission. 𝝁𝝁𝒕𝒕′ , μeff, and 𝑫𝑫 can be calculated from 
absorption coefficient 𝝁𝝁𝒂𝒂, scattering coefficient 𝝁𝝁𝒔𝒔 and anisotropy factor g : 

 𝝁𝝁𝒕𝒕′ = 𝝁𝝁𝒂𝒂 +  𝝁𝝁𝒔𝒔′ = 𝝁𝝁𝒂𝒂 +  𝝁𝝁𝒔𝒔(𝟏𝟏 − 𝐠𝐠)        (3) 

 𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆𝟐𝟐 = 𝝁𝝁𝒂𝒂/𝑫𝑫 = 𝟑𝟑𝝁𝝁𝒂𝒂 ∙ 𝝁𝝁𝒕𝒕′ = 𝟑𝟑 𝝁𝝁𝒂𝒂 ∙ (𝝁𝝁𝒂𝒂 + 𝝁𝝁𝒔𝒔′ )    (4) 

 𝑫𝑫 = 𝟏𝟏/𝟑𝟑𝝁𝝁𝒕𝒕′ = 𝟏𝟏/𝟑𝟑(𝝁𝝁𝒂𝒂 + 𝝁𝝁𝒔𝒔(𝟏𝟏 − 𝐠𝐠))      (5) 

The solution for the emission diffusion equation is： 

 Φ𝒙𝒙(𝒛𝒛) = 𝑨𝑨𝒆𝒆−𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆,𝒙𝒙𝒛𝒛 + 𝑩𝑩𝒆𝒆𝝁𝝁𝒕𝒕,𝒙𝒙′ 𝒛𝒛       (6) 

 Φ𝒎𝒎(𝒛𝒛) = 𝑷𝑷𝒙𝒙(𝒛𝒛)𝒆𝒆−𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆,𝒎𝒎𝒛𝒛

𝟒𝟒𝟒𝟒𝑫𝑫𝒎𝒎𝒛𝒛
       (7) 

The factors A and B in equation (6) are constant factor which can be 
determined by initial value and boundary conditions. From equation (7) we 
can see that the fluorescence energy fluence Φ𝒎𝒎 is not only effected by the 
initial luminescence intensity Pm0  but also influenced by tissue optical 
properties μeff,m . As concerned in NaYF4:Er3+,Yb3+ upconversion 
luminescence, we can divide the fluorescence energy fluence into two part 
Φ𝟓𝟓𝟒𝟒𝒙𝒙 and Φ650  corresponding to the two emission bands round 540 and 650 
nm. Their intensity ratio R detected at the surface is therefore:  

 𝑹𝑹 =  Φ𝟓𝟓𝟒𝟒𝒙𝒙(𝒛𝒛)
Φ𝟔𝟔𝟓𝟓𝒙𝒙(𝒛𝒛)

=
𝑷𝑷𝒙𝒙,𝟓𝟓𝟒𝟒𝒙𝒙(𝒛𝒛)𝒆𝒆

−𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆,𝟓𝟓𝟒𝟒𝒙𝒙𝒛𝒛

𝟒𝟒𝟒𝟒𝑫𝑫𝟓𝟓𝟒𝟒𝒙𝒙𝒛𝒛

𝑷𝑷𝒙𝒙,𝟔𝟔𝟓𝟓𝒙𝒙(𝒛𝒛)𝒆𝒆
−𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆,𝟔𝟔𝟓𝟓𝒙𝒙𝒛𝒛

𝟒𝟒𝟒𝟒𝑫𝑫𝟔𝟔𝟓𝟓𝒙𝒙𝒛𝒛

= 𝑷𝑷𝒙𝒙
𝟓𝟓𝟒𝟒𝒙𝒙(𝒛𝒛)

𝑷𝑷𝒙𝒙
𝟔𝟔𝟓𝟓𝒙𝒙(𝒛𝒛)

