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CHAPTER 2 
 

Introduction II: Light upconversion using triplet-triplet 
annihilation 

 

 

 

 

Light upconversion is the conversion of low-energy light to high-energy light, which can 
be exploited in applications such as bio-imaging and photoactivated chemotherapy. 
Among the various principles of light upconversion, triplet-triplet annihilation 
upconversion (TTA-UC) holds great promise because it can be realized at low excitation 
intensities and with high efficiency. In this chapter, the TTA-UC mechanism is outlined in 
detail and nanoparticle systems are discussed with which TTA-UC can be achieved in 
biological systems. Furthermore, one of the fundamental issues of the TTA-UC 
mechanism is the inherent oxygen sensitivity. Because solving this issue is of critical 
importance for the advancement of biological TTA-UC applications, this chapter also 
discusses in detail how the oxygen sensitivity can be overcome in biological systems. 
Finally, an outline is given for this thesis. 
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2.1 The principle of light upconversion 
Light upconversion is the photophysical process in which light is converted 
from low energy (high wavelength, such as red light) to higher energy (low 
wavelength, such as blue light) by combining the energy of multiple photons. 
Light upconversion has been recognized to have great potential in biological 
applications such as bio-imaging and photoactivated chemotherapy (PACT). 
The advantages of upconversion bio-imaging are evident: first of all, in vitro 
upconversion bio-imaging with red to near-infrared excitation wavelengths 
reduces irradiation damage and allows a longer or more frequent observation. 
Secondly, because the emitted light has more energy than the excitation light, 
upconverted emission can be readily distinguished from autofluorescence so 
that an excellent imaging contrast can be achieved. Thirdly, red to near-
infrared excitation light is able to penetrate deeper in vivo so that deeper 
imaging can be performed.  

Besides bio-imaging, light upconversion can be used to activate PACT drugs, 
that are often only sensitive for UV to green light, with wavelengths in the 
phototherapeutic window (600 − 950 nm). This strategy is particularly suited 
for promising PACT drug classes such as blue-light sensitive ruthenium 
polypyridyl complexes (Chapter 1), Pt(IV) complexes that are activatable with 
UV to blue light,[1] light-cleavable organic moieties such as o-nitrobenzyl 
groups and coumarin derivatives that are activatable up to the green 
wavelength range,[2] and photo-isomerizing molecules such as azobenzenes.[3] 
Practically, this strategy involves red to near-infrared light being upconverted 
inside the tumor to blue light, which can then be used to activate a prodrug. 
Using red to near-infrared light instead of UV to green light would lead to a 
tumor treatment at greater tissue depth. Moreover, in contrast to UV to blue 
light, red to near-infrared light does not cause any tissue ablation at doses 
relevant to PACT (see Section 1.4). 

The three most relevant forms of light upconversion in combination with 
PACT are two-photon absorption (TPA), lanthanoid-based upconverting 
nanoparticles (UCNPs), and triplet-triplet annihilation upconversion (TTA-
UC). TPA relies on the simultaneous absorption of two low-energy photons by 
chromophores with high two-photon absorption cross sections, after which 
the combined energy of both photons can be used to trigger high-energy 
requiring photochemistry.[4] For example, this strategy has been explored with 
two-photon responsive Ru complexes[5] and for drug release from 
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photocleavable coumarin-derivatized vesicles.[6] Although appealing, the 
requirement that two photons must be simultaneously absorbed invokes the 
cumbersome and expensive use of high-power pulsed lasers. Moreover, the 
required high photon density (MW.cm−2 to GW.cm−2 irradiances)[7] are only 
obtained when the laser is focused to a microscopic irradiation volume. 
Obviously, treatment of a large tumor would be tedious and time-consuming. 
The alternative UCNPs are crystalline nano-sized particles that are made of 
low-phonon energy matrices, such as β-NaYF4, that can be advantageously 
used as upconversion platform and drug carrier in one.[8] The upconverting 
properties rely on the sequential absorption of infrared photons (808 or 980 
nm) by sensitizer lanthanoid ions such as Nd3+ or Yb3+ that transfer this 
energy multiple times to emitter ions such as Er3+, Tm3+, or Ho3+.[8e] The 
combined energy is ultimately released in the form of UV, blue, green, and/or 
red photons.[8e] UCNPs are enormously popular for bio-imaging and drug 
activation purposes,[9] despite that they suffer from low quantum yields of 
upconversion (typically << 0.5% in aqueous solution), low absorbance 
coefficients, and the need for high power excitation (> 1 W.cm−2) to achieve 
decent levels of prodrug activation.[10] Even in the NIR domain, high laser 
intensities (especially at 980 nm) leads to undesired tissue ablation.[11] In 
contrast, TTA-UC features much higher upconversion quantum yields (~5% in 
aqueous solution)[12] at much lower excitation intensities (typically < 0.2 
W.cm−2),[13] and features molecular chromophores with high molar absorption 
coefficients. Because of these advantages, the research described in this thesis 
explored the potential of combining TTA-UC and bio-imaging or PACT.  

