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Water-soluble red fluorescent protein dimers for
hypoxic two-photon photodynamic therapy†

Wan Feng and Ying Qian *

In this study, two water-soluble red fluorescent protein (RFP) dimers, FP2R0 and FP2R00, were synthesized

by linking two phenothiazine-based RFP chromophore analogues through alkyl chains or alkoxy chains

for hypoxic two-photon photodynamic therapy. RFP dimers are heavy-atom-free two-photon

photosensitizers in which the intersystem crossing process is boosted by S and N heteroatoms. In terms

of the aqueous solubility, the saturation concentration of FP2R00 was 3.5 mM, the emission wavelength

was 677 nm, the singlet oxygen yield was 18%, and the two-photon absorption coefficient (b) was 2.1 �
10�11 cm W�1. Further, the RFP dimer FP2R00 showed excellent biocompatibility, negligible dark toxicity,

and could produce 1O2 and O2
�� simultaneously. Under 460 nm illumination, the photosensitizer FP2R00

showed high phototoxicity with an IC50 value of 4.08 mM in an hypoxia environment, indicating that

the photosensitizer FP2R00 has an excellent anti-hypoxia ability. In addition, the photosensitizer FP2R00

demonstrated a precise localization ability to lysosomes and its Pearson’s colocalization coefficient was

0.94, which could guide the aggregation of photosensitizers in the lysosomes of tumor cells to

effectively improve its photodynamic therapy (PDT) effect. In particular, when exposed to 800 nm two-

photon excitation, FP2R00 effectively produced 1O2 and O2
�� in zebrafish and exhibited a bright two-

photon fluorescence imaging capability. At the same time, the efficacy of two-photon photodynamic

therapy mediated by the photosensitizer FP2R00 was verified in the tumor zebrafish model, and the

growth of tumor cells in zebrafish was significantly inhibited under a two-photon laser irradiation. The

water-soluble two-photon photosensitizer FP2R00 that was reasonably constructed in this study can be

used as a high-efficiency hypoxic two-photon photosensitizer to inhibit deep tumor tissues.

1. Introduction

Hypoxia-dependent photosensitizers are the preferred choice
for treating solid tumors. However, the limitations of poor
water solubility, a short emission wavelength, low biocompat-
ibility, and the inability to distinguish cancer cells from normal
cells have constrained the clinical application of most
photosensitizers.1–5 In recent years, researchers have primarily
focused on enhancing the water solubility of photosensitizers
by encapsulating them in amphiphilic polymers and proteins
to form nanoparticles.6–10 Nevertheless, the tight encapsulation
of nanoparticles not only leads to insufficient internal oxygen
but also impedes the diffusion of ROS, resulting in reduced
efficacy.11–13 While the introduction of multiple quaternary
ammonium salts or sulfonates into the molecule has proven
effective in improving the water solubility of photosensitizers,
issues such as the complex synthesis steps involved and

difficult separation persist. Therefore, the development of a
straightforward method to obtain highly water-soluble hypoxic
photosensitizers would hold significant importance in the
realms of cancer diagnosis and treatment.

Green fluorescent protein is a natural substance derived
from jellyfish, and its central fluorescent chromophore, p-hydroxy-
benzylidene-2,3-dimethylimidazolinone (HBI), exhibits excellent
biocompatibility. Moreover, such chromophores possess a large
Stokes shift, good water solubility, and outstanding photophysical
properties.14–18 Consequently, they find widespread application
in fluorescence imaging and as biological probes.19–23 Despite
their success in these areas, the exploration and reporting of
fluorescent protein (FP) chromophore analogues in the field
of photodynamic therapy (PDT) remain limited.24–29 Existing FP
chromophore analogues tend to be hydrophobic, constraining
their further development in the biological domain. Therefore,
it would be of significant importance to modify the structure of
FP chromophore analogues to address the aforementioned
challenges.

According to studies reported by our research group, pheno-
thiazine-based FP chromophore analogues can effectively promote
the production of 1O2 and have excellent biocompatibility.30–33

School of Chemistry and Chemical Engineering, Southeast University, Nanjing,

211189, China. E-mail: yingqian@seu.edu.cn

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tb02621c

Received 6th November 2023,
Accepted 30th January 2024

DOI: 10.1039/d3tb02621c

rsc.li/materials-b

Journal of
Materials Chemistry B

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 8
:5

3:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0009-0006-0574-6890
https://orcid.org/0000-0002-8050-2283
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tb02621c&domain=pdf&date_stamp=2024-02-14
https://doi.org/10.1039/d3tb02621c
https://doi.org/10.1039/d3tb02621c
https://rsc.li/materials-b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb02621c
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB012009


2414 |  J. Mater. Chem. B, 2024, 12, 2413–2424 This journal is © The Royal Society of Chemistry 2024

Based on the above inspiration, two heavy-atom-free RFP dimers
(FP2R0 and FP2R00) were synthesized to solve the poor aqueous
solubility and hypoxia problem. As shown in Scheme 1, the
aqueous solubility of the RFP dimer FP2R00 was significantly
improved by the alkoxy chain-linked. This article studies the
influence of the alkyl chain-links and alkoxy chain-links through
UV-vis absorption, fluorescence emission spectroscopy, and the
Z-scan technique as well as explains the mechanism of ROS
generation through theoretical calculations. Intracellular PDT experi-
ments and lysosome-targeting experiments were used to evaluate the
potential of FP2R00 as an hypoxic photosensitizer in the biological
field. Under 800 nm two-photon excitation, the effective ROS
production of FP2R00 was investigated in zebrafish. The results
confirmed that the heavy-atom-free alkoxy chain-linked RFP dimer
FP2R00 could be used as a candidate for hypoxic two-photon photo-
sensitizers and could be expected to be applied in the treatment of
hypoxic tumor cells.