𝑫𝑫𝟔𝟔𝟓𝟓𝒙𝒙
𝑫𝑫𝟓𝟓𝟒𝟒𝒙𝒙

∙ 𝒆𝒆−�𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆,𝟓𝟓𝟒𝟒𝒙𝒙+𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆,𝟔𝟔𝟓𝟓𝒙𝒙�𝒛𝒛  (8) 

The first item at the right side could be a constant factor that determined by 
the intrinsic optical properties of UCNPs, as proved in Figure 6.5A. And the 
diffusion coefficients D540 and D650 in the second part are also constants for a 
homogeneous tissue. Thus from this equation we can deduce that the G/R 
ratio detected at the surface follows an exponential decay pattern with 
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increasing the tissue depth, and the attenuation slope can be calculated from 
the difference of effective attenuation coefficients at these two wavelengths.  

6.3.4 Multispectral upconversion luminescence for asserting the depth 
of UCNP probes in tissue 

‘Real tissue’ contains hemoglobin and other chromophores, which lead to 
more absorption around 540 nm compared to 650 nm. In order to verify the 
method, studies were performed in liquid phantoms with different optical 
properties by varying the concentration of India Ink, Rose Bengal and 
Intralipid. The corresponding attenuation slopes detected in Ref mode are 
given in Figure 6.6. In sample A, the attenuation slopes are -5.46 and -4.71 
for green band and red band respectively (Figure 6.7A). Adding more RB into 
the phantom, the slope of green band changes into -5.95 while the red band 
remains almost constant (-4.74, Figure 6.7B). This is because RB has 
maximal absorption around 540 nm, which makes the green band attenuates 
faster. In Figure 6.7C, more Intralipid was added into sample B, the scattering 
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Figure 6.7. Depth depend upconversion luminescence intensities detected in three liquid 
phantoms with different components (A), (B), (C). (D) The corresponding G/R intensity 
ratio attenuation curves of the three samples. 
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increases while the absorption remains the same around 540 nm and 650 nm. 
As a result, sharper decrease of the attenuation slopes are observed for -6.12 
and -5.23 respectively, which is predictable since scattering is enhanced in 
both excitation and emission. Figure 6.7D shows the G/R ratio of sample A, B 
and C, where the fitted slopes are -1.72, -2.76 and -2.80, respectively. 
Deviating from sample A, the slope variations are approximately the same for 
sample B and C even they had different amounts of Intralipid (the amount of 
India Ink/Rose Bengal were the same). This result tells us that the G/R 
intensity ratio is more sensitive to the absorption coefficient than the 
scattering coefficient. In fact it is in line with equations (4) and (8), where the 
effective attenuation coefficient has a linear relation with 𝝁𝝁𝒔𝒔  and, but a 
quadratic one with 𝝁𝝁𝒂𝒂. 