2.2 Triplet-triplet annihilation upconversion 
TTA-UC was already demonstrated several times by Parker and Hatchard in 
the 1960s,[14] but in those days this phenomenon merely received recognition 
as photophysical curiosity. It was only in the 21st century that the principle 
was rediscovered and research on TTA-UC has since then received an 
exponentially growing amount of scientific interest.[15] Now, TTA-UC has 
become a powerful photophysical trick with promising applications such as 
oxygen sensing,[16] extending the action spectrum of photosynthetic 
organisms,[17] photocatalysis,[18] solar energy harvesting,[19] bio-imaging,[12, 20] 
and drug delivery and activation (e.g. PACT).[21] 
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Figure 2.1. Jablonski diagram of the photophysical processes involved in TTA-UC.  

TTA-UC is based on the photophysical interplay of photosensitizer (PS) and 
annihilator chromophores (A), see Figure 2.1.[4, 9f, 15a, 22] The photosensitizer 
absorbs low energy light (hν1), after which intersystem crossing (ISC) leads to 
a long-lived triplet state (Equation 2.1): 

𝑷𝑷 
1 + ℎ𝜈1  

𝑟𝑎𝑎𝑎�⎯�  𝑷𝑷 
1 ∗ 𝑘𝐼𝐼𝐼�⎯�   𝑷𝑷∗ 

3  Equation 2.1 

where rabs is the rate of light absorption by the photosensitizer (in mol.L−1.s−1), 
and kISC is the rate constant of ISC (in s−1). The triplet state energy of 3PS* is 
transferred to the annihilator by a Dexter-type energy transfer upon 
diffusional collision, called triplet-triplet energy transfer (TTET); a succession 
of TTET leads to a buildup of triplet state annihilator molecules due to a 
generally very long triplet state annihilator lifetime (Equation 2.2): 
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𝑷𝑷 
3 ∗ + 𝑨 1

𝑘𝑇𝑇𝑇𝑇�⎯⎯� 𝑷𝑷 
1 + 𝑨 3 ∗ Equation 2.2 

where kTTET is the second-order rate constant of TTET (in M−1.s−1). At this 
stage, triplet back transfer from annihilator to sensitizer is usually eliminated 
by keeping the sensitizer to annihilator molar ratio very low (typically 1:10 to 
1:200).[23] Then, two excited state triplet annihilator molecules produce an 
encounter-pair upon diffusional collision. The encounter-pair has either 
singlet, triplet, or quintet multiplicity, with 1/9, 3/9, and 5/9 chance of 
formation, respectively (discussed in more detail later). The singlet-state 
encounter-pair will result in triplet-triplet annihilation (TTA), where one 
molecule departs in a higher-energy singlet excited state while the other 
converts to the ground state (Equation 2.3): 

𝑨 3 ∗  + 𝑨∗ 
3 →  (𝑨 − 𝑨)∗  → 

1   𝑨∗ 
1 +  𝑨 1  Equation 2.3 

where this overall TTA step is a bimolecular process and thus has a 
second-order rate constant, kTTA (in M−1.s−1). Note that TTA is only possible if 
the energy of the encounter pair exceeds the energy of the singlet excited 
annihilator. Finally, the singlet excited state returns to the ground state by 
fluorescent emission of a high energy photon (hν2), realizing light 
upconversion (Equation 2.4): 

  𝑨∗ 
1 𝑘𝐹��  𝑨 1 + ℎ𝜈2 Equation 2.4 

where kF is the rate constant of annihilator fluorescence (in s−1). Due to the 
dependence on molecular contact in the TTET and TTA steps, the overall 
process heavily relies on the diffusion of sensitizer and/or annihilator 
chromophores. In case molecular diffusion is restricted, it may rely on 
diffusion of the triplet excitons through the material.[23] In systems that rely on 
molecular diffusion, it is often found that the TTA step is rate-limiting, i.e. the 
TTA-rate has values comparable to the rate of molecular diffusion.[23] In such 
systems, the TTA-UC mechanism is therefore very dependent on the viscosity 
of the host material or solution.[15a, 23-24] 
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The anti-stokes shift, i.e. the wavelength difference between excitation source 
and the lowest emission maximum, determines the maximum upconversion 
energy gain of TTA-UC (ΔEUC, in eV) that can be achieved. ΔEUC is limited to 
twice the energy of the incident photon, because TTA-UC is a two-photon 
process. However, this limit is in practice never reached, because of inevitable 
enthalpic energy losses during ISC (ΔH1 in eV), TTET (ΔH2 in eV), and TTA (ΔH3 
in eV). ΔEUC is therefore constrained by the sum of enthalpic losses, as 
described by Equation 2.5:[25] 

𝛥𝛥𝑈𝑈 = 2(ℎ𝜈1 − 𝛥𝐻1 − 𝛥𝐻2)− 𝛥𝐻3 Equation 2.5 

where hυ1 is the energy of the absorbed photons (in eV). Of these energy 
losses, ΔH2 is most easily reduced by carefully aligning sensitizer and 
annihilator excited state triplet levels. The highest ΔEUC thus far achieved is 
0.94 eV for a couple that is excited at 670 nm (hυ1 = 1.85 eV) and emits at 445 
nm (hυ2 = 2.79 eV). [25] 

