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Chapter 6

Abstract: The influence of the structure of upconversion nanoparticles on their
fluorescence resonant energy transfer applications has been studied using core/shell
upconversion NaYF,:Yb*" ,Er’@NaYF, nanoparticles and rose bengal photosensitizer.
From studies of the photophysics of and singlet oxygen generation by the conjugates of
upconversion nanoparticles with photosensitizers we have determined what the optimal
shell thickness is for the performance of the FRET conjugates. It has been found that the
optimal shell thickness is a trade-off between the opposing optimal conditions for
upconversion and FRET efficiency.

Keywords: upconversion - nanoparticle - core/shell - photosensitizer - energy transfer
efficiency - singlet oxygen - photodynamic therapy
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Chapter 6

6.1 Introduction

Rare earth ions (RE’") doped upconversion nanoparticles (UCNPs) have recently
been introduced as energy donor for Forster resonant energy transfer (FRET) based
applications in biological/biomedical fields.l"! FRET is a direct and effective method
widely used in bioassays,[zl biosensing and bioimaging[3], and photodynamic therapy.w In
comparison to traditional fluorescent energy donors such as organic dyes and quantum
dots, the advantages of UCNPs derive from their unique property of being able to emit
multicolor visible light under continuous wave NIR light. Due to the absence of auto-
fluorescence and reduction of light scattering under such conditions an excellent signal-to-
noise ratio in detection can be obtained. 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. There is thus a large
area of bio-applications where such systems could potentially significantly advance the
state-of-the-art.

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 intensity of UCNPs. One strategy is to use a core/shell structure
(such as NaYF,:RE* @NaYF,) where a shell of the same or similar material as the core is
grown on the surface of the core.”! This strategy aims to protect the excited activators -
emitters, such as Er’", Tm®" ions in the core, especially those near the surface - from non-
radiative loss caused by surface defects and high-energy vibrational modes outside the
particle. Our previous work®"¥ has demonstrated already that a large enhancement of the
upconversion emission intensity can be achieved by such a core/shell structure.

However, a high upconversion yield does not guarantee high-quality performance in
afore-mentioned FRET applications, because the energy transfer efficiency from donor to
acceptor could be impaired in the effort of enhancing upconversion luminescence. As is
well known, FRET is a nonradiative process where an excited state donor transfers its
energy to a proximal ground state acceptor. The rate of energy transfer strongly depends
on the distance between the donor and the acceptor. As far as the core/shell approach is
concerned, a thick shell favors usually the upconversion luminescence within the
saturation limit, whereas the distance between the donor, (basically the core where
emitters are located) and the acceptor (usually the organic molecules on the surface of the
nanoparticle) is becoming larger when the shell is getting thicker. Therefore, for FRET
application the shell of the core/shell UCNPs can not be increased to such an extent that
the strongest upconversion luminescence is reached.
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In this work core/shell structured NaYF4:RE3+@NaYF4 UCNPs are introduced for
the first time together with photosensitizing molecules to form a FRET model for PDT
application. The relationship between the shell thickness and 'O, generation is studied in
detail. The most important result is 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.

6.2 Experiments

6.2.1 Chemicals

(CF;C0O0);3Y:3H,0, (CF;C00);Yb:3H,0 and (CF;COO);Er-3H,0 were purchased
from GFS Chemicals, CF;3COONa, oleylamine (OM), rose bengal (RB), 6-bromohexanoic
acid, poly(allylamine) (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.

6.2.2 Synthesis of NaYF,:Yb** Er**@NaYF, core/shell structured upconversion
nanoparticle

The synthesis of NaYF,Yb®' Er@NaYF, core/shell structured upconversion
nanoparticles has been performed similar to the procedures reported previously.[4g’ 6]
Briefly, a mixture of designated molar ratio of trifluoroacetate salts powder (Na'/RE*" =
1/1, Y¥*/YD**/Er*" = 78/20/2 mol/mol) was dissolved in oleylamine (OM) and then passed
through a filter to get rid of the residues. Under vigorous stirring in a three neck flask, the
mixture was heated to 110 °C under vacuum and maintained at this temperature to remove
the residual water and oxygen for more than 30 min. 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 °C 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 °C under vigorous stirring and in a dry argon gas
atmosphere, after which different amounts of shell precursors 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 half
an hour. Every final mixture 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 °C 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.
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6.2.3 Phase transfer of upconversion nanoparticle from hydrophobic to hydrophilic

A ligand exchange process was carried out to transfer hydrophobic upconversion
nanoparticles to hydrophilic. 40 uL 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 nanoparticles that
were obtained were redispersed in water. In the resulting system, PAAm has replaced
oleylamine as a ligand. The PAAm terminated UCNPs provide a terminal amino which
can be used for covalently coupling with carboxyl terminated molecules.

