7® ROYAL SOCIETY
P OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

Oxygen and pH responsive theragnostic liposomes
for early-stage diagnosis and photothermal
therapy of solid tumours+

{ M) Check for updates ‘

Cite this: Biomater. Sci., 2024, 12,
748

Siyi Li,® Qinglin Wang,? Yingying Ren,? Pengfei Zhong,”© Pengtao Bao,®
Shanyue Guan,*® Xiaochen Qiu*® and Xiaozhong Qu 2 *f

The development of cancer treatment is of great importance, especially in the early stage. In this work,
we synthesized a pH-sensitive amphiphilic ruthenium complex containing two alkyl chains and two PEG
chains, which was utilized as an oxygen sensitive fluorescent probe for co-assembly with lipids to harvest
a liposomal delivery system (RuPC) for the encapsulation of a photothermal agent indocyanine green
(ICG). The resultant ICG encapsulated liposome (RUPC@ICG) enabled the delivery of ICG into cells via a
membrane fusion pathway, by which the ruthenium complex was localized in the cell membrane for
better detection of the extracellular oxygen concentration. Such characteristics allowed ratiometric
imaging to distinguish the tumour location from normal tissues just 3 days after cancer cells were
implanted, by monitoring the hypoxia condition and tracing the metabolism. Moreover, the pH sensitivity
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of the liposomes favoured cell uptake, and improved the anti-tumour efficiency of the formulation in vivo
under NIR irradiation. Assuming liposomal systems have fewer safety issues, our work not only provides a
facile method for the construction of a theragnostic system by combining phototherapy with photo-
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Introduction

The early screening of solid tumours can greatly improve the
survival of cancer patients,’ and rapid medical diagnosis is
critical.> Accurate diagnosis of the location of early-stage
tumours relies on probes that are highly sensitive to the
tumour micro-environment.>* Traditional cancer screening
methods include imaging screening such as ultrasound, com-
puted tomography (CT), magnetic resonance imaging (MRI),
and endoscopic screening like gastroscopy and colonoscopy,’
as well as the combination of two or more complementary
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luminescence imaging, but hopefully paves the way for clinical translation from bench to bedside.

modalities to achieve so called correlative multimodal imaging
(CMI) that creates composite and complementary views of the
sample.® Recently, fluorescence probing methodologies, for
example using excitation by visible and near-infrared (NIR)
light, have demonstrated advantages of high spatial and tem-
poral resolution, good sensitivity, and in situ visualization for
precise early diagnosis.” Although the penetration depth of
light in tissues might be a limitation, the optical method can
be very sensitive to detect superficial tumours. The resolution
of tumour imaging normally depends on the accumulation
and emission characteristics of the fluorophore at the tumour
site.® Therefore the development of tumour-associated, stimu-
lus-driven, deep-penetration and turn-on photosensitizers are
attracting increasing attention for selective and precise tumour
diagnosis.””*" Nonetheless, it is also noted that even with the
inclusion of targeting agents, the broad biodistribution of fluo-
rescent probes may not be avoided following systemic adminis-
tration, especially when the tumour growth is incipient.**"?
Distinguishing the tumour specific signal from comprehensive
optical signals is thus necessary.

Hypoxia is a well-known hallmark of the tumour microenvi-
ronment, originating from anaerobic glycolysis due to the
rapid proliferation of tumour cells,"*'*> which also results in
the decrease of the extracellular pH (pH,) in tumour tissue fol-
lowing the metabolism of glucose.'® Therefore, oxygen and pH
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sensitive systems have been investigated for tumour diagnos-
tics and tumour-specific drug delivery.'” > In particular,
various kinds of platinum, iridium and ruthenium(u) com-
plexes have been synthesized as oxygen probes for the visual-
ization of tumour sites in animal models, under the mecha-
nism of oxygen quenching.>'>* However, under the steady-
state measurement of emission intensity, the accuracy of
tumour identification will always be affected by the biodistri-
bution of the probe because the concentration of fluorescent
molecules also affects the emission strength.”® Ratiometric
imaging by the combination of sensitive and unresponsive
probes could overcome the problem,**?° and previously we
have developed a dual-probe system containing both an
oxygen sensitive ruthenium complex and oxygen insensitive
Cy5.5, which has allowed us to quantitatively image the oxygen
distribution in the brain tissue of living animals.>” The ratio-
metric method is thus expected to help to distinguish the
tumour location from normal tissue.