The evolutions in time of the excited states in the TTA-UC scheme are 
governed by the following set of rate equations (Equation 2.6 to Equation 2.9): 

𝑑[ 𝑷𝑷∗] 
1

𝑑𝑑
= 𝑟𝑎𝑎𝑎 =

𝜑𝑒𝑒𝑒 �1 − 10−𝐴𝜆𝑒𝑒𝑒�
𝑉

 Equation 2.6 

𝑑[ 𝑷𝑷 
3 ∗]
𝑑𝑑

= 𝑘𝐼𝐼𝑈[ 𝑷𝑷 
1 ∗]− 𝑘𝑝[ 𝑷𝑷 

3 ∗]− 𝑘 𝑃𝐼 
3 [ 𝑷𝑷 

3 ∗]

− 𝑘𝑇𝑇𝑇𝑇[ 𝑷𝑷 
3 ∗][ 𝑨] 

1  
Equation 2.7 

𝑑[ 𝑨 3 ∗]
𝑑𝑑

= 𝑘𝑇𝑇𝑇𝑇[ 𝑷𝑷 
3 ∗][ 𝑨] 

1 − 𝑘 𝐴 3 [ 𝑨 3 ∗]− 𝑘𝑇𝑇𝐴[ 𝑨 3 ∗]2 Equation 2.8 

𝑑[ 𝑨 1 ∗]
𝑑𝑑

= 𝑘𝑇𝑇𝐴[ 𝑨 3 ∗]2 − 𝑘𝐹[ 𝑨 1 ∗] − 𝑘 𝐴 1 [ 𝑨 1 ∗] Equation 2.9 

where φexc is the photon flux at the excitation wavelength (mol photons.s−1), 
𝐴𝜆𝑒𝑒𝑒is the absorbance at the excitation wavelength (assuming only PS 
absorbs at this wavelength), V is the irradiation volume (in L), kp is the rate 
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constant of sensitizer phosphorescence (in s−1),  𝑘 𝑃𝐼 
3  is the non-radiative 

decay rate constant of 3PS* (in s−1), 𝑘 𝐴 3  is the decay rate constant of 3A* when 
no TTA occurs (in s−1; usually only non-radiative decay), , and 𝑘 𝐴 1  is the non-
radiative decay rate constant of 𝑨 1 ∗. Finally, note that the set of rate equations 
listed above described a rather simplified TTA-UC scheme: it does not account 
for (i) triplet back-transfer from 3A* to 1PS, (ii) hetero TTA between 3PS* and 
3A*, and (iii) homo TTA between pairs of 3PS*, which may become relevant at 
high [PS] and high excitation intensity.[7b, 22] 

From Equation 2.6 to Equation 2.9, the overall efficiency of TTA-UC (ΦUC) 
under stead-state conditions, defined as the number of upconverted photons 
per number of excited state photosensitizers upon illumination, is expressed 
by Equation 2.10:[23] 

𝛷𝑈𝑈 =
𝑛𝑛𝑛𝑛𝑛𝑟 𝑜𝑜 𝑛𝑢𝑢𝑜𝑛𝑢𝑛𝑟𝑑𝑛𝑑 𝑢ℎ𝑜𝑑𝑜𝑛𝑜
𝑛𝑛𝑛𝑛𝑛𝑟 𝑜𝑜 𝑛𝑒𝑢𝑒𝑑𝑛𝑑 𝑜𝑑𝑠𝑑𝑛 𝑃𝑃

 

 

=
1
2
𝛷𝐼𝐼𝑈𝛷𝑇𝑇𝑇𝑇𝛷𝑇𝑇𝐴𝛷𝐹 

Equation 2.10 

in which ΦISC is the quantum yield of intersystem crossing, ΦTTET the quantum 
yield of TTET, ΦTTA the quantum yield of triplet-triplet annihilation, and ΦF the 
quantum yield of fluorescence of the annihilator. The factor ½ accounts for the 
fact that two excited state photosensitizers maximally produce one excited 
singlet-state annihilator, i.e. the intrinsic maximum ΦUC is 50%. Overall, 
Equation 2.10 underlines that each step needs to be optimized for a high ΦUC. 
Usually, PS and A are chosen so that ΦISC and ΦF have values close to unity, and 
kISC and kF are generally very fast and thus not rate-limiting. Therefore, the 
overall efficiency is mainly governed by ΦTTET and ΦTTA. In the steady state 
(continuous wave excitation) ΦTTET is expressed as the ratio of the quenching 
rate of 3PS* (kTTET[1A][3PS*], in mol.L−1.s−1) and the total decay rate of 3PS* in 
presence of annihilator (Equation 2.11):[22] 

  𝛷𝑇𝑇𝑇𝑇 =  
𝑘𝑇𝑇𝑇𝑇[ 𝑨 1 ][ 𝑷𝑷 

3 ∗]
𝑘𝑝[ 𝑷𝑷 

3 ∗] + 𝑘 𝑃𝐼 3
[ 𝑷𝑷 
3 ∗] + 𝑘𝑇𝑇𝑇𝑇[ 𝑨 1 ][ 𝑷𝑷 

3 ∗] 

