
Lawrence Berkeley National Laboratory
LBL Publications

Title
Triplet-Induced Singlet Oxygen Photobleaches Near-Infrared Dye-Sensitized 
Upconversion Nanosystems

Permalink
https://escholarship.org/uc/item/5mf726vk

Journal
Nano Letters, 23(15)

ISSN
1530-6984

Authors
Wang, Xindong
Jiang, Chang
Wang, Zeming
et al.

Publication Date
2023-08-09

DOI
10.1021/acs.nanolett.3c01671

Copyright Information
This work is made available under the terms of a Creative Commons Attribution 
License, available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5mf726vk
https://escholarship.org/uc/item/5mf726vk#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Triplet-Induced Singlet Oxygen Photobleaches 

Near Infrared Dye-Sensitized Upconversion 

Nanosystems 

 

Xindong Wang1,2,3&, Chang Jiang1&, Zeming Wang2, Bruce E. Cohen2,4, Emory M. 

Chan2, and Guanying Chen1* 

1 MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion 

and Storage, School of Chemistry and Chemical Engineering & Key Laboratory of 

Micro-systems and Micro-structures, Ministry of Education, Harbin Institute of 

Technology, Harbin, 150001, China  

2 The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA 

94720, United States 

3 Institute of Flexible Electronics Technology of THU, Zhejiang Jiaxing & Key 

Laboratory of Flexible Electronics based Intelligent Sensing and Advanced 

Manufacturing Technology, Jiaxing, 314006, China 

4 Division of Molecular Biophysics & Integrated Bioimaging, Lawrence Berkeley 

Na�onal Laboratory, Berkeley, CA 94720, United States 

 

KEYWORDS: Upconversion nanoparticles, near-infrared dye, triplet state, 

photobleaching, singlet oxygen 

ABSTRACT: The rapid photobleaching of near-infrared (NIR) dye-sensitized 
upconversion nanosystems is one of the crucial problems that has blocked their 
technological applications. Uncovering the photophysical and photochemical 
pathways of NIR dyes would help to elucidate the photobleaching mechanism and 
thereby improve the photostability of the system. Here we investigate the triplet 
dynamics of NIR dyes and their interaction with triplet oxygen in the typically 
investigated IR806-sensitized upconversion nanoparticles (UCNPs) nanosystem. 
Low-temperature fluorescence at 77 K provides direct proof of the genera�on of 



singlet oxygen (1O2) under 808 nm laser irradiation. Mass spectrometry indicates that 
all three double bonds in the structure of IR806 can be broken in the photochemical 
process. Coupling IR806 to the surface of UCNPs can accelerate its triplet dynamics, 
thus producing more 1O2 to photocleave IR806. Importantly, we find that addi�on of 
β-carotene can scavenge the generated 1O2, thereby providing a simple method to 
effec�vely inhibit photobleaching.   



Introduction 

Lanthanide-doped upconversion nanoparticles (UCNPs) are able to emit bright 

ultraviolet or visible luminescence under moderate near-infrared (NIR) light 

irradiance (∼0.1-102 W/cm2)1. Due to the advantages of large anti-Stokes shift, 

tunable spectra spanning from ultraviolet to NIR, long lifetimes of up to milliseconds, 

and near-zero photobleaching, UCNPs are attractive for applications in bioimaging2, 3, 

biological and chemical sensing4, 5, light-controlled drug release6, optogenetics7, and 

anti-counterfeiting8. A laser is typically required to excite UCNPs because of the 

narrow and weak absorption associated with the nature of the 4f-4f electronic 

transitions of lanthanide ions, largely restricting the use of UCNPs in portable 

devices. 

Various methods have been developed to enhance the absorption capacity of 

UCNPs, such as introducing NIR organic dyes as sensitizers9, 10, plasmonic-induced 

upconversion enhancement11, 12, and co-doping sensitizer ions with a larger absorption 

cross-section13. Among these attempts, sensitization with NIR dyes has the advantages 

of ease of operation, broad absorption spectra (10 times broader FWHM than that of 

lanthanide absorption) and high absorption cross-section (1000-10000 times higher 

than those of lanthanide ions)14, significantly increasing upconversion brightness by 

up to 33000-fold15. However, these reported dye-sensitized upconversion 

nanosystems suffer from severe photobleaching when exposed to oxygen15. 