So far we have built up the quantitative relation between the propagation 
depth of UCNPs in tissue mimic liquid phantoms and the UCL spectra. In the 
following, we were going to validate the method employing layered pork 
muscle tissue. As pork muscles contain high concentration of myohemoglobin 
which has relatively high absorption around 540 nm, the effective attenuation 
coefficient is thus higher than that of 650 nm. The photographs in Figure 6.8A 
and B are the real color UCL images recorded in Ex-and Em modes, 
respectively. The incident excitation power density of 980 nm was 700 
mW/cm2 at the surface. In Ex mode, although the emission intensity dropped 
proportionally with the tissue depth (the actual excitation power decreased), 
the color remained unchanged. On the contrary, the color of UCL in Em mode 
changed from green to red with the tissue depth, reflecting the higher 
absorption of muscle hemoglobin to 540 nm emission. More quantitative 
analyses were carried out by recording the UCL spectra at different depths of 
Em-, Ex- and Ref modes, and the UCL intensities around 540 nm and 650 nm 
are given in Figure 6.8 C and D. Figure 6.8C is the depth dependent UCL 
intensity recorded in Ex mode, where similar tissue penetration depth 
dependence is observed for the green and the red emission. Figure 6.8D 
shows the results of Ref mode, the slopes for green and red bands are -7.33 
and -5.48, respectively. As the depth detection is based on the integrated 
fluorescence intensities of a large number of upconversion particles, all the 
spectra are measured in three replications for each tissue depth in our 
research in order to research their accuracy. The intensity did not show much 
differences (~10%), thus can be hardly seen from the semi-logarithmic 
coordinate in Figure 6.8. We can clearly see that the intensity ratio G/R show 
an exponential decay with increasing the tissue depth, and with a very high 
accuracy (the deviations are less than 15%). Compared with the results on 
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liquid phantoms, the G/R attenuation slope in pork muscle is much higher (-
4.74), as shown in Figure 6.8E. This discrepancy might attribute to the higher 
effective coefficient difference of the two bands in the pork muscles than that 
in the liquid phantoms. In a word, the multispectral UCL imaging can be 
utilized as an effective method to accurately ascertain UCNPs depth in tissue, 
i.e. the marked lesion depth position can be accurately determined, which has 
great potential in tissue engineering and disease diagnosis. 
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Figure 6.8. Upconversion luminescence imaging in layered pork muscle tissue at 
different depth in Ex mode (A) and Em mode (B). (C) and (D) are the corresponding 
upconversion luminescence intensities detected in Ex mode and Ref mode, respectively. 
(E) is the corresponding G/R ratio attenuation curves in Ref mode. 

6.4 Conclusion 

In conclusion, a theoretical model has been established to relate the 
relative intensities of the UCL spectra to the tissue imaging depth of UCNPs. 

A 

B 
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The method was validated in liquid phantoms and pork muscle tissue. 
Although in this work we have been focused on NaYF4:Er3+,Yb3+ UCNPs, 
other upconversion materials can be similarly employed as well for even 
better penetration, e.g. introducing Tm3+. This new approach shall lift 
significantly the power of nanotechnology assisted luminescence imaging by 
providing also accurate information of the depth of UCNPs labeled lesion. 
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Summary 
 

Fluorescence imaging and photodynamic therapy (PDT) are very 
promising, and for some applications even clinically accepted, modalities for 
early stage cancer diagnosis and therapy. Unfortunately, their clinical value is 
still rather limited due to the strong autofluorescence background and the poor 
tissue penetration properties of short wavelength light, which needs to be 
used to activate the traditional UV-Vis fluorescence reagents. Recently, rare 
earth ions doped upconversion nanoparticles (UCNPs) have attracted 
considerable attention because of their unique optical properties such as the 
possibility to use relatively low excitation power densities (CW laser), low 
photobleaching rates, and multispectral (UV-Vis-NIR) emission. Despite many 
efforts to utilize UCNPs in biomedical applications, there are still major 
challenges to overcome to reach targeted imaging and therapy of cancer cells 
at an early stage. This thesis focuses on surface modification and 
functionalization of NaYF4:Yb,Er UCNPs for improving their efficiency in 
cancer imaging and therapy.  

Chapter 1 introduces the status quo and the major limitations of 
traditional down-conversion fluorescence imaging and photodynamic therapy 
of cancers. It then comprehensively demonstrates the advantages of utilizing 
lanthanide ions doped UCNPs for biomedical applications, such as bio-
immunoassays, fluorescence imaging, and photodynamic therapy. The recent 
advances in the preparation and the surface chemistry of nanoparticles are 
also reviewed.  