 

=
𝑘𝑇𝑇𝑇𝑇[ 𝑨 1 ]

𝑘𝑝 + 𝑘 𝑃𝐼 3 + 𝑘𝑇𝑇𝑇𝑇[ 𝑨 1 ]
 

Equation 2.11 
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This expression states that higher annihilator concentrations lead to higher 
TTET efficiencies. For example, for a TTA-UC system in organic solution with a 
PS lifetime of 300 µs (i.e. 𝑘𝑝 + 𝑘 𝑃𝐼 

3  = 3 × 104 s−1), 10 mM A, and realizing that 
triplet energy transfer in solution is usually diffusion limited (i.e. kTTET ≈ 
1 × 109 M−1.s−1),[22] the triplet quenching rate has a value of 107 s−1 and thus 
near unity energy transfer efficiencies are obtained. Next, ΦTTA can be 
expressed in the steady state (continuous wave excitation) as the ratio of the 
triplet-triplet annihilation rate (kTTA[3A*]2, in mol.L−1.s−1) and the total decay 
rate of the annihilator triplets (Equation 2.12):[22] 

  𝛷𝑇𝑇𝐴 =  𝑜 ×
𝑘𝑇𝑇𝐴[ 𝑨∗ 

3 ]2

𝑘 𝐴 3 [ 𝑨∗ 
3 ] + 𝑘𝑇𝑇𝐴[ 𝑨∗ 

3 ]2 = 𝑜 ×
𝑘𝑇𝑇𝐴[ 𝑨∗ 

3 ]
𝑘 𝐴 3 + 𝑘𝑇𝑇𝐴[ 𝑨∗ 

3 ]
 Equation 2.12 

where f is the spin statistical factor. This factor f takes into account that the 
encounter-pair of the two triplet state annihilator molecules has either singlet, 
triplet, or quintet multiplicity, with 1/9, 3/9, or 5/9 probability, respectively; 
only the singlet state multiplicity leads to the desired high-energy excited 
singlet state. However, because quintet states are not energetically accessible 
and triplet state encounter-pairs are partially recycled into triplet excited 
state annihilator molecules, the probability can be increased to 40% (i.e. f = 
0.4).[15a, 23, 26] In some systems, f can be even further increased to approach 
unity.[7b] Furthermore, Equation 2.12 underlines that the TTA efficiency is 
directly dependent on the production of 3A* and approaches unity when 
𝑘 𝐴 3  << kTTA[3A*], also known as the “strong annihilation regime”. Usually, 
annihilators are chosen with metastable triplet states that feature lifetimes in 
the millisecond range (i.e. 𝑘 𝐴 3  ≈ 1 × 103).[22, 27] For instance, at a diffusion-
limited TTA rate (i.e. kTTA ≈ 1 × 109 M−1.s−1) this means that a triplet 
concentration of about 1 × 10−6 M would lead to a 50% TTA efficiency. 
Furthermore, it is important to realize that in the strong annihilation regime, 
ΦTTA becomes a constant and the overall TTA-UC process becomes only 
dependent on the rate of triplet production, i.e. light absorption, as described 
in more detail in recent kinetic treatments.[26] In other words: in the strong 
annihilation regime, the triplet state manifold is so well-populated that TTA is 
the predominant photophysical route and competing quenching processes are 
negligible.[23, 26c] This has the immediate consequence that in the “weak 
annihilation regime” (i.e. when 𝑘 𝐴 3  >> kTTA[3A*]) , the intensity variation of 
TTA-UC is quadratically dependent on the excitation intensity variation − as 
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would be expected for a two-photon process −, while in the strong 
annihilation regime this dependence becomes linear. Indeed, this 
phenomenon is systematically observed for TTA-UC systems, see Figure 2.2. 
The transition point at which this excitation intensity dependency shifts from 
quadratic to linear is called the intensity threshold (Ith), and is strictly defined 
as the intensity at which the value of ΦUC is half of the maximum.[7b] Monguzzi 
et al. have demonstrated that the value of Ith is proportional to (𝑘 𝐴 3 )2 and is 
inversely proportional to kTTA, ΦTTET, and 𝐴𝜆𝑒𝑒𝑒 .[7b] Thus, in order to obtain high 
ΦUC at low excitation intensity, (i) annihilators with long lived triplet states are 
required, (ii) the absorbance of PS needs to be high (due to high [PS], high 
molar extinction coefficient, or both), (iii) the TTET step should occur with 
near-unity yield, and (iv) the TTA rate should be maximized. Typically, Ith has a 
value below 0.2 W.cm−2, while the lowest reported value thus far is 6 
µW.cm−2.[28] To put these values in perspective, the solar radiance at the earth 
surface (AM1.5) is about 0.1 W.cm−2 and the linear power regime for 
lanthanoid-based upconverting nanoparticles is only reached at excitation 
intensities above 150 W.cm−2.[10] 

 
Figure 2.2. Typical power dependency of upconversion emission in a TTA-UC scheme. As an 
example, data of a green-to-blue upconverting system is shown with an Ith of 0.05 W.cm−2 and a 
maximum ΦUC of 28%. (a) Upconversion emission intensity as a function of excitation intensity. 
The indicated slopes are obtained when the data is plotted on a double logarithmic scale. (b) 
Upconversion quantum yield (ΦUC) as a function of excitation intensity. Reprinted (adapted) with 
permission from Duan et al.[29] © American Chemical Society.  