Photobleaching can be minimized by encapsulating dye-sensitized upconversion 

nanosystems into polymers16 or by performing experiments in inert atmosphere, but 

limited impact to fuel applications. Since UCNPs are highly stable1 even under laser 

power densities up to 107 W/cm2, photobleaching typically originates from the NIR 

dye or the interaction between NIR dye and UCNPs. It is generally believed that the 



NIR dyes are damaged by singlet oxygen (1O2), which is produced by the energy 

transfer (ET) from the triplet state of NIR dye to triplet oxygen17. While there is 

indirect proof of the generation of 1O2 during excitation of the NIR dye18, 19, direct 

proof20-22 is lacking in the dye-sensitized upconvesion nanosystems due to the 

intrinsically low quantum yield (ca. 10-7) of 1O2 emission23. In dye-sensitized 

nanosystems, lanthanide ions were also found to promote intersystem crossing in 

excited NIR dyes (IR806), relaxing from their singlet to its triplet excited state, and 

thus improve the ET efficiency from IR806 to UCNPs15. However, the ET pathways 

to triplet oxygen, inevitable in real applications, have not yet been considered. Hence, 

the dynamics of reactive oxygen species (ROS) such as 1O2 and possible superoxide 

anion (⋅O2
-)22, 24 in the presence of free NIR dyes and UCNPs-conjoined ones, demand 

investigations. 

Herein, we studied the photophysical and photochemical pathways of IR806 in 

IR806-sensitized NaYF4:Yb3+, Er3+ UCNPs nanosystems, which confirm the critical 

effect of triplet oxygen in photobleaching. By using the low-temperature fluorescence 

detection at 77 K, we directly observed the generation of 1O2 in the free IR806 and 

IR806-sensitized NaYF4:Yb3+,Er3+ UCNPs nanosystems. Further, we verified that the 

triplet dynamics of IR806 dyes would be accelerated after their coordination to the 

surface of UCNPs. To scavenge the generated 1O2, we provided a simple and 

universal method to improve the photostability of dye-sensitized nanosystems via β-

carotene (Car) addition. 

Results 

To begin, we synthesized IR806, the first and also the most widely used dye to 

be studied in dye-sensitized upconversion nanosystems9, and verified the product 

through its absorption wavelength maximum at 806 nm in chloroform (Figure 1a) and 



1H NMR (SI Methods). In air, the color of IR806 changes from light green to maple 

after being irradiated by an 808 nm laser. This observation is supported by a dramatic 

98% drop in the dye absorption intensity at 806 nm (Figure 1a). By comparing the 

photostability of IR806 exposed to different concentrations of O2, we concluded that 

photobleaching is positively correlated to O2 concentration (Supporting Information, 

Figure S1). To explore the possible mechanism of photobleaching, density functional 

theory (DFT) calculations were performed with the RB3LYP exchange functional 

employing 6-31G basis sets using a suite of Gaussian 09 programs (Figure 1b). 

Calculations show that the electrons on the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) of IR806 are mainly 

located at the carboxyl group and the conjugated carbon chain, suggesting the 

conjugated carbon chain is prone to react with strongly electrophilic molecules such 

as 1O2.  

Low-temperature fluorescence at 77 K and electron spin resonance (ESR) spectra 

were used to verify the composition of the ROS involved in the photophysical 

process. Unlike additive-assisted methods that indirectly probe the presence of singlet 

oxygen using 1O2-reactive agents, direct measurement of 1O2 emission provides 

unambiguous, real-time information, less susceptible to interference from other ROS. 