In Chapter 2 we describe a multifunctional nanoplatform for simultaneous 
upconversion luminescence (UCL) imaging and photodynamic therapy (PDT) 
based on the selective fluorescence resonant energy transfer (FRET) from 
multicolor luminescent NaYF4:Yb3+,Er3+ UCNPs to rose bengal 
photosensitizers (PS). Different from traditional approaches that employ 
electrostatic or hydrophobic interactions, we use a covalent bonding approach 
to load photosensitizing molecules on the UCNPs. This increases significantly 
the UCNPs-PS linkage stability and reduces the leakage/desorption 
probability of the PS. The efficiency of energy transfer is shown as we, for the 
first time, directly detect the 1270 nm emission of singlet oxygen from UCNPs-
PS conjugates. In vitro tests performed on JAR choriocarcinoma and NIH 3T3 
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fibroblast cells verified the efficient endocytosis and photodynamic effect of 
the nanoplatform with 980 nm irradiation specificly to JAR cancer cells, which 
shows the promise of using UCNPs for image-guided photodynamic therapy 
of cancer. With the mature of UCNPs synthesis and functionalization, the 
integration of cancer imaging and cancer treatment might become truth in the 
future oncology researches.  

In order to improve singlet oxygen production of the UCNPs-PS 
conjugates, further research is carried out on core/shell structured UCNPs in 
Chapter 3. NaYF4:Yb3+,Er3+@NaYF4 core/shell UCNPs with different shell 
thickness are synthesized and covalently functionalized with photosensitizer 
molecules Rose Bengal. From the specific upconversion spectroscopic 
researches and the singlet oxygen measurements, we find that the optimal 
shell thickness is a trade-off between the conflicting optimal conditions for 
upconversion and energy transfer efficiency. On one hand, the shell coating 
can efficiently protect the emission centers from non-radiative decay caused 
by surface defects or high-energy vibrational modes outside the UCNPs and 
therefore enhances the upconversion luminescence intensity. On the other 
hand, the shell also increases the distance between the donor and acceptor 
and thus impedes excitation of the PS via a FRET process. It has been 
determined that the optimal shell thickness for PDT is 4 layers, corresponding 
to a thickness of 5.7 nm. Analogous researches can be expanded to FRET 
based immunoassays, in which the UCNPs shell thickness also plays a critical 
role in energy transfer, an advanced detection sensitivity might be achieved if 
optimal shall thickness is reached. 

The properties of the surface coating (ligand materials, charges, and 
hydrodynamic diameters etc.) play an important role in the interaction of 
nanoparticles with cells. In Chapter 4, ligand-free NaYF4:Yb3+,Er3+ UCNPs 
(bare UCNPs) are synthesized and further modified with different ligand 
molecules: aminoethyldihydrogenphosphate (AEP), polyallylamine (PAAm) 
and polyacrylic acid (PAA). We systematically investigate their interaction with 
in vitro cultured mammalian cells. All nanoparticles show a good dispersibility 
and upconversion luminescence intensity in aqueous solution, but the 
hydrodynamic diameter and surface charges are different. A cellular uptake 
and cytotoxicity study on MCF-7 breast cancer cells and 3T3 normal fibroblast 
cells reveals that the PAAm coating can efficiently enhance the cellular uptake 
and endocytosis efficacy of UCNPs. On the other hand, it is more toxic than 
the others, and this should definitely be taken into account when considering 
further in vivo applications. 
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The in vivo detection of early stage cancer, i.e. smaller than 2 mm, is 
presently still a huge challenge. In Chapter 5 a sensitive luminescence 
imaging method is demonstrated for targeted labeling of cancer spheroids 
transplanted on a chick embryo chorioallantoic membrane (CAM) using 
antibody functionalized upconversion nanoparticles (UCNPs-Ab). Benefitting 
from the high sensitivity and photostability of UCNPs, the behavior of the 
particles in the microcirculation could be systematically investigated using 
intravital microscopy. We show that the UCNPs-Ab conjugates can 
extravasate from the CAM blood vessels and specifically label the 
xenografted tumor spheroids (~500 um), which indicates that UCNPs have a 
great potential for in vivo target labeling and diagnosis of cancer at an early 
stage. Besides, the CAM also provides us an ideal model to research the 
tumor invasion and angiogenesis process, more indepth researches on tumor 
metastases need to be carried out in the future with the aid of non-
photobleaching UCNPs. 