The combined photophysical properties of photosensitizer and annihilator 
greatly influence ΦUC and ΔEUC, and only well-chosen combinations of 
photosensitizer and annihilator will lead to TTA-UC. The most important 
requirement for TTA-UC is the energy match between the triplet state energy 
levels of both molecules: ideally, the triplet energy level of the annihilator is 
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slightly lower in energy than the triplet energy level of the photosensitizer to 
accommodate favorable TTET. Besides this, the desirable characteristics of the 
photosensitizer include (i) high molar extinction coefficient, (ii) high ISC 
efficiency (ΦISC), (iii) long triplet lifetime (τT), and (iv) small singlet-triplet 
energy gap.[15a, 23, 30] These criteria are very well satisfied by palladium or 
platinum porphyrin complexes, which therefore have become benchmark 
photosensitizers in TTA-UC schemes. Typical examples are palladium tetra-
(di-tert-butyl)phenyltetraquinoxalino porphyrin (PdTPTQP), palladium 
tetraphenyltetrabenzoporphyrin (PdTPTBP), and platinum 
octaethylporphyrin (PtOEP), see Figure 2.3. Moreover, metalloporphyrins 
usually feature a large absorption gap between Q-bands and Soret bands, so 
that re-absorption of the upconverted light is mostly eliminated. For the 
annihilator the most important requirements are (i) high fluorescence 
quantum yield (ΦF), (ii) long triplet lifetime (τT), (iii) an excited singlet state 
with slightly less than twice the energy of the excited triplet state, and (iv) an 
excited singlet state with higher energy than the wavelength used to excite the 
photosensitizer.[15a, 23] Suitable annihilator molecules include anthracene, 
pyrene, perylene, rubrene, and diphenyl anthracene (DPA), see Figure 2.3.  

A few early examples of well-matching photosensitizer-annihilator 
combinations are given in Table 2.1; numerous other examples have been 
reviewed elsewhere.[4, 9f, 15a] All of these sensitizer-annihilator pairs exhibit 
very large anti-stokes shift from green/red to blue (0.72-0.94 eV shift), and 
their relevant energy levels satisfy the requirements discussed earlier. It is 
worthwhile to note that these early results have been acquired in 
deoxygenated apolar organic solvents to dissolve the highly lipophilic 
molecules and to prevent quenching by molecular oxygen, which is the most 
predominant quenching pathway in TTA-UC schemes. Since these early 
examples in organic solution, TTA-UC has been demonstrated in rubbery and 
glassy polymers,[15a, 23-24, 31] hydro-, organo- and ionogels,[32] and a variety of 
nano- and micro-sized particle systems.[12-13, 18b, 20, 28, 33] 

Table 2.1: Examples of photosensitizer-annihilator combination and their main TTA-UC properties. 

Photosensitizer Annihilator λexc 
(nm) 

λem  
(nm) 

ΔEUC 

(eV) 
ΦUC 
(%) 

Ref. 

PdTPTQP perylene 670 445 0.94 0.6 [25] 
PdTPTBP 3-(4-tert-butylphenyl)perylene 635 450 0.81 6.6 [34] 
PtOEP DPA 536 410 0.72 19 [35] 
[Ru(dmbpy)3]2+ [a] anthracene 514.5 375 0.90 - [36] 
[a] dmbpy = 4,4′-dimethyl-2,2′-bipyridine 
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Figure 2.3. Chemical structures of frequently-used photosensitizers (top row) and annihilators 
(bottom row) in TTA-UC schemes. Approximate values for the highest absorption bands of 
photosensitizers and lowest emission peaks of annihilators are mentioned.[15a, 25]  

2.3 Overcoming the oxygen sensitivity of TTA-UC 
Whereas for some applications the oxygen sensitivity of TTA-UC can be 
exploited, for example to build an oxygen sensor,[16] for most other 
applications oxygen quenching leads to dysfunctional systems in which (i) 
upconversion does not work in air, and (ii) the highly reactive singlet oxygen 
that is generated by this quenching process leads to photodamage of the 
chromophores and the matrix (Figure 2.4). To counter these issues, several 
approaches have been developed in recent years. First of all, it has been 
shown that TTA-UC systems with very high TTET and TTA rates are less 
sensitive, because upconversion then successfully competes with the diffusion 
of oxygen. Especially promising are systems that feature supramolecular 
annihilator networks that support facile migration of triplet excitons. For 
example, the work of Kimizuka and coworkers shows that organogels or nano-
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MOFs are excellent host systems for TTA-UC: densely-packed annihilator 
networks resulted in triplet exciton diffusion rates that by far exceed the 
molecular diffusion rate of molecules in organic solvents.[28-29, 32b, 32c, 37] The 
second strategy involves using matrices that obstruct the diffusion of 
molecular oxygen, which has been exemplified with polymers that were 
covalently or non-covalently functionalized with sensitizer and annihilator.[31b, 