2. Experimental section
2.1 Materials and methods

The synthetic routes of the RFP chromophore analogues FPOH,
FP2R0, and FP2R00 are presented in Scheme 2. The detailed
description and illustration of the intermediates and target
photosensitizers are provided in the ESI† (Fig. S10–S27). High-
resolution mass spectroscopy (HRMS), and 1H NMR and 13C
NMR spectroscopy were used to confirm all three RFP chromo-
phore analogues. Except when otherwise noted, all additional
starting ingredients were obtained from commercial sources.
All the biomaterials were purchased from Keygen Biotech Co.
Ltd. A-549 cells were used in this work and were supplied by
the American Type Culture Collection. Notes: N2: nitrogen; MB:

methylbenzene; EA: ethyl acetate; DCM: dichloromethane; AC:
acetone; DMSO: dimethyl sulfoxide; ACN: acetonitrile.

2.2 Synthesis and characterizations

Synthesis of FPOH. Under a N2 atmosphere, PFP-lyso (178 mg,
0.33 mmol), p-hydroxybenzaldehyde (101 mg, 0.83 mmol), acetic
acid (113 mg, 1.33 mmol), and piperidine (78 mg, 1.33 mmol)
were dissolved in 25 mL toluene. The reaction mixture was stirred
at 110 1C for 6 h. The mixture was concentrated by rotary
evaporation to remove the solvents after cooling to room tem-
perature. The crude product was purified through column chro-
matography, yielding FPOH as a red solid (yield: 43%). 1H NMR
(600 MHz, DMSO-d6, ppm): d 10.08 (s, 1H), 8.17 (d, J = 8.4 Hz, 1H),
8.09 (s, 1H), 7.91 (d, J = 15.6 Hz, 1H), 7.69 (d, J = 8.6 Hz, 2H), 7.26–
7.19 (m, 1H), 7.19–7.10 (m, 3H), 7.02–6.96 (m, 2H), 6.93 (d, J =
21.4 Hz, 1H), 6.86 (d, J = 8.6 Hz, 2H), 4.59 (s, 2H), 4.07 (t, J = 6.6 Hz,
2H), 3.63–3.54 (m, 4H), 2.69 (t, J = 6.6 Hz, 2H), 2.56–2.40 (m, 4H),
1.41 (s, 9H). 13C NMR (151 MHz, DMSO, ppm): d 170.46, 169.72,
167.34, 159.93, 159.25, 145.91, 143.53, 140.50, 137.66, 132.45,
130.51, 130.23, 129.24, 127.99, 127.27, 126.46, 123.56, 123.33,
123.06, 122.58, 116.26, 116.03, 115.88, 110.11, 82.06, 66.35,
59.88, 55.36, 53.56, 45.66, 41.99, 27.75. HRMS (m/z): [M + H]+

calc. for C36H38N4O5S: 639.26656, found 639.25965.
Synthesis of FP2R0. Under a N2 atmosphere, FPOH (250 mg,

0.31 mmol), 1,8-diiodooctane (42 mg, 0.12 mmol), and K2CO3

(128 mg, 0.93 mmol) were dissolved in 35 mL ACN solution.
The reaction mixture was stirred at 60 1C for 5 h. The mixture
was concentrated by rotary evaporation to remove the solvents
after cooling to room temperature. The crude product was
purified through column chromatography to yield FP2R0 as a
red solid (yield: 85%). 1H NMR (600 MHz, CDCl3, ppm): d 8.09–
8.03 (m, 3H), 8.03–7.98 (m, 3H), 7.55 (d, J = 8.7 Hz, 4H), 7.15
(td, J = 9.0, 1.2 Hz, 4H), 7.01 (s, 2H), 6.95 (t, J = 8.8 Hz, 10H), 6.48

Scheme 1 Structures of the water-soluble and heavy-atom-free RFP dimers FP2R0 and FP2R00 and their application in two-photon photodynamic
therapy.
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(d, J = 15.7 Hz, 2H), 4.42 (s, 4H), 4.08 (s, 4H), 4.02 (t, J = 6.5 Hz,
4H), 3.75 (s, 8H), 2.82 (s, 4H), 2.58 (s, 8H), 1.89–1.78 (m, 4H),
1.50 (s, 4H), 1.45 (s, 18H), 1.42 (s, 4H). 13C NMR (151 MHz,
CDCl3, ppm): d 170.19, 166.80, 161.01, 158.28, 146.26, 143.84,
140.65, 137.70, 132.36, 130.94, 129.67, 127.81, 127.55, 127.48,
125.88, 123.25, 115.55, 115.22, 114.98, 109.98, 83.10, 68.15,
66.88, 55.75, 53.91, 53.47, 42.32, 29.33, 29.19, 27.98, 26.00.
HRMS (m/z): [M + H]+ calc. for C80H90N8O10S2: 1388.62915,
found 1388.62884.