The lack of depth information during traditional single color fluorescence 
imaging is another major issue that restricts the accuracy of this imaging 
method for in vivo cancer diagnosis. Chapter 6 presents the use of 
multispectral upconversion luminescence imaging for ascertaining the tissue 
depth based on the relative intensity changes of different emission bands. We 
first use a liquid phantom as atissue-mimicking model for a quantitative 
assessment of the attenuation of the NaYF4:Yb3+,Er3+ UCNPs emission bands 
at 540 nm and 650 nm under 980 nm NIR excitation. The 540/650 intensity 
ratio (G/R) is calculated at each depth and plotted in a logarithmic diagram. 
We then find an exponential decay with increasing tissue depth. Finally we 
employ this method in practice using layered pork muscles to verify the 
quantitative relation of the G/R ratio. We show that thicknesses up to a 
centimeter can be determined with an accuracy of less than 1 mm. The G/R 
upconversion intensity ratio itself, proposes a simple method to critically 
localize the cancer leision depth without extensive mathematically modeling. 
And if combined it with tomography, more informations about the cancer 3D 
structures can be obtained, this might become a research tendency in cancer 
imaging.  

In summary, this thesis describes the surface modification and 
functionalization of upconcersion nanoparticles for improving the efficacy of 
these nanoparticles in cancer imaging and therapy. Although a large amount 
of in vivo animal research and preclinical research is still needed, the UCNPs 
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have already opened a new path in early stage cancer imaging and therapy, 
and hold great promise for the future.  
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Samenvatting 
 

Het in beeld brengen van tumoren in een vroeg stadium met behulp van 
fluorescentie en de daaropvolgende behandeling met fotodynamische 
therapie is voor een aantal specifieke tumoren klinisch toegelaten. Helaas is 
de klinische waarde tot nu toe nog redelijk beperkt vanwege de sterke 
autofluorescentie van weefsel bij bestraling met kortgolvig licht, en de 
beperkte indringdiepte van dit soort licht dat nodig is om de traditionele 
UV/Vis fluorescente en fototoxische reagentia te activeren. Sinds kort trekken 
op-converterende nanodeeltjes (UCNPs) waarin zeldzame aard ionen zijn 
opgenomen erg de aandacht. De reden daarvoor is dat ze unieke optische 
eigenschappen hebben waardoor het mogelijk is om niet-gepulste lasers met 
een relatief lage excitatie vermogensdichtheden te gebruiken.Ook de lage 
snelheid waarmee fotodegradatie van het materiaal optreedt, en de 
multispectrale (UV/Vis-NIR) emissie zijn uniek. Ondanks het feit dat er tot nu 
toe heel veel werk is verricht om UCNPs in te zetten voor biomedische 
toepassingen, liggen er nog steeds een aantal grote uitdagingen met 
betrekking tot hun gebruik voor gerichte beeldvorming en therapie van kanker 
cellen in een vroeg stadium. Dit proefschrift beschrijft onderzoek dat gericht is 
om het oppervlak van NaYF4:Yb,Er UCNPs zodanig aan te passen en te 
functionaliseren dathun efficiëntie voor het in beeld brengen en behandelen 
van kanker aanzienlijk verbeterd wordt. 

Hoofdstuk 1 beschrijft de huidige stand van zaken en de grootste 
beperkingen van de traditionele beeldvormende technieken met behulp van 
fluorescentie en de fotodynamische therapie (PDT) van kanker. Vervolgens 
wordt uitgebreid beargumenteerd wat de voordelen zijn van het gebruik van 
UCNPs met lanthanide ionen voor biomedische toepassingen zoals bio-
immuno analyses, fluorescente beeldvorming, en fotodynamische therapie. 
Daarnaast worden recente ontwikkelingen in het maken van nanodeeltjes en 
de oppervlaktechemie van dit soort deeltjes besproken.  