31h, 31i, 38] However, the low diffusion rate in these materials generally caused 
the upconversion efficiency to be low. An interesting solution to this problem 
was presented by Baluschev and Landfester et al., who encapsulated micron-
sized red-to-green upconverting oil-core nanocapsules in a cellulose matrix.[39] 
The cellulose acted as an oxygen barrier, so that TTA-UC was allowed to be 
efficient (ΦUC =  4.1%) and long lasting in air. In other work by the same 
authors in collaboration with Turshatov, similar nanocapsules of 100 − 140 
nm in diameter were embedded in electrospun polyvinyl alcohol (PVA) 
nanofibers with a diameter of 270 − 480 nm.[40] This nm-thick PVA wrapping 
successfully blocked diffusion of oxygen to the nanocapsules. These results 
show that it is possible to block oxygen with a nm-scale coating of an oxygen 
impermeable material.  

Finally, it has been realized that oxygen sensitivity can be eliminated by the 
use of (singlet) oxygen scavengers. The idea of ground-state oxygen 
scavenging is self-evident: a reducing agent is added to remove dissolved 
oxygen so that the solution is deoxygenated until depletion of the scavenger. 
For instance, sodium sulfite has been used to deoxygenate a green-to-blue 
upconverting oil-in-water micro-emulsion.[33i] In the case of singlet oxygen 
scavenging, oxygen is consumed only upon irradiation of the sensitizer (Figure 
2.4). Upon irradiation, singlet oxygen is produced which then reacts with the 
scavenger, causing a locally deoxygenated environment around the 
photosensitizer (micro-)environment. Once the oxygen concentration is low 
enough, TTA-UC is no longer restricted and upconverted light effectively 
appears upon further irradiation. Suitable scavengers that have been used for 
TTA-UC are alkene-terminated polyisobutylene, oleic acid, linoleic acid, and 
hyper-branched unsaturated polyphosphates.[12b, 12c, 13a, 31e, 33b, 33f] The former 
three examples rely on the reaction of the unsaturated bond with singlet 
oxygen to make peroxide derivatives.  
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Figure 2.4. Oxygen sensitivity of the TTA-UC mechanism: After the photosensitizer reaches the 
triplet excited state, instead of engaging in triplet-triplet energy transfer (TTET) to the 
annihilator, it is quenched by ground state molecular oxygen to produce singlet oxygen (a). 
Quenching of the triplet state annihilator by oxygen can also occur (not shown). To overcome this 
issue, sacrificial anti-oxidants can be added to the mixture which chemically react with singlet 
oxygen (b). Then, TTA-UC is no longer restricted when the oxygen concentration is (nearly) 
depleted. 

With biological TTA-UC applications in mind, quenching by molecular oxygen 
is also an especially important issue. For instance, using an oxygen-sensitive 
device for tumor imaging or treatment would surely lead to unreliable results, 
because oxygen concentrations vary drastically in the complex 
microenvironment of a tumor.[41] In the remaining sections of this chapter 
TTA-UC nanoparticles are described that have been used in bio-imaging or for 
PACT, and strategies to reduce the in vitro oxygen sensitivity are discussed. 
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Figure 2.5. Schematic representation of the combination of a supramolecular vehicle, TTA-UC, and 
PACT drugs for in vivo tumor treatment. The device is injected in the body, after which it 
accumulates at the tumor site and the tumor is irradiated with red light. The red light is then 
locally upconverted to blue light, which activates the PACT prodrug (blue) anchored to the 
vehicle’s surface or kept inside the vehicle. After irradiation the activated drug (red) dissociates 
from the vehicle and causes toxic interactions with biomolecules.  

2.4 TTA-UC in bio-imaging and PACT 
For biological TTA-UC applications, it is essential to combine sensitizer and 
annihilator in a supramolecular manner, so that they colocalize at the required 
site, and to facilitate molecular contact and migration of triplet states. 
Additionally, for PACT it is highly desirable to compartmentalize the light-
activatable prodrug together with the upconversion dye-pair, in order to 
utilize the upconverted light effectively (Figure 2.5). Meanwhile, 
supramolecular vehicles such as nanoparticles have emerged as extremely 
versatile tools in biomedical applications.[2, 42] Because the TTA-UC dye pairs 
are usually very lipophilic, supramolecular systems are preferred with very 
lipophilic compartments. So far, six systems have emerged in which water-
soluble nano-systems are combined with TTA-UC in a biological setting: silica-
coated Pluronic F127 micelles,[12a, 20b] polylactic acid-block-polyethylene glycol 
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(PLA-b-PEG) micelles,[33j] dye-modified cellulose templates,[20c] and a variety of 
oil-core nanocapsules,[12b, 12c, 20a, 20d] see Table 2.2. These systems will be 
further detailed in this section. Furthermore, in Chapter 8 and Chapter 9 we 
report the imaging of upconversion luminescence in cancer cells using 
liposomes and polymersomes as carrier systems. 