6.2.4 Conjugation of upconversion nanoparticles and rose bengal photosensitizer

First, the RB-NHS ester was synthesized as a previous protocol.”! 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 7.2x10"
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 on 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.

6.2.5 Singlet oxygen measurements

Generation of 'O, by these UCNP- photosensitizers was detected chemically by 1,3-
diphenylisobenzofuran (DPBF).!®! Under reaction with singlet oxygen, DPBF is converted
to its endoperoxide form, which in turn leads to its photobleaching. Bleaching was
monitored by measuring the reduction in absorption intensity at 410 nm. To this purpose,
25 uL (2 mmol/L) DPBF solution was added to 1 ml ethanol solution of UCNPs with a
concentration of 7.2x10" particles/mL. The UV-Vis absorption spectrum of DPBF was
measured every 5 minutes. The reduction in absorption was monitored as a function of
time after irradiating samples with 980 nm diode laser. All measurements were performed
at room temperature.

6.2.6 Characterizations

Structure characterization was performed with TEM images obtained with a
Morgagni™ 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
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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.

6.3 Results and discussion

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.
A schematic illustration of the six samples is given in Figure 6.1. Sample A is the
NaYF,:20%Yb*",2%Er*" 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 of these six
samples have good dispersibility in hexane. Figure 6.1 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.

Figure 6.1. TEM results of six NaYF,: Yb, Er@ NaYF, nanoparticles samples. Insets
show a schematic illustration of the structures. (A): NaYF :20%Yb™",2%Er’" core UCNP.
(B) to (F): core/shell structure NaYF,;:20%Yb>", 2%Er’ @NaYF, UCNPs with different
shell thicknesses as described in the text.

The overlap of the RB absorption and UCNP emission spectra was shown in the

previous chapter (Figure 5.2 B). These spectra show that energy transfer between RB and
UCNP can occur. The mechanism of FRET from UCNPs to RB photosensitizing
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molecules upon 980 nm excitation is shown in Figure 6.2. Absorption of pump photons
populates the *Fs, level of Yb*", which is followed by energy transfer from excited Yb*"
jons to Er’" ions, populating the *I,1, level of the latter. Higher electronic levels of Er’,
such as *F7, level, can then be populated by absorbing the energy of another excited Yb*"
ion or by direct absorption of another 980 nm photon. Part of the *I,,,, excited ions relaxes
to the 4113/2 level through multiphonon non-radiative relaxation. The 4F7/2 level can decay
nonradiatively to the 2H,1, %S5, and *Fop, levels, leading to the green emission bands
around 520 and 540 nm, and the red emission band at 650 nm. Another population route
of the *Fo), level is by absorption of a 980 nm photon or energy transfer from another Yb**
jon from the I, 3 level of the Er’" ions. The absorption band (520-570 nm) of RB
overlaps well with the green emission 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.
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Figure 6.2. Mechanism of upconversion in the UCNP-RB nanoconjugate under excitation
of 980 nm, and the oxidation reaction process of DPBF by 'O,.

The integrated intensities of the upconversion emission of the six samples are
shown in Figure 6.3 a. This figure shows that the upconversion emission become
monotonically stronger for thicker shells. We observe that upon binding with RB
molecules the green upconversion emission decreases for all samples, consistent with the
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 = (Ip - Ip4) / Ip where Ip and Ip, are emission
intensities of the donor in the absence and presence of the acceptor, respectively."” The
result is shown in Figure 6.3 b. 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
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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.

60
4
a . b
| T Green — 50_
’2 lr— @ Green-with RB ._ é \
. RB
gl | 401 "
& | | @ ~
] | E 20 e
— | L i __._
- 10 T T T T T T
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Figure 6.3. (a) Green upconversion emission intensity of samples A-F before (darker
green columns) and after (green columns) RB attachment. Pink 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, singlet oxygen generation 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 6.3 a). As illustrated in Figure 6.2, the fluorescence of RB can be used
to measure the efficiency of RB excitation, provided that S;—T) intersystem crossing is
about the same in the six samples. The results shown in Figure 6.3 demonstrate
unambiguously that there exists an optimal shell thickness as far as the RB excitation is
concerned. The 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 was 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
favourable for the energy transfer efficiency, and thus excitation of RB will be reduced.
Combination of these two opposing effects thus indeed is expected to lead to an optimum
in the fluorescence of RB as a function of the shell thickness.