In Hoofdstuk 2 bespreken we een multifunctioneel nanoplatform 
waarmee we zowel beeldvorming kunnen doen, met behulp van op-
geconverteerde luminescentie, en  PDT kunnen toepassen, waarbij de PDT 
dan gebaseerd is op Fluorescence Resonance Energy Transfer (FRET) van 
breedbandige luminescente NaYF4:Yb3+,Er3+UCNPs naar fotosensibilisatoren 
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(PS) zoals Rose Bengal. Tot nu toe wordt bijna alleen maar gebruik gemaakt 
van elektrostatische en hydrofobe interacties om de PSs aan UCNPs te 
binden. In tegenstelling tot deze aanpak maken wij gebruik van een aanpak 
waarbij de moleculen covalent gebonden worden aan het nanodeeltje. Dit 
zorgt ervoor dat de stabiliteit van de binding tussen de PS en de UCNP 
aanzienlijk verbeterd wordt, en dat de kans op lekken en/of desorptie van PSs  
fors wordt verminderd. De efficiëntie van energieoverdracht binnen het 
covalent geassembleerde nanoplatform wordt duidelijk aangetoond doordat 
we voor het eerst in staat zijn om de 1270 nm emissie van singlet zuurstof, 
geproduceerd door het UCNP-PS conjugaat, direct te detecteren. In vitro 
testen op choriocarcinoma en NIH 3T3 fibroblast cellen laten een efficiënte 
endocytose van de deeltjes zien. Dit geldt in het bijzonder bij JAR 
kankercellen, waardoor we concluderen wordt dat UCNPs veelbelovend zijn 
voor beeld-geleide fotodynamische therapie van kanker. 

Om de productie van singlet zuurstof door UCNP-PS conjugaten te 
verbeteren, is in Hoofdstuk 3 verder onderzoek verricht aan kern/schil 
gestructureerde UCNPs. Daartoe zijn NaYF4:Yb3+,Er3+@NaYF4 kern/schil 
UCNPs, met verschillende diktes van de schil, gesynthetiseerd en covalent 
gefunctionaliseerd met Rose Bengal fotosensibiliserende moleculen. Door 
spectroscopische studies van de emissie en metingen van de opbrengst van 
singlet zuurstof wordt geconcludeerd dat de optimale waarde voor de dikte 
van de schil een compromis is tussen de condities waaronder het opconversie 
proces optimaal is en condities waaronder energieoverdracht 
gemaximaliseerd wordt. Aan de ene kant is het zo dat de schil ervoor zorgt 
dat de stralende centra minder last hebben van mogelijke niet-stralende 
verval-processen, veroorzaakt worden door defecten aan de oppervlakte of 
hoogfrequente vibraties van moleculen aan de buitenkant van de UCNPs, 
waardoor de intensiteit van de emissie verhoogd wordt. Aan de andere kant 
zorgt de schil voor een grotere afstand tussen de energie donor en acceptor 
waardoor excitatie van de PS door FRET belemmerd wordt. Wij hebben laten 
zien dat de optimale dikte van de schil voor PDT 4 lagen is, overeenkomend 
met een dikte van 5.7 nm. 

De eigenschappen van de oppervlaktelaag (ligand materialen, lading, 
hydrodynamische diameter, etc.) spelen een belangrijke rol bij de interactie 
tussen nanodeeltjes en cellen. In Hoofdstuk 4 hebben wij NaYF4:Yb3+,Er3+ 
zonder liganden (naakte UCNPs) gesynthetiseerd, en daarna gemodificeerd 
met verschillande ligand moleculen zoals aminoethyldiwaterstoffosfaat (AEP), 
polyallalamine (PAAm), en polyacrylzuur (PAA). Vervolgens hebben wij 
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systematisch de interactie van deze nanodeeltjes met in vitro gekweekte 
mammalian cellen onderzocht. Alle nanodeeltjes vertonen een goede 
dispersie en opgeconverteerde luminescentie intensiteit in waterige 
oplossingen, maar hun hydrodynamische diameter en oppervlakte lading is 
duidelijk verschillend. Studies van de cellulaire opname en cytotoxiciteit van 
de nanodeeltjes met behulp van MCF-7 borstkanker cellen en 3T3 normale 
fibroblast cellen laten zien dat een PAAm laag de cellulaire opname efficiëntie 
kan verhogen, net als de encocytosis van de UCNPs. Aan de andere kant 
blijkt dat deze laag toxischer is dan de andere lagen, een gegeven waarmee 
met betrekking tot toekomstige in vivo toepassingen zeker rekening gehouden 
moet worden. 

