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The application of long-lived phosphorescence probes in time-resolved luminescence imaging is limited by
their low quantum yield in aqueous solutions. However, sensitization of thermally activated delayed
fluorescence (TADF) materials can compensate for this limitation while addressing the issue of
insufficient proportion of their own long lifetime. In this study, we utilized the characteristics of
phosphorescence and TADF materials simultaneously by doping the receptor iridium complex PMD-Ir
into the donor TADF polymer PCzDP-20 through donor-receptor doping method, and successfully
prepared highly efficient red phosphorescent nanoparticles. The quantum yield of the nanoparticles
obtained by this method reaches up to 30%, and the luminescence lifetime can reach several thousand
nanoseconds. Additionally, due to the low concentration doping of PMD-Ir, the risk of transition metal
toxicity is greatly reduced. Furthermore, we used non-covalent modification with amphiphilic cell-
penetrating peptides (CPPs) to increase the cell membrane permeability of the nanoparticles. The CPPs

modified nanoparticles achieve in vivo confocal imaging of zebrafish and intracellular time-resolved
Received 28th February 2024 . . . L . L . e ) . Lo
Accepted 25th March 2024 imaging by its significantly improved bioimaging capabilities. The functional nanoparticles designing
method fully utilizes the characteristics of PMD-Ir, PCzDP-20, and CPPs, solving the problems of low

DOI 10.1039/d4ra01531b quantum yield and poor membrane permeability of Ir-complex nanoparticles. This will greatly promote
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Introduction

Nanoparticles with long luminescence lifetimes play an impor-
tant role in time-resolved luminescence imaging (TRLI) for
eliminating background fluorescence from biological tissues and
other complicated samples." Phosphorescence and thermally
activated delayed fluorescence (TADF) are typical long-lived
luminescence, which have been widely used in luminescence
biological imaging.>* Most phosphorescent probes and nano-
particles are based on transition metal complexes,*® which have
a high proportion of long-lived delayed luminescence®™ due to
the directly radiative relaxation of excited triplet states. To avoid
potential toxicity of transition metal complexes, TADF molecules
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the development of time-resolved luminescence imaging.

were developed for biological application. However, typical TADF
arises from reverse intersystem crossover of excited triplet states,
and the long-lived delayed fluorescence usually has a small
proportion in the whole fluorescence emission, leading to weak
signals in time-gated luminescence imaging with delay times up
to microseconds."**?* To take the advantages of both phospho-
rescence and TADF, donor-receptor doped phosphorescent
nanoparticles were developed through doping phosphorescent
molecules into TADF donors.”*** Both singlet and triplet excited
states of TADF donors could transfer the energy to the phos-
phorescence receptors, greatly increasing the proportion of long-
lived luminescence.”® Besides, doping phosphorescence mole-
cules in a donor can reduce the concentration of triplet states,
which can help to reduce triplet-triplet annihilation and increase
phosphorescent quantum yield. Also, this method can signifi-
cantly reduce the amount of transition metal complexes, conse-
quently decreasing the risk of metal toxicity.

Iridium complexes, as typical phosphorescent complexes,
have been predominantly developed in time-resolved imaging
due to their stable photophysical properties and diversity.****>¢
In our previous work,” several iridium phosphorescent
complexes were sensitized with TADF donors to develop a class
of highly efficient phosphorescent nanoparticles. However,
these nanoparticles exhibited limited cell membrane
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Scheme 1 Schematic representation of the formation and energy-transfer process of cell-penetrating nanoparticles assembled by PMD-Ir and

PCzDP-20 with amphiphilic peptide FR-20.