Measurements were acquired at low temperature to increase the signal-to-background 

ratio of the 1O2 emission. The fluorescence peak at 1275 nm (Figure 1c) is attributed 

to the emission of 1O2 25, directly proving the generation of 1O2. Moreover, the 

generated ⋅O2
- via electron transfer may also participate in the photobleaching 

process22, 24, whereas it has not been considered in the previous studies of dye-

sensitized nanosystems. We performed ESR detection in the irradiated IR806 solution 

using 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-pyrroline-N-oxide 



(DMPO) as capture agents for 1O2 and ⋅O2
-. The distinctive three peaks in the ESR 

spectra in Figure 1d confirm the production of 1O2, while the low background signal 

does not show any evidence of ⋅O2
- (Figure 1e). To further support the reaction 

mechanism calculated by DFT, we analyzed the photooxidative products of IR806 by 

mass spectrometry, which provides compelling proof17, and found two major cleaved 

products (Figure 1f). We hypothesize that these two major products are caused by 

oxidation of the double bonds on the conjugated carbon chain, revealing all the three 

double bonds (circled in red in Figure 1f) of IR806 can be ruptured in the 

photochemical process.  

 

 



Figure 1. Photooxidative cleavage of IR806. (a) Photographs and absorption spectra 

of IR806 before and after photobleaching. (b) HOMO and LUMO diagrams of IR806. 

(c) Emission spectrum of IR806 irradiated by 808 nm laser at 77 K. (d) ESR detection 

of 1O2 trapped by TEMP. (e) ESR detection of ⋅O2
- trapped by DMPO. Sample and 

Control refer to IR806 irradiated and not irradiated by 808 nm laser, respectively. (f) 

Mass spectrometry of IR806 before and after photobleaching. 

 

To study the nature of dye-sensitized nanosystems, we synthesized IR806-

sensitized NaYF4:Yb3+,Er3+ nanocrystals as a research model. In these structures 

(Figure 2a, 2b), incident 808 nm photons excite IR806 molecules, which can then 

relax radiatively or via nonradiative pathways including ET to Yb3+ and 

vibrational/rotational relaxation. Energy transferred to Yb3+ can give rise to energy 

transfer upconversion and luminescence from Er3+ (and Yb3+). Transmission electron 

microscopy (TEM) of synthesized UCNPs shows highly uniform hexagonal shapes 

with a mean size of 28.0 nm (Figure 2c). In the fabricated nanosystems, IR806 

exhibits light absorption from 700 to 850 nm, peaking at 806 nm (Figure 2d). Thus, 

the commercially available 808 nm laser was selected as the excitation source. The 

fluorescence spectrum of IR806 upon the irradiation of 808 nm laser is accessible up 

to 1000 nm, which overlaps with the absorption spectrum of Yb3+ doped in the 

UCNPs, indicating a feasible ET pathway from IR806 to Yb3+. Under 808 nm 

excitation, the nanosystems show luminescence of Yb3+ and Er3+ (Figure 2e, 2f), 

verifying energy transfer between IR806 and UCNPs. The optimal molar ratio of 

UCNPs and IR806 molecules is estimated to be 1:88 (Supporting Information, Figure 

S2), at which the upconversion luminescence is enhanced by 52-fold via the IR806-

sensitization (Figure 2f). 



 

 

Figure 2. Fabrication of IR806-sensitized upconversion nanosystems. (a) and (b) 

Scheme and ET diagram of IR806-sensitized NaYF4:Yb3+,Er3+ UCNPs. (c) TEM and 

size distribution of the synthesized UCNPs. (d) Absorption spectra of IR806 and 

UCNPs (Abs-IR806 and Abs-Yb), fluorescence spectrum of IR806 (Em-IR806), and 

upconversion spectrum of UCNPs (Em-UC). (e) Emission spectra of IR806-sensitized 

nanosystems (IR806-UCNP), IR806 (IR806), and blank solvent (Background) upon 

the irradiation of 808 nm laser. (f) Upconversion spectra of IR806-sensitized 

nanosystems under 808 nm laser irradiation (IR806-UCNP) and UCNPs under 980 

nm laser irradiation (UCNP) with the same power density of 1.82 W/cm2. 

