
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


Singlet Oxygen Generation by Core/Shell Structured UCNPs: Matching Upconversion and Energy Transfer 

~ 39 ~ 

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.  

500 550 600 650 700

In
te

ns
ity

 (a
. u

.)
 

 

A
bs

or
ba

nc
e 

(a
. u

.)

Wavelength (nm)

 UCNP emission
 RB absorption
 RB emission

A B 



Singlet Oxygen Generation by Core/Shell Structured UCNPs: Matching Upconversion and Energy Transfer 

~ 45 ~ 

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 



Chapter 3 

~ 46 ~ 

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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