permeability, resulting in long incubation times. To overcome
the cell membrane barrier, cell-penetrating peptides (CPPs)
were used for assembling donor-receptor doped phosphores-
cent nanoparticles with high luminescence intensity and long-
lived lifetime in this work.>*”*® A thermally activated delayed
fluorescence polymer (PCzDP-20) and an iridium complex
(PMD-Ir) were used as the donor and the receptor respectively.
In the doping system, the polymer as the donor can make the
doping system more uniform, and thus make the energy
transfer (EnT) more fully. Compared with the iridium
complexes used in the previous work,”> PMD-Ir exhibits longer
emission wavelength and higher energy transfer efficiency take
place from PCzDP-20 to PMD-Ir probably due to its lower excited
triplet state level, which match better with the energy level of the
PCzDP-20 donor. Due to the high energy transfer efficiency, the
short-lived excited singlet states can be converted into long-
lived excited triplet states, significantly enhancing the propor-
tion of long-lifetime luminescence. Besides, the amphiphilic
polypeptide FR-20 can assemble to the shell of the nano-
particles by hydrophobic interaction with the donor and
receptor molecules, greatly improving the membrane perme-
ability. These nanoparticles were successfully used for time-
resolved luminescence imaging in cells and in vivo lumines-
cence imaging of living zebrafish (Scheme 1).

Results and discussion

Preparation and characterization of nanoparticles

Nanoparticles in this experiment (PCzDP-20/2.5% PMD-Ir/FR-
20@K.L, PCzDP-20/2.5% PMD-Ir@K.L) were simply prepared
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by nanoprecipitation method from PCzDP-20, PMD-Ir, amphi-
philic polypeptide FR-20 and Kolliphor EL (K.L). The concen-
tration of nanoparticles is all expressed as the concentration of
PMD-Ir. The detailed preparation procedure is described in the
Experimental section.

The nanoparticles were characterized by dynamic light
scattering (DLS) and transmission electron microscope (TEM).
As shown by the DLS results, the size of the nanoparticles
ranges from 20 to 200 nm (Fig. S1t). It can be seen that the
method preserves the good polydispersity of nanoparticles after
CPPs modification. Meanwhile, TEM images showed the pres-
ence of aggregates of spherical particles (Fig. S21). These results
suggested that the nanoparticles can still be well encapsulated
after CPPs modification.

Photophysical properties of nanoparticles

As shown in Fig. 1b, the steady-state emission of donor PCzDP-
20 at 507 nm diminishes gradually with an increasing PMD-Ir
doping ratio. In contrast, the steady-state emission of receptor
PMD-Ir at 615 nm gradually increased. The quenching effect on
PCzDP-20 was the strongest at a doping ratio of 2.5% and the
energy transfer efficiency (ng,r) can reach 91% at a doping ratio
of 5% (Fig. 1b inset). The energy transfer efficiency is higher
than that of the red emitting molecule Ir-3 (70%) in the previous
work.”® However, as shown in Fig. 1a, the steady-state lumi-
nescence spectrum of PCzDP-20 has a small spectral overlap
with the absorption spectrum of PMD-Ir, so this energy transfer
efficiency cannot be contributed only by the Forster mecha-
nism. Therefore, we consider that the short-range Dexter
mechanism could also be significant in the PCzDP-20/2.5%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a): Absorption (dotted line) and steady-state emission spectra (solid line) of PCzDP-20 (green line) and PMD-Ir (orange line) nanoparticles

in water. (b) Steady-state emission spectra of PCzDP-20/PMD-Ir/FR-20@K.L nanoparticles doped with different amounts of PMD-Ir while
keeping the same amount of the TADF polymer (200 pg mL™%). The inset reports the energy transfer efficiency of donor emission at 507 nm as
a function of the doping ratio of PMD-Ir. (c) The image of nanoparticle solutions under UV irradiation. 2ex = 355 nm; K.L: 300 pg mL~*; PCzDP-20:
200 ug mL™% PMD-Ir: O pg mL™, 02 pg ML, 0.5 pg mL™% 1 ug mL™, 2 pg mL™2, 5 pg mL™%, 10 pg mL~%; PMD-Ir/FR-20: PMD-Ir/FR-20@K.L
nanoparticles. (d) The effect of FR-20 on steady-state luminescence spectra of nanoparticles.