We investigated the luminescence dynamics of free IR806 and UCNPs-anchored 

ones in chloroform to reveal the influence of UCNPs on the triplet state of organic 

dyes26. As shown in Figure 3a, O2 can be converted to 1O2 in the presence of dye-

sensitized UCNPs via two possible mechanisms: (1) Absorbed energy is transferred 

from the triplet state of IR806 to O2. (2) The excited Yb3+ ions transfer energy directly 

to O2 to generate 1O2 27. Upon 980 nm irradiation of UCNPs, there is no measurable 

1O2 generation even after continuous excitation for 10 min (Supporting Information, 



Figure S3), indicating that 1O2 cannot be produced by UCNPs. Hence, the generation 

of 1O2 is directly related to IR806 in our fabricated nanosystems. Under 808 nm laser 

irradiation, the emission of free IR806 and upconversion luminescence of the 

nanosystems both show decreasing intensities with prolonged time, and the 

nanosystems show more luminescence loss (75%) than free IR806 (20%) (Figure 3b). 

Fluorescence measurements at 77 K were used to compare the relative content of 1O2 

produced by free IR806 and IR806-sensitized nanosystems (the same amount of 

IR806 was used in both systems in Figure 3c). The 1O2 content produced by the 

nanosystems is 5-fold more than the free IR806, revealing that the triplet dynamics of 

IR806 are accelerated after being coordinated on the surface of UCNPs. In addition, 

1,3-diphenylisobenzofuran (DPBF) was used to further support the different amounts 

of 1O2 production (Supporting Information, Figure S4). 

To improve the photostability of IR806 and IR806-sensitized nanosystems, we 

choose to use reagents to scavenge 1O2.23,29 We choose β-carotene as scavenger 

because it is a well-established 1O2 quencher in the thylakoid membrane28,29, and can 

be easily incorporated in both organic and aqueous phase dye-sensitized upconversion 

systems. The Car itself exhibited high stability under 808 nm laser irradiation 

(Supporting Information, Figure S5). The large number of unsaturated double bonds 

in the structure of Car, can scavenge 1O2 by both physical and chemical quenching 

pathways (Figure 3d). The physical quenching pathway provides a 1O2 clearance rate 

of 1.5~2.3×1010 M-1 s-1, which is comparable to the diffusion rate of 1O2 in solution30. 

Although the chemical quenching pathway is not as efficient as the physical one, it 

still exists in the system, as evidenced by structural damage (Supporting Information, 

Figure S6). After irradiated for 30 min at a molar ratio of 1:1, the fluorescence of 

IR806 decreased by 20%, while the Car-protected IR806 system only decreases by 



6%, illustrating the effectiveness of the Car (Figure 3e). After irradiated for 30 min at 

different molar ratios of 1:0, 1:1000, and 1:5000 (IR806-sensitized UCNPs:Car), the 

nanosystems without Car decreased by 75%, while the Car-protected nanosystems 

decreased by only 60% and 42%, further demonstrating the scavenging capacity of 

1O2 in the IR806-sensitized UCNPs nanosystems. An increase in the Car amounts can 

increase the collision probability between Car and 1O2, thus protecting IR806 from 

photobleaching more efficiently. However, the enhanced Car amounts reduce the 

upconversion brightness due to the reabsorption or scattering of upconversion 

emission by Car (Supporting Information, Figure S7), emphasizing the need to 

develop 1O2 scavengers with lower spectral overlap. However, the downconversion 

luminescence of Er3+ is insensitive to the Car concentration, which is beneficial given 

the need for high Car amounts.  

 

 

Figure 3. Photostability of IR806 and IR806-sensitized nanosystems in chloroform. 