Synthesis of FP2R00. Under a N2 atmosphere, FPOH (250 mg,
0.31 mmol), 1,2-bis-(2-iodoethoxy)-ethane (44 mg, 0.12 mmol),
and K2CO3 (128 mg, 0.93 mmol) were dissolved in 35 mL ACN
solution. The reaction mixture was stirred at 60 1C for 5 h. The
mixture was concentrated by rotary evaporation to remove the
solvents after cooling to room temperature. The crude product
was purified through column chromatography to yield FP2R00 as
a red solid (yield: 80%). 1H NMR (600 MHz, CDCl3, ppm): d 8.05
(s, J = 1.4 Hz, 2H), 8.01 (s, 1H), 7.98 (d, J = 8.4 Hz, 3H), 7.54 (d,
J = 8.7 Hz, 4H), 7.19–7.08 (m, 4H), 7.00 (s, 2H), 6.98–6.86 (m,
10H), 6.48 (d, J = 15.7 Hz, 2H), 4.41 (s, 4H), 4.24–4.15 (m, 4H),
4.07 (s, 4H), 3.93–3.84 (m, 4H), 3.78 (s, 4H), 3.75 (s, 8H), 2.80 (s,
4H), 2.57 (s, 8H), 1.45 (s, 18H). 13C NMR (151 MHz, CDCl3,
ppm): d 170.18, 166.83, 160.63, 158.24, 146.28, 143.85, 140.47,
137.73, 132.41, 130.96, 129.64, 129.58, 128.27, 127.56, 127.49,
125.96, 124.58, 124.17, 123.26, 115.58, 115.22, 115.16, 110.40,
83.09, 71.00, 69.76, 67.64, 66.87, 60.43, 55.76, 53.91, 42.36,
28.01. HRMS (m/z): [M + H]+ calc. for C78H86N8O12S2:
1392.58368, found 1392.58737.

2.3 Two-photon absorption coefficient in aqueous solution

The aqueous solutions of the RFP chromophore analogues
FPOH, FP2R0, and FP2R00 (c: 1.0 � 10�3 M) were, respectively,
placed in a 2 mm quartz cuvette for two-photon absorption

cross-section measurements. These compounds were stable
toward air and laser light under the experimental conditions.
The two-photon absorption and refraction were investigated
with a linear polarized laser light (lex: 800 nm; pulse width:
21 ps; repetition rate: 10 Hz; 180 fs) generated from a
frequency-doubled, mode-locked, Q-switched Nd:YAG laser.
The other experimental conditions for these NLO measure-
ments were the same as described in previous reported
articles.34,35

2.4 Detection of the O2
��-generation ability in aqueous

solution

The probe dihydrorhodamine 123 (DHR 123), which could
convert the O2

�� produced in the solution into rhodamine
123 and emit strong green fluorescence at 424 nm, was used
to detect O2

�� in the solution. The corresponding mechanism
diagram is shown in Fig. S1 (ESI†). The RFP analogues FPOH,
FP2R0, and FP2R00 (10 mM) were mixed with DHR 123 (20 mM),
respectively, in cuvettes. The fluorescence intensity of the
mixture at 424 nm (lex = 500 nm) were measured every 15 s
under blue LED light irradiation (460 nm, 23 mW cm�2).

2.5 Detection of 1O2 and O2
�� production by electron

paramagnetic resonance

Detection of 1O2 formation by EPR. The electron paramag-
netic resonance (EPR) assay was carried out with a Bruker
Magnettech ESR5000 spectroscopy system using 4-amino-
2,2,6,6-tetramethylpiperidine (TEMP) as a spin-trap agent.
The photosensitizers FPOH, FP2R0, and FP2R00 were dissolved
in 100 mL H2O with a concentration of 2 � 10�3 M, respectively,
and then 5 mL TEMP was added to the above three mixed
solutions, respectively, without and with irradiation for 10 min

Scheme 2 Structure and synthetic route for the water-soluble red fluorescence protein chromophore analogues.
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(460 nm, 23 mW cm�2). Finally, the EPR signal was recorded at
room temperature.

Detection of O2
�� formation by EPR. The EPR assay was

carried out with a Bruker Magnettech ESR5000 spectroscopy
system using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a
spin-trap agent. The photosensitizers FPOH, FP2R0, and FP2R00

were dissolved in 100 mL DMSO with a concentration of
2 � 10�3 M, respectively, an then 5 mL DMPO was added to
the above three mixed solutions, respectively, without and with
irradiation for 10 min (460 nm, 23 mW cm�2). Finally, the EPR
signal was recorded at room temperature.

2.6 Intracellular 1O2 and O2
�� production under normoxia

and hypoxia in A-549 cells

Hypoxic microenvironment (2% O2). A-549 cells were incu-
bated with 2 mM photosensitizer FP2R00 for 2 h under an hypoxic
microenvironment and then washed twice with PBS to replace
the new cell culture medium, and then 2 mM 20,70-di-
chlorodihydrofluorescein diacetate (DCFH-DA) and dihy-
droethidium (DHE) were added, respectively, to the cell culture
dish and the cells were incubated for 15 minutes under the
hypoxic microenvironment. One/two-photon fluorescence ima-
ging was performed by one-photon confocal laser scanning
microscopy (CLSM)/two-photon confocal laser scanning micro-
scopy (TPFM).

Normoxia microenvironment (21% O2). A-549 cells were
incubated with the photosensitizer FP2R00 (2 mM) for 2 h under
a normoxia microenvironment and then washed twice with PBS
to replace the new cell culture medium, and then 2 mM 20,70-
dichlorodihydrofluorescein diacetate (DCFH-DA) and dihy-
droethidium (DHE) were added, respectively, to the cell culture
dish and the cells were incubated for 15 minutes under the
normoxia microenvironment. One/two-photon fluorescence
imaging was performed by CLSM and TPFM.