PMD-I1/FR-20@K.L nanoparticles. This is consistent with the
conclusions drawn from our previous work.>

Meanwhile, under UV excitation at 355 nm, the lumines-
cence of nanoparticles changed from light green to red as the
PMD-Ir doping ratio increases (Fig. 1c), which also demon-
strated the energy transfer between PCzDP-20 and PMD-Ir.
Furthermore, the steady-state luminescence intensity of the
PCzDP-20 nanoparticles noncovalently modified CPPs doped
with 2.5% PMD-Ir had little change at 609 nm, compared to that
of unmodified CPPs nanoparticles (Fig. 1d).

The photophysical properties of PMD-Ir, PCzDP-20 and their
nanoparticles, such as quantum yield, absorption wavelength
and emission wavelength were summarized in Table S1.f The
red-shift of the maximum emission of PMD-Ir in water compared
to that in CH,Cl, solution, together with a significant decrease in
the quantum yield, which can be explained by its poor solubility
in water. Even encapsulation of PMD-Ir by the nanoparticle
shells only results in a two-fold increase in quantum yield over
bare PMD-Ir in water. However, under the combined effect of
PCzDP-20 and PMD-Ir, the quantum yield of nanoparticles is
significantly enhanced: the quantum yield of PCzDP-20/2.5%
PMD-Ir/FR-20@K.L nanoparticles is nearly 8 times higher than
that of PMD-Ir/FR-20@K.L nanoparticles. Additionally, PCzDP-
20/FR-20@K.L nanoparticles have the highest quantum yield,
which lays the foundation for PCzDP-20 to sensitize PMD-Ir to

© 2024 The Author(s). Published by the Royal Society of Chemistry

a large extent in the energy transfer nano system. The lumines-
cence decay was measured by time-correlated single photon
counting (TCSPC). All nanoparticles exhibit multiexponential
luminescence decay and show long lifetimes in the microsecond
range. Time-resolved photoluminescence measurement results
showed that the lifetime of PCzDP-20 decreased significantly
with the increase of PMD-Ir doping ratio, as shown in Fig. 2a.
With the increase of doping ratio from 0.1% to 5%, the delayed
luminescence lifetime of donor PCzDP-20 decreased significantly
at 520-540 nm. The triplet excited state electrons of PCzDP-20
transferred to PMD-Ir may be the reason for the shortened
emission lifetime of PCzDP-20 at 520-540 nm. In addition, the
PCzDP-20 nanoparticles doped with 2.5% PMD-Ir exhibit
a longer luminescence lifetime compared to PMD-Ir/FR-20@K.L
nanoparticles (Fig. 2b). And the average fluorescence lifetime at
615 nm increases from 102 ns to 1297 ns.** Both the phospho-
rescence lifetime and luminescence (Fig. 1b) are improved,
making the nanoparticles more conducive to time-resolved
luminescence imaging.

Cytotoxicity

The low cytotoxicity of nanoprobes is essential for their use in
cell imaging. The imaging capability of the nanoparticles in
living cells was tested using MTT (3-(4,5-dimethylthiazole-2)-
2,5-diphenyltetrazole-bromide) for cytotoxicity. As shown in

RSC Adv, 2024, 14, 1891-11899 | 11893
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Fig. 3 Cell viability of cells after incubated at 37 °C for 24 h with
PCzDP-20/2.5% PMD-Ir/FR-20@K.L and PCzDP-20/2.5% PMD-Ir@K.L.

Fig. 3, both NPs with or without amphiphilic polypeptides dis-
played minimal cytotoxicity, and the cell survival rate could
reach over 95%. Therefore, PCzDP-20/2.5% PMD-Ir/FR-20@K.L
nanoparticles can be used as biological probes for living cell
imaging.