Theragnostics is of importance for tumour therapy.”® The
co-delivery of therapeutic agents together with diagnostic
probes is a requirement for drug carriers. For instance, some
ruthenium complexes can generate reactive oxygen species
(ROS) or singlet oxygen species (*0,), and therefore ruthenium
complex loaded monolayer layered double hydroxide (LDH)
was fabricated with the convertible properties of two-photon
fluorescence imaging and singlet oxygen generation, switched
by alternating the excitation wavelength.>”*° In another work,
an oxygen insensitive upconversion probe of carbon dots (CDs)
was coupled with oxygen sensitive ruthenium complexes
(Rud,b) for the synthesis of hypoxia responsive nanosensors to
monitor the in vivo hypoxia status at tumour sites.>
Nevertheless, in some cases, the delivery of therapeutic and
diagnostic molecules may target different destinations. For
example, while photodynamic and photothermal agents prefer
an intracellular distribution for Kkilling tumour cells,*"3
oxygen and pH imaging should reflect the extracellular micro-
environmental conditions of the tumour tissue."” Additionally,
the premature release of probes in the extracellular matrix
could lead to poor preservation of the fluorophores in tumour
tissue since they could be diluted away by body fluid or diffuse
in the cells under a rapid process.'””** Therefore, research on
theragnostic formulations with managed transportation of
diagnostic and therapeutic agents is desired.

Current drug delivery pathways include endocytosis, phago-
cytosis, intermembrane transfer, membrane fusion, etc.**
Comparably, membrane fusion is less energy intensive.*®
Direct intracytoplasmic delivery is able to send 100% of the
packaged cargo into the cytoplasm.*® Moreover, membrane
fusion can transfer substances directly to the cell membrane
in addition to the interior of the cell, which may allow the
delivery of sensing and therapeutic photosensitizers to the cell
membrane and cytoplasm respectively, and hence improve
their functionalities for detecting the extracellular environ-
ment and generating heat to cause cell apoptosis under a suit-
able excitation wavelength.*®?” Liposomes are such a nano-
system that can encapsulate material in both the lipid-formed
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bilayer and the hydrophilic cavity,®® with an internalization
pathway that can be controlled to follow a membrane fusion
process, owing to the structural similarity of the liposome
membrane and cell membrane.***® Commonly, hydrophobic
and amphiphilic molecules favourably locate in the lipid layer
of liposomes,*®*° which are anticipated to fuse into the mem-
brane of the targeted cell, while hydrophilic molecules tend to
locate in the internal aqueous phase. Meanwhile, the oxygen
sensing moieties like a ruthenium complex are hydrophilic.*?
Therefore, to accurately transport and stably mount a fluo-
rescent probe in the cell membrane becomes a key issue to
apply liposomal carriers to tumour theragnostics.

In this work, a ruthenium complex, i.e. RuA,D, was syn-
thesized and subsequently modified with two alkyl chains to
obtain an amphiphilic probe, i.e. C,-RuA,D, for co-assembly
with phosphatidylcholine (PC). The amphiphilicity of the
RuA,D molecule was further adjusted by PEGylation using
benzaldehyde capped poly(ethylene glycol) methyl ether
(mPEG) through the formation of a tumour pH, sensitive acid-
liable benzoic-imine linkage.”™** Liposomes composed of the
amphiphilic pH sensitive ruthenium complex (C,-RuA,D-
PEG) and PC were then prepared to encapsulate indocyanine
green (ICG), which is a clinically available NIR photosensitizer
for photothermal therapy (PTT), to harvest a vesicular therag-
nostic formulation, namely, RuUPC@ICG. We expected that
RuPC@ICG can fuse onto the cell membrane for improved
hypoxia sensing of the extracellular environment and mean-
while deliver the PTT agent into the cytoplasm for enhancing
the efficiency. While the pH sensitivity of the liposome would
accelerate its accumulation in tumour tissue, the co-delivery of
ICG also provided a reference dye, in addition to the role of
PTT agent, for achieving ratiometric imaging with the ruthe-
nium complex in order to improve the recognition of the
tumour site. This paper focuses on the investigation of the
interaction between the RuPC®@ICG liposome and tumour
cells, as well as the synergistic ability of the formulation for
the early detection and PTT therapy of solid tumours in an
animal model (Scheme 1).