2.7 Precise lysosome-targeting experiment

A-549 cells were incubated with the photosensitizer FP2R00

(2 mM) for 2 h and then washed twice with PBS to replace the
new cell culture medium, and then Lyso-Tracker Green
(100 nM) (lex = 488 nm, lem = 500–550 nm), Hoechst 33 342
(2 mg mL�1) (lex = 405 nm and lem = 430–460 nm), and Mito-
Tracker Green (100 nM) (lex = 488 nm, lem = 500–550 nm) were
added to the cell culture dish separately. Next, the cells were
incubated for 25 minutes and then visualized by CLSM.

2.8 Two-photon excitation-induced 1O2 and O2
�� production

in zebrafish

Zebrafish were incubated in E3 culture medium (15 mM NaCl,
0.5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 0.15 mM KH2PO4,
0.05 mM Na2HPO4, 0.7 mM NaHCO3; pH 7.5) with FP2R00 (2 mM)
for 3 h. After removing the E3 culture medium containing the
photosensitizers, the zebrafish were incubated respectively in
E3 culture medium containing 2 mM DCFH-DA and 2 mM DHE
for 20 minutes. Finally, two-photon fluorescence images were
obtained by two-photon fluorescence microscopy (TPFM)

after irradiating (800 nm, 3 mW) the treated zebrafish for
15 minutes.

2.9 Two-photon photodynamic therapy for zebrafish tumor

When the zebrafish liver tumor grew to a desired size, an
intravenous microinjection of FP2R00 was performed using a
nitrogen gas injector. FP2R00 was loaded into a glass needle
(20 mm), and the injection was conducted through the zebrafish
retro-orbital in a continuous mode of the gas injector. The
injection amount of FP2R00 was 6–10 nL. After 24 h of injection,
the zebrafish were mounted in a cell dish and then transferred
to the stage of a ZEISS microscope for two-photon photo-
dynamic therapy. A 800 nm femtosecond laser was focused
on the zebrafish liver tumor with a 20� objective lens. The
output laser power on the tumor surface was about 3 mW. After
two-photon photodynamic therapy treatment, the zebrafish
were incubated in E3 culture medium (15 mM NaCl, 0.5 mM
KCl, 1 mM MgSO4, 1 mM CaCl2, 0.15 mM KH2PO4, 0.05 mM
Na2HPO4, 0.7 mM NaHCO3; pH 7.5) for 24 h, and then the
tumor size was measured by two-photon confocal microscopy
(ZEISS Microscope). The tumor volume was calculated using
Image-J software.

2.10 Ethical statement

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Southeast
University and approved by the Animal Ethics Committee of
Southeast University.

3. Results and discussion
3.1 The synthesis of RFP dimers

Two heavy-atom-free water-soluble RFP dimers, namely FP2R0

and FP2R00, were synthesized for efficient hypoxic PDT. The
excellent biocompatible electron acceptor p-hydroxybenzyli-
dene-2,3-dimethylimidazolinone (HBI) was used as the core
scaffold and the electron donor phenothiazine and morpholine
were installed for ROS generation and lysosomal localization.
Meanwhile, p-hydroxybenzaldehyde was introduced to expand
the p-conjugation through the Knoevenagel condensation reac-
tion, and the RFP dimers FP2R0 and FP2R00 were obtained by
linking two p-hydroxybenzaldehydes using alkyl or alkoxy
chains (Scheme 2). Compared with FPOH, the linking of the
alkyl or alkoxy chains significantly improved the aqueous
solubility of the RFP dimers, enhanced the two-photon absorp-
tion characteristics of the chromophores, and promoted ROS
production. Based on the above design concept, two heavy-
atom-free water-soluble lysosome-targeting RFP dimers were
synthesized for hypoxic PDT. Their detailed characterization
and application in PDT are discussed in the following sections.

3.2 Two-photon absorption properties of the RFP dimers in
aqueous solution

The two RFP dimers exhibited good aqueous solubility and
the maximum absorption peaks of the RFP chromophore
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analogues FPOH, FP2R0, and FP2R00 appeared at 493 nm (e =
5100 M�1 cm�1), 497 nm (e = 10 400 M�1 cm�1), and 496 nm
(e = 11 000 M�1 cm�1) in the aqueous solutions, respectively
(Table 1). In particular, the emission wavelength of FP2R00 was
677 nm in aqueous solution. The RFP chromophore analogues
FPOH, FP2R0, and FP2R00 all exhibited large Stokes shifts of
5727, 5327, and 5390 cm�1, respectively (Table 1), effectively
achieving a good separation of excitation and emission light
(Fig. 1a), indicating the potential for the RFP chromophore
analogues in cell imaging. The linking of the alkyl and alkoxy
chains endowed FP2R0 and FP2R00 with good aqueous solubility.
Specifically, RFP dimer FP2R00 had the biggest the saturation
concentration in aqueous solution, which could reach 3.5 mM,
while the saturation concentration in aqueous solution
of FP2R00 and FPOH could reach 2.9 mM and 1.4 mM as

determined by their UV-vis absorption spectra (Fig. S4, ESI†).
Meanwhile, FPOH, FP2R0, and FP2R00 in aqueous solutions had
short singlet fluorescence lifetimes of 0.32 ns, 0.52 ns, and
0.62 ns, respectively (Fig. 1b). The linking of the alkyl chains or
alkoxy chains not only enhanced the solubility of the RFP
dimers in aqueous solution, but also improved their Stokes
shift, which is beneficial for intracellular imaging and mini-
mizes the interference of background spontaneous fluores-
cence and the deep tissue penetration of biomolecules.