Luminescence imaging of nanoparticles in live cells

Given the excellent properties of PCzDP-20/2.5% PMD-Ir/FR-
20@K.L nanoparticles, such as good water dispersion, excel-
lent photophysical properties and low cell toxicity, we studied
the application of PCzDP-20/2.5% PMD-Ir/FR-20@K.L nano-
particles in bioluminescence imaging. To highlight the role of
FR-20 of nanoparticles in membrane penetration, we diluted
nanoparticles by a factor of 20 (PCzDP-20: 10 ug mL~"; PMD-Ir:
0.25 ug mL ') and then co-incubated with cells for 4 h at 37 °C.
The result shows that the cells incubated with PCzDP-20/2.5%
PMD-I1/FR-20@K.L nanoparticles exhibited intense red emis-
sion even in ordinary fluorescence microscope (Fig. 4a), while
PCzDP-20/2.5% PMD-Ir@K.L nanoparticles only showed a faint

11894 | RSC Adv, 2024, 14, 11891-11899

orange glow (Fig. 4c). As can be seen from Fig. 4 the lumines-
cence of nanoparticles with FR-20 is even stronger than that of
nanoparticles without FR-20. This demonstrated that FR-20
plays an important role in PCzDP-20/2.5% PMD-Ir/FR-20@K.L
nanoparticles penetration into cells. It should be noted that
the Ir(m) complex concentration in the nanoparticles used for
cell imaging is ~0.3 uM, which is more than 10-fold lower than
the incubating concentration of 5 uM for most other Ir-based
bioprobes.*>**3>37

In addition, from the luminescence lifetime imaging, it can
be seen that the noncovalently modified CPPs nanoparticles
showed luminescence lifetimes over thousands of nanosec-
onds in HeLa cells (Fig. 5). As a considerable portion of auto-
fluorescence exhibits lifetimes of less than 10 ns,*® employing
time-gated detection with a delay time of 100 ns allows for
efficient filtration of these fleeting fluorescence signals. The
luminescence lifetimes of these nanoparticles reached over
a microsecond, and the delayed luminescence can be clearly

a0

Fig. 4 Fluorescence microscope images of cells after incubation with
PCzDP-20/2.5% PMD-Ir/FR-20@K.L (a and b) and PCzDP-20/2.5%
PMD-Ir@K.L (c and d) for 4 h. Left, darkfield; right, brightfield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Luminescence lifetime ((a) and (b)) and time-gated luminescence (red) images of (figures following (a) PCzDP-20/2.5% PMD-Ir/FR-
20@K.L and (figures following (b)) PCzDP-20/2.5% PMD-Ir@K.L in HeLa cell. (c) Statistical distribution of fast lifetime from lifetime imaging and (d)
the total luminescence decay curve of PCzDP-20/2.5% PMD-Ir/FR-20@K.L and PCzDP-20/2.5% PMD-Ir@K.L.
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Fig.6 Confocal images of zebrafish embryo-larvae after incubation with PCzDP-20/PMD-Ir@K.L nanoparticles for 24 h (left) and luminescence
intensity collected from red channels in zebrafish larvae after incubation (right). Red channel ((a)-(c)): confocal images recorded with 580—
650 nm upon excitation at 405 nm. Zebrafish embryo incubated in solution with no nanoparticles ((a)—(a2)), zebrafish embryo incubated with
PCzDP-20/2.5% PMD-Ir@K.L ((b)-(b2)) and PCzDP-20/2.5% PMD-Ir/FR-20@K.L ((c)-(c2)); K.L: 15 ug mL™; PCzDP-20: 10 ng mL~% PMD-Ir: 0.25
pg mL™%; FR-20: 1.25 ug mL™.
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observed in the time-gated detection range of 0.1-1 ps. Even in
the range of 1-5 ps, there are still obvious luminescence
signals in the cells. The average lifetime statistics of luminous
pixels in Fig. 5a and b is displayed in Fig. 5c. The results
indicated that the majority of non-covalently modified FR-20
nanoparticles have a luminescence lifetime greater than 1 ps.
Among them, the maximum value of the number of red pixel
points corresponds to a luminescence lifetime of approxi-
mately 1250 ns, which is comparable to the average fluores-
cence lifetime of the nanoparticle solution. As shown in
Fig. 5d, we constructed the luminescence decay curve of
nanoparticles inside cells. We observed that at the same time
point, the total photon count of nanoparticles non-covalently
modified with FR-20 is ten times that of unmodified FR-20
nanoparticles. The results can be explained that compared to
unmodified FR-20 nanoparticles, nanoparticles modified with
FR-20 allow more nanoparticles to enter the cell, resulting in
an increased number of long-lived pixels.