Experimental
Materials

1,10-Phenanthrolin-5-amine, lauric acid, n-octanoic acid, and
octanoic acid were purchased from Aladdin Co., Ltd (China).
N,N'-dicyclohexylcarbodiimide (Dce), 4-dimethyl-
aminopyridine (DMAP), N-hydroxysuccinimide (NHS) and 1-(3
(dimethylamino)-propyl)-3-ethylcarbodiimide = hydrochloride
(EDC) were purchased from J&K Chemical Ltd. 4-p-
Carboxybenzaldehyde (4-CBA), methoxy poly(ethylene glycol)
(mPEG) (M,, = 1000 Da, 2000 Da and 5000 Da), methoxy poly
(ethylene glycol) amine (M,, = 2000 Da), phosphatidylcholine
(PC) and cholesterol (CHOL) were obtained from Shanghai
McLean Biochemical Technology Co., Ltd. [(p-Cymene)RuCl,],,
4,4'-diamino-2,2"-bipyridine were acquired from Beijing
RHAWN Reagent Co., Ltd. Mono-sulfo-cy7.5 NHS (ICG-NHS)
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Scheme 1 Schematic illustration of the preparation process of oxygen and pH sensitive liposomal carriers to encapsulate a photosensitizer
(RUPC@ICQG) as a theragnostic agent to deliver the photosensitizer into cells through a membrane fusion pathway, and meanwhile mount the
oxygen sensor in the cell membrane for detecting the tumour hypoxia condition, and later on photothermal therapy on the tumour site.

was bought from Shaanxi Xinyan Bomei Biotechnology Co.,
Ltd. Dulbecco’s modified Eagle’s medium (DMEM), phos-
phate-buffered saline (PBS) and 0.25% Trypsin-EDTA were
obtained from Gibco (Grant Island, U.S.A.). Fetal bovine serum
(FBS) and penicillin-streptomycin solution were purchased
from Solarbio (Beijing, China). Solvents and other compounds
were purchased from Beijing Chemical Reagents Company
(China) and used without further purification.

Characterizations

Fourier transform infrared spectra (FTIR) were recorded on a
Bruker  Vertex70  spectrophotometer in the range
4000-400 cm™" with 2 em™ resolution. Nuclear magnetic reso-
nance ("H NMR) spectra were recorded on a Bruker AVANCE III
HD spectrometer. MALDI-TOF-MS was carried out using a
Bruker BIFLEX III mass spectrometer. Zeta potential measure-
ment and dynamic light scattering (DLS) were performed on a
MALVERN Mastersizer 2000. The morphology was observed
using transmission electron microscopy (Hitachi HT7700
Exalens, Japan). Electron spin resonance (ESR) spectra were
plotted using a Bruker 500 spectrometer. Laser confocal scan-
ning microscopy (LCSM) was performed on a Leica
STELLARIS.

Synthesis of alkyl chain modified phenanthroline

1,10-Phenanthrolin-5-amine (357 mg, 1.83 mmol), lauric acid
(400 mg, 2 mmol), EDC (882 mg, 4.6 mmol) and DMAP
(223 mg, 1.83 mmol) were dissolved in 50 mL of dichloro-
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methane (DCM) and reacted for 1 h at 4 °C and then 48 h at
30 °C to obtain a light-yellow solution. The solvent was
removed by rotary evaporation under reduced pressure, and
100 mL of deionized water was added. The dispersion was fil-
tered through ordinary filter paper after ultrasonic dispersion
to obtain a milky white filter residue. The above filtration oper-
ation was repeated three times, and the final product was
dried under vacuum to obtain the white solid powder Cj,-
grafted phenanthroline (485 mg) with a yield of 67% (Fig. S17).
For MALDI-TOF, m/z = 378.385 (caled 377.25). Cg- and Cyg-
grafted phenanthroline were also prepared in the same way,
but using n-octanoic acid and octadecanoic acid, respectively.
The chemical structure was characterized using FTIR and "H
NMR (Fig. S21).