The D–A–D structure of the RFP dimers not only prolonged
the absorption and emission wavelengths, but also enhanced
the two-photon absorption characteristics of the chromo-
phores. The two-photon absorption (2PA) properties of the
RFP chromophore analogues FPOH, FP2R0, and FP2R00 were
tested in aqueous solution using 800 nm, 180 fs, and 10 Hz
pulsed lasers by open-aperture Z-scans. The Z-scan data are
shown in Fig. 1c. It is worth noting that as the number of RFP
groups increased, the two-photon absorption coefficient (b)
value increased in turn. Under 800 nm two-photon excitation,
the b values of FPOH, FP2R 0, and FP2R00 were 0.6 � 10�11, 1.8 �
10�11, and 2.1 � 10�11 cm W�1, respectively, and the two-
photon absorption cross-sections of FPOH, FP2R0, and FP2R00

were 25 GM, 74 GM, and 86 GM, respectively. The above
experimental data indicated that the design of RFP dimers

Table 1 Photophysical properties of the RFP chromophore analogues in
aqueous solution

H2O

labs/nm emax/M�1 cm�1 lem/nm Dl/cm�1 t/ns b800nm/cm W�1

FPOH 493 5100 687 5727 0.32 0.6 � 10�11

FP2R0 497 10 400 676 5327 0.52 1.8 � 10�11

FP2R00 496 11 000 677 5390 0.62 2.1 � 10�11

Fig. 1 (a) UV-vis absorption and fluorescence emission spectra of 10 mM of the photosensitizers FPOH, FP2R0, and FP2R00 in aqueous solution. (b)
Fluorescence lifetimes of the fluorescent protein chromophore analogues FPOH, FP2R0, and FP2R00 in aqueous solution. (c) Normalized transmittance
curves of the compound FP2R00 under 800 nm laser irradiation.
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with a D–A–D structure significantly improved the aqueous
solubility of the chromophores, and the maximum emission
wavelength reached the red-to-near-infrared wavelength. Most
importantly, the b value in aqueous solution was significantly
increased, which would be beneficial for application of the RFP
dimers in two-photon fluorescence imaging and two-photon
photodynamic therapy.

3.3 1O2 and O2
�� generation evaluation in aqueous solutions

of the RFP dimers

Time-dependent density functional theory (TD-DFT) was used
to evaluate the differences in the generation of 1O2 between the
RFP dimers. As shown in ESI† (Fig. S5 and S6), the TD-DFT
calculation results showed that the RFP dimers FP2R0 and
FP2R00 had small singlet–triplet energy gap (DEST) values of
0.10 eV and 0.11 eV, respectively, which would promote the
occurrence of the intersystem crossing ISC (S1 - T3) process,
whereby T3 - T1 would be internally converted and finally T1

would be generated. Meanwhile, the T1 state energies of FP2R0

and FP2R00 were calculated to be 1.38 eV and 1.39 eV, respec-
tively, which exceed the minimum energy of 0.98 eV required to
excite molecular oxygen to form singlet oxygen.

Based on the above TD-DFT calculations results, the effi-
ciencies of the RFP chromophore analogues for 1O2 and O2

��

production were tested in aqueous solutions. Here, 1,3-diphenyl-
isobenzofuran (DPBF) and dihydrorhodaminutese 123 (DHR 123)
were used as indicators for 1O2 and O2

��, respectively, and their
mechanism of action is shown in Fig. S1 (ESI†).36 To the best of
our knowledge, there are few reports on the singlet oxygen yield
(FD) of photosensitizers in aqueous solution. Using tris(2,20-
bipyridine)dichlororuthenium(II) hexahydrate (Ru(bpy)3Cl2) as a
standard reference (FD = 0.41 in aqueous solution),37 the RFP
chromophore analogues were tested in aqueous solution (Fig. 2a
and Fig. S2, ESI†). The RFP dimer FP2R00 had the maximum
singlet oxygen yield (FD = 18%), which was 1.2-fold that of FP2R0

(FD = 14%) and 2-fold that of FPOH (FD = 9%). At the same time,
we also tested the singlet oxygen yields of the RFP chromophore
analogues in methanol, and the values for FPOH, FP2R0, and
FP2R00 were 15%, 29%, and 33%, respectively, which were higher
than the singlet oxygen yield in water.