Luminescence imaging of zebrafish

To further demonstrate the imaging advantages of PCzDP-20/
2.5% PMD-Ir/FR-20@K.L nanoparticles in vivo, we performed
confocal imaging measurements of living zebrafish larvae. The
zebrafish embryos were cared and fed in PCzDP-20/2.5% PMD-
Ir@K.L nanoparticles and PCzDP-20/2.5% PMD-Ir/FR-20@K.L
nanoparticles solutions respectively. Confocal imaging of
zebrafish larvae after 24 h. As illustrated in Fig. 6, zebrafish
larvae incubated with FR-20 unmodified nanoparticles
(Fig. 6b), showed very weak luminescence, which is the same as
zebrafish larvae auto luminescence (Fig. 6a). Zebrafish larvae
incubated with FR-20 modified nanoparticles show that the
luminescence was greatly enhanced (Fig. 6¢). The lumines-
cence intensity from zebrafish larvae incubated with FR-20
modified nanoparticles was almost doubled compared to
zebrafish larvae incubated with FR-20 unmodified nano-
particles. This confirms that noncovalently modified FR-20
significantly increased the ability of nanoparticles to enter
zebrafish embryos and greatly improved the visualization of
luminescence imaging of zebrafish.

Conclusions

In summary, highly efficient red phosphorescent nano-
particles PCzDP-20/2.5% PMD-Ir/FR-20@K.L was designed
and prepared by donor-receptor doping method and CPP
modification. The nanoparticles combined the properties of
PCzDP-20, PMD-Ir and FR-20, which make the nanoparticles
exhibiting excellent properties for bioimaging, such as high
quantum yield, long luminescence lifetime, excellent cell
membrane penetration and minimal cell cytotoxicity. The
nanoparticles had been used in confocal imaging of living
zebrafish and time-resolved luminescence imaging in cells
successfully. The functional nanoparticles developed in this
work was a novel kind of optical nanomaterial, which will
greatly promote the development of time-resolved lumines-
cence imaging.
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Experimental section
Materials

Kolliphor EL was purchased from Acros. FR-20 was purchased
from Shanghai Dechi Biosciences Co. Ltd. HeLa cells were
purchased from Procell Life Science&Technology Co., Ltd. The
zebrafish embryos were purchased from Shanghai FishBio Co.,
Ltd. PCzDP-20 and PMD-Ir were prepared according to the
previous work (see ESIf for structure, synthesis steps, and
references).

Preparation and characterization of nanoparticles

PCzDP-20/2.5% PMD-Ir/FR-20@K.L nanoparticles were prepared
by a simple nanoprecipitation method. Firstly, FR-20 was dis-
solved in Mill-Q-water with an initial concentration of 1 mg mL ™,
while the PCzDP-20 (8 mg mL ™), Kolliphor EL (16 mg mL™ ") and
PMD-Ir (1 mg mL~") were dissolved in THF, respectively. Then in
a typical procedure, FR-20 solution (25 uL), PCzDP-20 solution (25
pL), PMD-Ir solution (5 pL) and K.L solution (18.75 pL) were
mixed together and added into 1 mL distilled water. The resulting
mixed solution was vigorously sonicated in ultrasonic waves (GT
sonic ultrasonic cleaner) for 30 min into a final concentration of
300 pg mL ' K.L, 25 pg mL ™" FR-20, 200 ug mL ' PCzDP-20 and 5
pg mL~' PMD-r. Finally, the aqueous solution was filtered
through a 0.45 um PVDF Syringe-driven filter. To express the
energy transfer relationship between the donor and the receptor,
nanoparticles were prepared with the same methods except the
different amount PMD-Ir used (from 0.1% to 5% relative to 200 pug
mL ' PCzDP-20 donor). By the similar procedures, the nano-
particles PCzDP-20/FR-20@K.L (200 pg mL™" PCzDP-20, 25 ug
mL " FR-20), PCzDP-20@K.L (200 pug mL~* PCzDP-20), PMD-Ir/
FR-20@K.L (5 pg mL™' PMD-Ir, 25 pg mL™' FR-20), PMD-
Ir@K.L (5 ug mL™' PMD-Ir) that contain only one or two
compounds were also prepared for comparison. All nanoparticle
solutions were stored at 4 °C and prepared for subsequent use.
Transmission Electron Microscope (TEM, HT7700, HITACHI,
Inc.) and Dynamic Light Scattering (DLS, Zeta sizer Nano ZS90,
Malvern, Inc.) were used to characterize nanoparticles.