Het is tegenwoordig nog steeds een enorme uitdaging om kanker in een 
vroeg stadium, dat wil zeggen kleiner dan 2 mm, in vivote ontdekken. In 
Hoofdstuk 5demonstreren we een gevoelige methode voor het doelgerichte 
markeren van tumorcel-sferoïden die getransplanteerd zijn op het 
chorioallantoische membraan van een kuiken(CAM) met behulp 
vanluminescente beeldvorming en opconverterende nanodeeltjes die 
gefunctionaliseerd zijn met antilichamen (UCNPs-Ab). Gebruik makend van 
de hoge gevoeligheid en de grote fotostabiliteit van de UCNPs, hebben we 
systematisch het gedrag van de deeltjes in de microcirculatie kunnen 
onderzoeken door middel van intravitale microscopie. We laten zien dat de 
UCNPs-Ab conjugaten extravaseren en daarna specifiek de 
xenogetransplanteerde tumor sferoïden (∼500 nm) markeren. Dit geeft aan 
dat UCNPs een groot potentieel hebben voor het in vivo markeren en de 
diagnose van kanker in een vroeg stadium. 

Het gebrek aan informatie over de diepte van de tumor bij traditionele 
één-kleur fluorescente beeldvorming is een andere belangrijke kwestie 
waardoor de in vivo diagnose van kanker aanzienlijk beperkt wordt. 
Hoofdstuk 6 laat zien hoe het mogelijk is om de multispectrale emissie van 
de deeltjes te gebruiken om de diepte ervan in het weefsel vast te stellen. We 
maken daarbij gebruik van de relatieve intensiteitsveranderingen van 
verschillende emissiebanden als functie van de weefseldiepte. We gebruiken 
daartoe eerst een vloeibare fantoom als een weefsel model en bepalen 
kwantitatief de verzwakking van de emissie van NaYF4:Yb3+,Er3+ UCNPs bij 
540 en 650 nm als deze UCNPs bestraald worden met 980 nm NIR licht. De 
verhouding tussen de intensiteit van deze twee banden (G/R) is bepaald voor 
verschillende dieptes en uitgezet in een logaritmische grafiek waarin een 
exponentieel verval te zien is voor toenemende weefseldiepte. Tenslotte 
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gebruiken we lagen van varkensspieren om de kwantitatieve relatie van de 
G/R verhouding ook voor echte weefsels te bevestigen. We laten zien dat we 
op deze manier diktes tot een cm kunnen bepalen met een nauwkeurigheid 
van minder dan 1 mm. 

Samenvattend kan gezegd worden dat in dit proefschrift studies zijn 
beschreven die als doel hebben om de doeltreffendheid van opconverterende 
nanodeeltjes bij de beeldvorming en therapie van kanker te verbeteren. Dit is 
gedaan door het oppervlak van de nanodeeltjes te modificeren, en door ze te 
functionaliseren. Hoewel er nog heel veel in vivo dieronderzoek en preklinisch 
onderzoek nodig is, laat dit proefschrift zien dat UCNPs een nieuwe weg 
hebben geopend en uitermate veelbelovend zijn om kanker in een vroeg 
stadium te kunnen waarnemen en therapie op toe te passen. 
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