~114 -



Chapter 6

b

(=4
-
o
-

—A-RB
——B-RB
C-RB
——D-RB
E-RB
——F-RB

e

o

=
)

Intensity (a. u.)

Intensity (a. u.)

T T
0 1(I]0 Z(I]O 360 400 500 600 0 100 200 300 400 500 600

Time (pus) Time (us)

Figure 6.4. Temporal behavior of the 540 nm upconversion luminescence of the series of
(a) UCNPs; (b) UCNP-RB conjugates. (A= 980 nm)

To verify that RB was indeed excited by NIR light via energy transfer from UCNPs
in this covalently bound nanoparticle-photosensitizer conjugate, we have determined the
temporal behavior of the emission from these samples. Figure 6.4 shows the time
evolution of the 540 nm upconversion luminescence of the six UCNPs and the six UCNP-
RB conjugates. Biexponential fits of the 540 nm emission decay lead to decay times listed
in Table 6.1. From this Table it can be seen that the decay times of 540 nm emission of
UCNP-RB conjugates are shorter than those of corresponding UCNPs.

Table 6.1. Results of fits of the 540 nm upconversion luminescence decay of the series of
UCNPs and UCNP-RB conjugates.

A B C D E F
540 nm-rise (us) 53 10.8 10.9 13.0 17.4 355
540 nm-decay (us) 51.7 123.5 144.9 169.2 210.5 339.1

A-RB B-RB C-RB D-RB E-RB F-RB

540 nm-rise (us) 4.1 8.4 8.5 9.9 16.2 19.1

540 nm-decay (us) 42.7 109.4 119.9 154.5 184.4 3123

The fluorescence lifetime of RB is of the order of tens of picoseconds,™ while the
upconversion luminescence of Er’* lasts much longer, usually (sub)microseconds. If RB is
excited via energy transfer from UCNPs in the UCNP-RB conjugate, then the
fluorescence of RB should be lengthened to the (sub)microsecond time scale. Figure 6.5
records the temporal behavior of the RB fluorescence at 580 nm for the six UCNP-RB
conjugates, and demonstrates that indeed all the decays are extended to the microsecond
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regime. Figure 6.5 shows that the thicker the shell (from A to F), the longer the trace,
exactly the same as observed for the temporal behavior of upconversion luminescence of
UCNPs. Fits of the emission traces in Figure 6.5 to a biexponential function are given in
Table 6.2. From this Table it is clear that the microsecond rise component as well as the
even longer decay component increase with the shell thickness. Thus time-resolved
fluorescence confirms that FRET occurs in UCNP-RB conjugates.

—A-RB
—B-RB
C-RB
—D-RB
E-RB
—F-RB

0 30 60 90

Time (ps)

Intensity (a. u.)

Figure 6.5. Temporal behavior of the 580 nm emission from the six UCNP-RB samples A-
F after excitation at 980 nm.

Table 6.2. Fitting results of 580 nm emission of the six UCNP-RB samples.

A-RB B-RB C-RB D-RB E-RB F-RB

580 nm-rise (us) 1.9 3.8 5.8 7.3 12.4 23.1

580 nm-decay (ps) 24.2 65.7 68.7 72.1 124.6 258.2

The generation of singlet oxygen is usually monitored by a chemical method using
DPBF as a probe.! When reacting with singlet oxygen, DPBF converts to its
endoperoxide form. Therefore the decrease of the absorbance of DPBF can be used to
determine the amount of singlet oxygen. Figure 6.6 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
and 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.
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Figure 6.6. 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.

Figure 6.7 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 'O,, although
these particles show neither the strongest upconversion luminescence nor the highest
energy transfer efficiency.
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Figure 6.7. 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.

6.4 Conclusions

We have studied UCNPs for FRET applications with a model system of NaYF,:Yb*",
Er’*@NaYF,. 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 FRET
efficiency. Optimization of these two efficiencies requires opposing conditions: increasing
the upconversion efficiency leads one to increase the shell thickness, increasing the FRET
efficiency leads one to decrease the shell thickness. Since 'O, generation is determined by
both processes we thus find an optimal shell thickness for 'O, 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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