DHR 123 was used as an O2
�� indicator to evaluate the O2

��-
production efficiency of the RFP chromophore analogues
FPOH, FP2R0, and FP2R00. As shown in Fig. 2b and Fig. S3 (ESI†),
the mixtures of the aqueous solution of DHR 123 and
the photosensitizers FPOH, FP2R0, and FP2R00 produced an
obvious fluorescence signal at 525 nm under light (460 nm,
23 mW cm�2). The fluorescence intensity increased with the
increase in irradiation time. In the mixture aqueous solution,
the O2

�� production efficiency of the photosensitizer FP2R00 was
4.2-fold and 3.4-fold that of FPOH and FP2R0, respectively
(Fig. 2d). The mechanism of O2

�� production is shown in
Fig. 2g, in which the photosensitizer FP2R00 absorbs one photon
with 496 nm and transits from its ground state (S0) to the first
singlet excited state (S1) or the second singlet excited state (S2).
S2 then quickly decays (Efs) to S1 through internal conversion
(IC). S1 is also unstable with a lifetime at the ns level, and thus

is inactivated either as light emission (fluorescence) or heat
generated during the IC process. Meanwhile, S1 may also
undergo intersystem crossing (ISC) to form a more stable
excited triplet state (T1). T1 exhibits a long lifetime (Ems) and
can go through a series of photochemical reactions, such as
phosphorescent emission. In addition, the singlet photosensi-
tizer can also form free radicals in the form of a charge
separation state. Subsequently, the charged radical ions will
transfer electrons to the surrounding oxygen molecules, result-
ing in superoxide anion radicals (O2

��). This further demon-
strates that FP2R00 has an excellent ROS production ability,
which provides potential value for its application in PDT.

Electron paramagnetic resonance (EPR) spectroscopic mea-
surements were further performed and confirmed that the RFP
chromophore analogues FPOH, FP2R0, and FP2R00 can be used
as effective 1O2 and O2

�� light generators. Here, 2,2,6,6-tetra-
methyl-4-piperidone hydrochloride (TEMP) and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) were used as 1O2 and O2

�� free
radical traps, respectively. As shown in Fig. 2e and f, compared
with FPOH, FP2R0 and FP2R00 could induce strong EPR signals
of TEMP after irradiation, indicating that a large amount of 1O2

was produced in the mixed system. Similarly, under light
irradiation (460 nm, 23 mW cm�2), the EPR signal of DMPO
treated with FP2R00 under the same conditions was stronger
than that of FPOH and FP2R0, indicating that more O2

�� was
generated by FP2R00. Based on the above results, we can con-
clude that FPOH mainly undergoes an energy transfer process
involving type II PDT to produce 1O2, while the RFP dimers
FP2R0 and FP2R00 linked by alkyl chains and alkoxy chains are
more inclined to produce type I O2

�� free radicals. In summary,
the RFP dimer FP2R00 exhibited an excellent ROS (1O2 and O2

��)-
generation ability in aqueous solution, which endows it with
great potential for further application in PDT.

3.4 Intracellular 1O2 and O2
�� generation under hypoxia

Due to the high 1O2 and O2
��generation efficiency and large b

value of the RFP dimer FP2R00, FP2R00 was selected for further
simulation for PDT in A-549 cells and two-photon photody-
namic therapy in zebrafish. This mainly included 1O2 and O2

��

detection in normoxia (21% O2) and hypoxic (2% O2) environ-
ments, cell phototoxicity/dark toxicity experiments (MTT
method), AO/EB double-staining experiments, and zebrafish
two-photon excitation 1O2 and O2

�� imaging.
First, we evaluated the effect of the photosensitizer FP2R00 on

intracellular ROS production under normoxic (21% O2) and
hypoxic (2% O2) environments. DCFH-DA, SOSG, and DHE were
used as intracellular ROS (1O2 and O2

��) detection kits, respec-
tively. The mechanism of their interaction with ROS is shown in
Fig. S1 (ESI†). For A-549 cells treated with the photosensitizer
FP2R00, after incubation with DCFH-DA, SOSG, and DHE for 4 h
in a normoxic environment, fluorescence was generated in both
the green and red channels. However, after 10 minutes of
illumination, bright DCFH-DA, SOSG, and DHE fluorescence
appeared in both the green and red channels. In order to better
simulate the hypoxic environment of solid tumors, A-549 cells
were first cultured in a hypoxic environment (2% O2) for 8 h.
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Fig. 2 (a) 1O2 detection for FP2R00 in MeOH. (b) Fluorescence spectra of DHR 123 for O2
�� detection for FP2R00. (c) Comparison of O2

�� generation as a
function of the irradiation time. (d) Comparison of 1O2 and O2

�� generation efficiencies for FPOH, FP2R0, and FP2R00 under the same conditions. EPR
spectra to detect 1O2 (e) and O2

�� (f) generated by FPOH, FP2R0, and FP2R00 under irradiation (460 nm, 23 mW cm�2), using DMPO as spin trapper. (g)
Jablonski energy level diagram for photodynamic therapy.
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As shown in Fig. 3, even under the hypoxic environment (2%
O2), DCFH-DA and SOSG emitted bright green fluorescence in
the green channel after 10 minutes illumination. At the same
time, DHE emitted satisfactory red fluorescence in the red
channel. This indicates that the photosensitizer FP2R00 could
effectively produce ROS (1O2 and O2

��) in A-549 cells after light
irradiation (460 nm, 23 mW cm�2). This means that the
photosensitizer FP2R00 can overcome the hypoxic environment
of a tumor, which is of great significance for the design of PDT
photosensitizers.