(a) Scheme of possible pathways to produce 1O2 in the nanosystems. (b) Normalized 

luminescent intensity kinetics of IR806 and nanosystems (IR806-UCNP) upon 808 



nm laser irradiation. (c) Produced 1O2 of IR806 and nanosystems (IR806-UCNP) 

upon 808 nm laser irradiation; IR806 dosages in the two systems are the same. (d) 

Chemical structure of Car and 1O2 quenching pathways. (e) Normalized fluorescent 

intensity kinetics of IR806 mixed with or without Car under 808 nm laser irradiation 

with a power density of 1.82 W/cm2. (f) Normalized luminescent intensity kinetics of 

nanosystems mixed with 0, 20, and 100 µL Car upon the irradiation of 808 nm laser 

with a power density of 1.82 W/cm2. Normalization was performed to the integrated 

intensity of the green upconversion emission at 540 nm. 

After the investigation in organic phase, we further studied the improved 

photostability of Car-protected IR806-sensitized nanosystems in water phase. The 

lipid DSPE-PEG(2000)-COOH was used to convert the IR806-sensitized nanosystems 

from hydrophobic to water-soluble, which was shown in Figure 4a (No Car). Due to 

its conjugated carbon chain structure, Car can be inserted into the DSPE-PEG(2000)-

COOH layers on the surface of UCNPs, showing the nanosystem as an orange 

transparent solution (Figure 4a, with Car). Under 808 nm laser irradiation, the 

upconversion luminescence of the nanosystems with Car protection does show 

improved stability as compared to the one without Car (Figure 4b). The synthesized 

IR806-sensitized nanosystems with or without Car were then used to stain B16-F10 

cells and subsequently imaged by widefield microscopy. The stained cells exhibit 

normal and regular cellular morphology (brightfield image), and apparent 

upconversion luminescence cellular imaging can be seen at laser-irradiated locations 

(Figure 4c). As expected, cellular fluorescence imaging showed improved stability in 

aqueous Car-protected nanosystem as compared to non-protected one (Figure 4d, and 

Supporting Information, Figure S8). Hence, we conclude that the Car-protected 



strategy can be used to improve the applicability of dye-sensitized nanosystems both 

in organic and water-soluble solutions. 

 

 

Figure 4. Photostability of IR806-sensitized nanosystems with or without Car 

protection in the water phase. (a) Photographs of the IR806-sensitized nanosystems in 

water with or without Car. (b) Normalized luminescent intensity kinetics of samples 

in (a) upon 808 nm laser irradiation with a power density of 1.82 W/cm2. (c) Bright 

field, upconversion luminescent field, and merged images of IR806-sensitized 

nanosystems with or without Car in B16-F10 cells. Scale bar, 100 μm. The parts 

circled by red dotted lines in the merged images are the location of the excitation 

spots. (d) Normalized luminescent intensity kinetics of samples in (c) under 808 nm 

laser irradiation with a power density of 1.2×103 W/cm2. Normalization was 



performed to the integrated intensity of the green upconversion emission at 540 nm. 

Data were fitted by the exponential functions. 

 

Conclusions 

We investigated here the photophysical and photochemical pathways to uncover 

the photobleaching mechanism of IR806. Upon excitation, 1O2 is generated via the 

energy transfer from excited IR806 to triplet oxygen. And then the conjugated carbon 

chain of IR806 is oxidatively cleaved by the produced 1O2, causing photobleaching. 

Triplet dynamics of UCNPs-anchored IR806 interactive with triplet oxygen were 

uncovered for the first time. After coupling to the surface of UCNPs, the triplet 

dynamics of IR806 are accelerated. Hence, more 1O2 is generated, expediting the 

photooxidative cleavage of IR806.  

Based on this mechanistic study, we introduced a simple and universal method to 

scavenge the generated 1O2 via Car, effectively inhibiting the photobleaching both in 

organic and water-soluble solutions. However, the inhibition effect is still limited, 

perhaps due to the fact that a portion of the generated 1O2 molecules react with IR806 

in situ but do not diffuse to Car. Hence, we think the chemical crosslinking of Car (or 

Car analogs) on the structure of IR806 could scavenge 1O2 in situ and inhibit 

photobleaching more effectively. This work demonstrates the photobleaching 

mechanism of NIR dyes clearly and would help to design strategies to inhibit the 

photobleaching of organic dye-related nanosystems. 
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