Green-to-blue upconverting silica-coated Pluronic F127 micelles were 
prepared in the group of Li.[12a] It was demonstrated that these micelles were 
non-toxic, had a high upconversion quantum yield, and could be used for in 
vitro upconversion imaging of cells and in vivo upconversion imaging of mouse 
lymph nodes. In a later publication,[12b]  it was reported that particles created 
with this experimental procedure, but functionalized with a red-to-green or 
red-to-yellow upconverting pair instead only resulted in very weak 
upconversion emission. In a similar strategy, polylactic acid-block-
polyethylene glycol was used to self-assemble green-to-blue upconverting 
micelles.[33j] The authors hypothesized that the upconverted blue emission 
was transferred via FRET to a blue-light responsive coumarin derivative, 
which induced photo-uncaging of a cell-binding peptide. However, control 
experiments in which the annihilator or sensitizer was omitted from the 
micelle formulation were not considered, so that it cannot be confirmed that 
uncaging of the peptide was indeed caused by TTA-UC. Regardless, after 
irradiation ex vivo with green light, and adding the nanoparticle suspension to 
cells, the nanoparticles showed a large increase in cell-binding. The 
functioning of this strategy in more biologically relevant conditions has yet to 
be demonstrated. The  group of Siegwart prepared 350 nm sized cellulose 
aggregates that were functionalized with an infrared-to-yellow upconverting 
TTA-UC pair.[20c] The aggregates were taken up by HeLa cells in 2D culture and 
after intratumoral injection in a xenograft mouse model. The topics of oxygen 
sensitivity, upconversion efficiency, particle morphology, and biocompatibility 
of the approach were unfortunately not addressed. 

Four types of oil-core nanocapsules with average hydrodynamic sizes from 
100 - 200 nm have been demonstrated to be excellent hosts for TTA-UC, and 
were successfully imaged in vitro and in vivo.[12b, 12c, 20a, 20d] The oily interior 
favors molecular diffusion and effectively dissolves large amounts of 
hydrophobic compounds in a small particle volume. The exact chemical 
composition of both core and shell greatly affected the upconverting 
capabilities of the particles in presence of oxygen. First of all, the group of 
Landfester and Turshatov demonstrated green-to-blue upconversion with 
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hexadecane-core PSAA-shell (PSAA = polystyrene-polyacrylic acid copolymer) 
nanocapsules.[20d] These particles only produced upconversion after 
deoxygenation, and only “in vitro” after fixation and sealing of the sample in a 
glove box. In a next paper, red-to-green upconverting 1-phenylhexadecane-
core PMMA-shell (PMMA = polymethyl methacrylate) were reported.[20a]  
Likewise, no upconversion in air could be established, which suggests that a 
nano-scale polymeric shell cannot safeguard the dyes inside the particles from 
quenching by oxygen. However, in living HeLa cells, some upconversion 
emission was in fact observed. Interestingly, upconversion brightened when 
the cells were treated with valinomycin, which stimulates mitochondria to 
enhance their oxygen consumption. This example demonstrates that ex vitro 
air stability is no definite prerequisite for obtaining upconversion in vitro. It is 
unclear why TTA-UC systems that do not work in air are capable of 
upconversion in living cells. We speculate that the presence of endogenous 
anti-oxidants are responsible for scavenging ground-state or singlet oxygen 
(see Section 2.3). Differences in oxygen concentration within each cell and 
differences between cells may also modify the ability of particles to perform 
TTA-UC. 

The group of Li prepared red-to-green and red-to-yellow upconverting soy 
bean oil-core BSA-dextran-shell nanocapsules (BSA = bovine serum 
albumin).[12b] This system was able to perform upconversion in air. It was for 
the first time realized that reductive compounds can facilitate TTA-UC: soy 
bean oil contains oleic acid and linoleic acid, which both are unsaturated fatty 
acids that react with singlet oxygen, see Section 2.3. As mentioned before, the 
underlying rationale is that in an oxygen-rich environment, the 
photosensitizer produces singlet oxygen that can react with a scavenger, 
resulting in a locally deoxygenated micro-environment. Apart from the 
“reducing oil core”, it was proposed that the BSA-shell participated in singlet 
oxygen scavenging, because BSA contains many tryptophan residues that are 
capable of reacting with singlet oxygen as well. Although the performance of 
the particles in 2D cell cultures was not established, the particles were 
successfully used for lymphatic imaging of living mice. Finally, the group of 
Kim prepared red-to-blue and red-to-green upconverting oleic acid-core silica 
shell nanocapsules.[12c] Here, pure oleic acid was chosen as scavenger to allow 
the particles to upconvert in air. From the article, it was not clear whether the 
particles were functional in 2D cell cultures, as the data showed fixated cells to 
which a commercial anti-fading reagent was added. Regardless, the particles 
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were successfully used in imaging of tumors in vivo with upconversion 
luminescence. Overall, from reviewing these published TTA-UC particle 
systems, it becomes clear that acquiring upconversion in vitro and in vivo has 
been a poorly explored subject so far.  