The cell phototoxicity/dark toxicity experiments of FP2R00 in
A-549 cells were performed by MTT assay using different
concentrations of FP2R00 from 1 mM to 7 mM. As shown in
Fig. 4, after the 2 mM photosensitizer FP2R00 was incubated in
A-549 cells for 24 h in the dark, the A-549 cells still showed high
cell viability (MTT assay 4 90%). More importantly, when the
oxygen concentration of the system decreased to 2%, the
photosensitizer FP2R00 still showed negligible cell dark toxicity.
In addition, under 10 minutes irradiation, the maximum half
inhibitory concentration (IC50) values of FP2R00 in the normoxic
and hypoxic environments were 3.65 mM and 4.08 mM, respec-
tively (Fig. S9, ESI†), indicating a high phototoxicity. These
results indicate that the photosensitizer FP2R00 showed a very
small difference in cell viability between the normoxic and
hypoxic environments, which is promising to overcome tumor
hypoxia in PDT. The phototoxicity effect of the photosensitizer
FP2R00 on cancer cells was further visualized using the acridine

orange/ethidium bromide (AO/EB) kit. The AO kit emits green
fluorescence specificity for living cells, while EB can selectively
bind to dead cells to emit red fluorescence. As shown in Fig. 5,
under normoxic and hypoxic environments, the A-549 cells
pretreated with the photosensitizer FP2R00 only emitted strong
green fluorescence in the dark, which was attributed to the AO
kit’s fluorescence emission, indicating that the photosensitizer
FP2R00 was non-toxic to tumor cells. However, the A-549 cells
showed dual emission characteristics in the green and red
channels after 10 minutes illumination (460 nm, 23 mW cm�2).
These results indicate that FP2R00 could induce cancer cell
death after illumination, which was consistent with the MTT
experiments.

The morpholine group endows the photosensitizer FP2R00

with excellent lysosome-targeting ability, which can greatly
improve the effect of the photosensitizer in PDT. The localiza-
tion of lysosomes is an important process in intracellular
molecular transport and cell metabolism, which is of great
significance for maintaining the normal physiological function
of cells. Therefore, three commercial kits, namely Hoechst
33342, Mito-Tracker Green, and Lyso-Tracker Green, were used
for A-549 cell localization studies. Here, 100 nM Lyso-Tracker
Green and the photosensitizer 2 mM FP2R00 were incubated with
A-549 cells at 37 1C for 25 minutes. As shown in Fig. 6, the
photosensitizer FP2R00 and Lyso-Tracker Green emitted bright
red and green fluorescence in the green and red channels,
respectively, and showed an excellent overlap. The Pearson’s

Fig. 3 ROS fluorescence imaging of the photosensitizer FP2R00 in A-549 cells under an hypoxic microenvironment (2% O2) and normoxia micro-
environment (21% O2).
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colocalization coefficient describing the correlation of the
intensity distribution between the two channels was 0.94.
In addition, the same experiment was performed with the
photosensitizer FP2R00 and Mito-tracker Green and Hoechst
33342. However, the red fluorescence emitted by the photo-
sensitizer only partially overlapped with the green fluorescence
emitted by Mito-tracker Green and the blue fluorescence
emitted by Hoechst 33342. The Pearson’s colocalization coeffi-
cients of correlation were 0.42 and 0.52, respectively. The above
experimental results show that the photosensitizer FP2R00 had
an excellent lysosome-targeting ability and could specifically
recognize lysosomes in A-549 cells.

3.5 Two-photon excitation photodynamic therapy evaluation
in zebrafish

The two-photon absorption properties of the photosensitizer
FP2R00 endowed it with two-photon fluorescence imaging
and two-photon photodynamic therapy efficiency in zebrafish.

Based on the above, the effect of the photosensitizer FP2R00 on
the production of 1O2 and O2

�� in zebrafish was evaluated
under 800 nm two-photon excitation. DCFH-DA, SOSG, and
DHE were used as the detection kits for 1O2 and O2

�� in
zebrafish, respectively. The zebrafish were incubated with the
2 mM of the photosensitizer FP2R00 in 2 mL E3 culture medium
(15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 0.15 mM
KH2PO4, 0.05 mM Na2HPO4, 0.7 mM NaHCO3; pH 7.5) for 3 h.
After the aqueous solution containing the photosensitizer was
removed, the zebrafish were re-incubated in an aqueous
solution containing 2 mM DCFH-DA, SOSG, and DHE for
20 minutes, respectively. As shown Fig. 7a, the zebrafish treated
with DCFH-DA and SOSG showed no fluorescence in the green
channel without two-photon laser scanning. After 800 nm two-
photon excitation scanning, the zebrafish emitted bright
DCFH-DA and SOSG green fluorescence in the green channel.
It was thus shown that the photosensitizer FP2R00 could effec-
tively produce 1O2 under two-photon excitation. In addition,

Fig. 5 AO/EB double-staining experiment for FP2R00 in A-549 cells under a normoxic microenvironment (21% O2) (a) and hypoxic microenvironment
(2% O2) (b). (‘‘Light (+)’’ represents irradiation, ‘‘light (�)’’ represents without irradiation, 460 nm, 23 mW cm�2, 15 minutes).

Fig. 4 Dark cytotoxicity (a) and light cytotoxicity (b) test in A-549 cells of the photosensitizer FP2R00 (460 nm, 23 mW cm�2, 10 minutes) under a hypoxic
microenvironment (2% O2) and normoxic microenvironment (21% O2).
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when the zebrafish treated with DHE were scanned with an
800 nm laser, DHE was oxidized by the O2

�� generated by FP2R00

and emitted bright red fluorescence in the red channel. At the
same time, the zebrafish treated with vitamin C (VC) by two-
photon laser scanning only emitted weak red fluorescence. It

was thus proved that the photosensitizer FP2R00 could effectively
produce O2

�� in zebrafish under two-photon excitation. The
above experiments further proved that FP2R00 can be used as a
two-photon photosensitizer and it could be expected to be used
in the treatment of two-photon-activated cancer tumor cells.