Spectra measurements

UV-vis absorption spectra were recorded on a Shimadzu UV-2600
recording spectrophotometer. Steady-state for energy transfer
emission spectra were measured on a Hitachi F-4600 spectro-
photometer. Luminescent decay curves were measured by
a single photon counting module (SPCM-AQRH-14-FC, Excelitas
Technologies) equipped with a time-to-digital converter (quTAU,
qutools GmbH). The samples were excited by a pulsed UV LED
(370 nm; pulse width: 100 ns), and the luminescence with
specific wavelength range was filtrated by optical filters.

Cell cytotoxicity

Cytotoxicity tests were performed using methyl thiazolyl tetra-
zolium (MTT, Sigma Aldrich) in HeLa cell lines. Briefly, loga-
rithmic growth cells were cultured in 1 x 10* per well 96-well
cell culture plates with 100 pL Dulbecco's modified Eagle's

© 2024 The Author(s). Published by the Royal Society of Chemistry
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medium (DMEM) at 37 °C and 5% CO, for 12 h. The cells were
then incubated with PCzDP-20/2.5% PMD-Ir/FR-20@K.L nano-
particles and PCzDP-20/2.5% PMD-Ir@K.L nanoparticles for 24
hours. The MTT/PBS mixed solution was added to each well of
the 96-well test plate and incubated for another 4 h. After the
culture solution was removed, DMSO (200 pL) was added to
each well and shook on the shaking table for 10 minutes. ODs5,
(absorbance value) was measured at 490 nm for each well using
an enzyme-linked immunosorbent assay (Bio-Rad). The formula
for calculating cell growth vitality is as follows:

Viability (%) = (mean of absorbance value of treatment group/
mean of absorbance value of control) x 100.

Cell imaging

The nanoparticle dispersions were diluted with the DMEM
medium to the final concentration of PMD-Ir is 0.25 ug mL .
After incubating with the diluted nanoparticle dispersions at
37 °C under 5% CO, for 4 h, the cells were washed with phos-
phate buffer saline (PBS) for several times. Luminescence
imaging of live cells with the Live Cell Imaging System (Pico-
Quant, TRPL Mapping).

Time-resolved imaging setup is integrated with Micro Time
2000. The luminous signals were detected by the confocal
microscope system equipped with TCSPC and the data were
calculated using professional software provided by PicoQuant
GmbH. The excitation light of 405 nm with a frequency of 0.2
MHz from the pulsed diode laser (PicoQuant, PDL 800-D) was
focused onto the sample for single photon excitation.

Laser pulse excited photons were collected from a TCSPC
integrated with the laser scanning confocal microscope. The
sufficient number of photon events were fitted to an exponential
function according to professional software provided by Pico-
Quant. The acquisition time of an attenuation is ~5 min. The
time-gated images were obtained immediately by setting a gate
time in the software to distinguish delayed and short-time
luminescence as well as self-fluorescence.

Luminescence imaging of zebrafish

Zebrafish embryos were transferred into PCzDP-20/2.5% PMD-
Ir/FR-20@K.L nanoparticles and PCzDP-20/2.5% PMD-Ir@K.L
nanoparticles solution that diluted 20-fold with nutrient solu-
tion and incubated for 24 h at 28 °C. Then, the incubated
zebrafish larvae were placed in a confocal Petri dish, washed
with pure water to remove excess nanoparticles, and confocal
imaging was performed. A little nutrient solution was added to
the Petri dish to keep the zebrafish larvae alive.
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