Synthesis of mPEG with a benzaldehyde end group (mPEGx-
CHO)

mPEG,x (M,, = 2000 Da, 4.0 g, 2 mmol), 4-CBA (2.4 g,
16 mmol), DCC (3.3 g, 16 mmol) and DMAP (122 mg, 1 mmol)
were added to 60 mL of DCM, sonicated for 10 min, and then
stirred at 37 °C for 24 h. The insoluble solid N,N'-dicyclohexyl-
urea (DCU) was removed by filtration. The solvent in the fil-
trate was evaporated to obtain a pale-yellow residue. To this,
50 mL of isopropyl alcohol (IPA) was added and the mixture
was heated to 70 °C. The solution was then recrystallized at
—20 °C for 24 h, and the resulting crystal was obtained by cen-
trifugation, washed using IPA three times and dried under
vacuum to give a white powdered product mPEG,x-CHO

This journal is © The Royal Society of Chemistry 2024
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(4.9 g) with a yield of 77% (Fig. S1f). mPEG;x~CHO and
MPEG;5x-CHO were prepared using mPEG;x and mPEGsk in
the same way. The structures were characterized by FTIR and
"H NMR (Fig. $21).*%*!

Synthesis of amphiphilic ruthenium complex (C,~RuA,D-PEG)

The reagents, [(p-cymene)RuCl,], (90 mg, 150 pmol) and 4,4'-
diamino-2,2"-bipyridine ligand (55 mg, 300 pmol), were dis-
solved in 20 mL of ethanol. The solution was bubbled with
nitrogen to remove oxygen for 30 min, and then reacted at
35 °C for 4 h to obtain a brownish yellow solution. Then Cj,-
grafted phenanthroline (225 mg, 223 pmol) was added to the
reaction solution, and refluxed at 80 °C for 12 h. The solvent
was removed by spin evaporation, and 20 mL of acetone was
added and stirred at room temperature for 6 h. Then the
brownish red filter residue, i.e. the C;,-RuA,D product, was
obtained by filtration in 76.3% yield (233 mg) (Fig. S1%}). For
MALDI-TOF-MS, m/z = 1041.686 (calcd 1042.49). Cg-RuA,D
and C;3-RuA,D were also synthesized in the same way, and the
chemical structure was characterized by FTIR and "H NMR as
shown in Fig. S2.

C1,-RuA,D (32 mg, 32 pmol) was then dissolved in 15 mL
of methyl alcohol, to which mPEG,x-CHO (260 mg, 129 pmol)
was added and stirred at 25 °C for 24 h. The mixture was fil-
tered and the filtrate was concentrated to 2 mL for passing
through a Sephadex LH-20 column with methyl alcohol as the
eluent to remove unreacted PEG to get PEGylated C;,-RuA,D,
i.e. C1,—-RuA,D-PEG, (Fig. S11). By changing the reagents, Cg-
RuA,D-PEG,x, C15-RuA,D-PEG, g, C;,—RuA,D-PEGsx and Cyg—
RuA,D-PEGsk were also synthesized. The products were then
characterized using FTIR and '"H NMR (Fig. S27).

Synthesis of PEGylated ICG (ICG-PEG)

mPEG-NH, (7.25 mg, 3.6 pmol, M,, = 2000 Da) and ICG-NHS
(1 mg, 1.2 pmol) were added to a mixed solvent containing
1 mL of DCM and 5 mL of PBS (pH = 7.4, 0.02 M) for stirring
at 25 °C for 12 h. After removing DCM, the samples were dia-
lyzed in a dialysis bag with a molecular weight cut-off of 2000
Da for 24 h and then lyophilized. The structure of the product
was characterized by "H NMR and FTIR (Fig. S27).