Fig. 7 Detection of ROS in two-photon fluorescence imaging in zebrafish using DCFH-DA, SOSG, and DHE with the photosensitizer FP2R00.

Fig. 6 Confocal fluorescence images of the photosensitizer FP2R00 colocalization of organelles in A-549 cells. Scale bars: 20 mm.
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3.6 Two-photon photodynamic therapy for zebrafish as liver
tumor treatment

Due to the relatively small size of the zebrafish liver tumor, it is
suitable for two-photon microscopy for in vivo PDT.38–40 Con-
sequently, the photosensitizer FP2R00 was injected intravenously
into the zebrafish, and its distribution in liver tumors was
evaluated by two-photon fluorescence imaging. The detailed
protocol for preparation of the liver tumor model can be found
in the experimental section 2.9. As shown in Fig. 8, the red
fluorescence of FP2R00 and the green fluorescence of the zebra-
fish liver tumors could be clearly observed under 800 nm two-
photon excitation. The two-photon fluorescence image shows
that the photosensitizer FP2R00 had a good positioning effect in
the green liver tissue, revealing its good aggregation effect in
zebrafish liver tumors, which is conducive to two-photon photo-
dynamic therapy in zebrafish. After 20 minutes two-photon laser
irradiation (800 nm, 3 mW) for two consecutive days, the tumor size
changes before and after the two-photon photodynamic therapy
were measured by confocal microscopy. As shown in Fig. 8d, the
size of the liver tumor after the two-photon photodynamic therapy
treatment showed a decrease of about 28%, while the size of the
tumor in the control group was increased by 38–42%. These results
demonstrate that FP2R00 had an excellent effect on PDT in zebrafish
under two-photon excitation.

Compared with traditional PDT, two-photon activated PDT
has multiple advantages, such as reducing light-induced
damage, improving the imaging resolution of turbid samples,
and most importantly, an extended PDT window for deep-tissue
processing. The RFP dimer was applied to the tumor zebrafish

model in two-photon PDT experiments, and the two-photon
PDT experiments showed that FP2R00 achieved impressive
tumor suppression and good biosafety under two-photon laser
radiation.

The two-photon absorption cross-section testing and simu-
lated PDT experiments in zebrafish indicated that the alkoxy
and alkyl chain links significantly improved the RFP dimers
aqueous solubility, the 1O2 and O2

�� yields, and the two-photon
absorption property. It is worth mentioning that the RFP dimer
FP2R00 could not only produce 1O2/O2

�� in hypoxic environ-
ments in the simulated PDT experiments, but could also
achieve the inhibition of the growth of tumor cells in zebrafish
under two-photon excitation PDT. This provides important value
for the development of hypoxia two-photon photosensitizers.

4. Conclusions

In summary, two water-soluble RFP dimers (FP2R0 and FP2R00)
were synthetized by linking two phenothiazine-based RFP
chromophore analogues through alkyl chains and alkoxy
chains for hypoxia two-photon PDT. The modification of the
water-soluble RFP dimers endowed them with an aqueous
solubility of 3.5 mM, emission wavelength of 677 nm, and
b of 2.1 � 10�11 cm W�1. In addition, the heavy-atom-free
structural design endowed FP2R00 with a smaller single-triplet
(DEST = 0.11 eV), which was conducive to the occurrence of
intersystem crossing between S1 - T3 states and promoted the
production of ROS. In biological experiments, the photosensi-
tizer FP2R00 demonstrated good biocompatibility and could be

Fig. 8 (a) Schematic illustration of the in vivo two-photon photodynamic therapy of FP2R00 in the zebrafish liver tumor model; (b) two-photon
fluorescence images of FP2R00 (FP2R00, red) distributed in the zebrafish liver tumor (Dio, green). Excitation: 800 nm; emission: 635–675 nm (red) and 510–
535 nm (green); (c) changes in the size of the zebrafish liver tumors in the control group before (day 1) and after (day 2) two-photon photodynamic
therapy; (d) relative increase in the tumor sizes of the zebrafish after treatment under different conditions (%) (**p o 0.01).

Journal of Materials Chemistry B Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 8
:5

3:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb02621c


2424 |  J. Mater. Chem. B, 2024, 12, 2413–2424 This journal is © The Royal Society of Chemistry 2024

quickly taken in by A-549 cells. It is worth mentioning that
under an hypoxic environment, the RFP dimer FP2R00 exhibited
high phototoxicity, with an IC50 value of 4.08 mM, indicating
that FP2R00 has excellent anti-hypoxia abilities. In addition,
the photosensitizer FP2R00 demonstrated a precise lysosome-
targeting ability (Pearson’s colocalization coefficient: 0.94),
which could guide the photosensitizers aggregation in the
lysosomes of tumor cells and effectively improve its PDT effect.
Under 800 nm two-photon excitation, the photosensitizer FP2R00

could effectively generate 1O2 and O2
�� in zebrafish, resulting

in bright and clear two-photon fluorescence images. In addi-
tion, FP2R00 achieved the inhibition of tumor cells growth in
zebrafish under two-photon excitation PDT, which provides
potential value for the treatment of hypoxic tumors. Through
this work, we envision FP2R00 as an efficient hypoxia two-photon
photosensitizer, and this design strategy will provide an impor-
tant perspective for the future development of effective type I
two-photon photosensitizers.
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