2.5 Emission stability of TTA-UC in a biological context 
A poorly addressed research topic is the emission stability in time of TTA-UC 
nanoparticles in a biological context. To the best of our knowledge, the 
emission stability has only been briefly discussed in the work of Li et al., who 
show that green-to-blue upconversion of silica-coated Pluronic F127 micelles 
in HeLa cells was completely stable for at least 10 minutes under continuous 
illumination (no exact excitation intensity given);[12a, 20b] no further 
explanation is given why the emission is so stable. Of course, the stability 
requirements depend greatly on the application. Long-term bio-imaging 
methods require stable emission for seconds to minutes under continuous 
irradiation, but for short-term experiments, the emission stability is not 
especially critical. For the combination of TTA-UC and PACT, high stabilities 
are required up to hours of irradiation time at high irradiances (up to ~1 
W.cm−2) in order to release enough biologically active species. For instance, in 
comparable work that combines lanthanoid-based upconverting nanoparticles 
and PACT/PDT, typical treatment durations vary from 20 min up to more than 
5 h.[43] Two critical questions are therefore: (i) how long-lasting is the 
upconversion emission in a biological context with current nanoparticle 
systems and (ii) how can the emission stability be improved? For instance, as 
mentioned before, many TTA-UC nanoparticles rely on the presence of 
endogenous or supplemental anti-oxidants in order to function in vitro or in 
vivo. However, after a certain time, the anti-oxidants may be depleted and 
oxygen can quench the TTA-UC process once again. Overall, the temporal 
stability of TTA-UC emission in a biological  context, and the enhancement of 
this stability with for example anti-oxidants, are important aspects that need 
to be considered in future work. We argue that it is simply not enough to only 
demonstrate that a given TTA-UC system functions in air-equilibrated 
solutions: it is of utmost importance to show the temporal stability at a given 
excitation intensity and a given oxygenation level in order to conclude on the 
usability of a system for each specific application. 
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Table 2.2. Summary of known TTA-UC nanoparticle systems that have been developed for bio-
imaging and PACT purposes, and their most important (photo)physical properties. 
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H
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3.3
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95 
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[b] 
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1.7
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/A 
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/A 
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20 
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[a] Influence of oxygen not reported. [b] Values obtained in air. PLA-PEG = polylactic acid-
polyethylene glycol block copolymer, HD = hexadecane, 1-PHD = 1-phenylhexadecane, PiB-PEG-Me 
= polyisobutylene-polyethylene glycol block copolymer, PSAA = polystyrene-polyacrylic acid 
copolymer, PMMA = polymethyl methacrylate, BSA = bovine serum albumin 
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2.6 Thesis goal and outline 
In the research described in this thesis, the goal was to prepare an 
upconverting nano-device that is able to generate blue light inside living 
cancer cells with which a light-sensitive ruthenium anticancer prodrug can be 
activated in order to kill the cells. The device should only become toxic upon 
light irradiation in the phototherapeutic window. To achieve this goal, it is 
likely that the following requirements need to be met: 

i. high upconversion efficiency (ΦUC) at human body temperature (37 °C) 
ii. upconversion at low excitation intensity (i.e. a low Ith) so that use of 

high power lasers is prevented 
iii. a large upconversion energy gain (ΔEUC) to shift the activation 

wavelength to the phototherapeutic window (preferably red to near-
infrared light)  

iv. efficient energy transfer to the ruthenium prodrug 
v. low oxygen sensitivity 

vi. high temporal emission stability 
vii. low cytotoxicity of the nano-device in the dark 

viii. high cytotoxicity of the nano-device upon red to near-infrared light 
irradiation within a clinically relevant time span 

In Chapter 3, I will describe how efficient red-to-blue and green-to-blue 
upconversion can be obtained in a liposome drug carrier. The red-to-blue 
upconversion is used to trigger the photodissociation of a ruthenium 
polypyridyl complex that is anchored to another liposome. In Chapter 4, the 
ruthenium complex is this time attached to the same liposome as that 
containing photosensitizer and annihilator molecules, and it is shown that the 
upconversion energy is transferred non-radiatively from the annihilator to the 
ruthenium complex via Förster resonance energy transfer (FRET). In Chapter 
5 it is shown that red-to-blue upconversion is located in the lipid bilayer of the 
liposomes and that TTA-UC can be used to image the membrane of giant 
vesicles. Chapter 6 describes results of the investigation whether red-to-blue 
TTA-UC in liposomes is also efficient at human body temperature; I will 
describe how the upconversion efficiency is dependent on temperature in a 
variety of liposome compositions. Chapter 7 describes research that 
investigated whether a silica coating around the liposomes can protect the 
TTA-UC process from quenching by molecular oxygen. In Chapter 8 the in vitro 
applicability is addressed of liposomes that are functionalized with a red-to-
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blue upconverting dye couple and ruthenium polypyridyl complexes, and 
whether it is possible to trigger a cytotoxic effect upon red light irradiation. 
Furthermore, the effect is of supplemental anti-oxidants on the performance 
of this system is reported. In Chapter 9 I will describe how red-to-blue 
upconversion can be obtained in polymersomes, and that the upconversion 
luminescence can be imaged in living cancer cells. Furthermore, I will address 
whether anti-oxidants increase the upconversion luminescence in vitro. 
Finally, in Chapter 10 the thesis is concluded by summing up the advantages 
and limits of TTA-UC for pro-drug activation, and future research directions 
are proposed. 
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