Synthesis of ICG-PEG encapsulated co-assembled liposomes
of C,,-RuA,D-PEG and phosphatidylcholine (RuPC@ICG)

First, 10 mg of C;,-RuA,D-PEG,x, 5 mg of PC, and 0.5 mg of
CHOL in 10 mL of trichloromethane were mixed and put in a
shaking incubator for 120 min (25 °C, 200 rpm). The solvent
was then removed by spin evaporation under reduced pressure,
and ICG-PEG (2 mg) was added in 2 mL of PBS (pH = 7.4).
After sonication for 10 min, the dispersion was put into the
shaking incubator again and shaken for more than 120 min
(25 °C, 200 rpm), and then dialyzed against 1.5 L of PBS to
obtain an ICG-PEG encapsulated co-assembly of C;,-RuA,D-
PEG,x and PC (RuPC®@ICG). In addition, empty co-assembled
RuPC liposomes without the encapsulation of ICG were also
prepared following the solvent evaporation procedure.

This journal is © The Royal Society of Chemistry 2024
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Self-assembled RuA,D vesicles (RuA,D-V) were prepared by
dissolving 10 mg of C;,-RuA,D-PEG,x in 10 mL of trichloro-
methane. The mixture was placed in a shaking incubator for
120 min (25 °C, 200 rpm), and the solvent was removed by
rotary evaporation under reduced pressure, followed by the
addition of 2 mL of PBS (pH = 7.4). Rough particulate disper-
sions of C;,-RuA,D-PEG,x (RuA,D-P) and ICG-PEG were pre-
pared as control samples by directly sonicating C;,-RuA,D-
PEG,k or ICG-PEG in PBS.

Oxygen sensitivity of RuPC@ICG

To determine the oxygen responsiveness of the RuPC@ICG,
2 mL of the dispersed sample was pipetted into a quartz
cuvette, and bubbled by a mixed gas of O, and N, at different
fractions with a flow rate of 600 mL min~". After balancing for
10 min, the fluorescence spectra were measured using an
FL970 fluorescence spectrophotometer.

Photothermal effect of ICG formulations

First, 1 mL of RuA,D-P, ICG-PEG and RuPC@ICG dispersed in
PBS were irradiated under an 808 nm laser with an optical
power density of 1 W cm™> for 10 min to study the photother-
mal profiles, with pure PBS as a negative control. In addition,
the concentration-dependent photothermal effect of
RuPC@ICG was examined by irradiating its dispersion at 50,
100, 200, and 500 pg mL™'. The effects of the power density
were investigated by changing the laser power to 0.25, 0.5,
0.75, 1.0 and 1.5 W cm 2. The photothermal stability of the
RUPC@ICG solution (200 pg mL™") was investigated by expos-
ing and shielding the sample under an 808 nm laser (1 W
cm™?) for five cycles. The temperature of the sample disper-
sions was captured by a thermal infrared camera.

Reactive oxygen species (ROS) scavenging

The triple peak (1:1:1) of single linear oxygen was captured
using 2,2,6,6-tetramethyl-4-piperidone (TEMP) as a spin trap-
ping agent utilizing electron spin resonance (ESR) spec-
troscopy to characterize the ROS generated by PBS, RuA,D-P,
ICG-PEG and RuPC@ICG. The generation of 'O, was con-
firmed by the enhancement of the ESR signal generated by the
reaction of TEMP with 'O, as the irradiation time was
increased from 0 to 10 min.

Cell culture

HeLa cervical adenocarcinoma cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin for proliferation. Cells were cul-
tured at 37 °C in a humidified atmosphere containing 5%
CO,.

Cytotoxicity measurements

The in vitro cytotoxicities of RuA,D-P, ICG-PEG and
RuPC®@ICG were assessed on HeLa cells. The cells were first
incubated in 25 cm? cell culture flasks and then inoculated
into 96-well plates (1 x 10* cells per well). After inoculation,
the cells were exposed to a series of doses of the samples (C;,-
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RuA,D-PEG,: 31, 63, 125, 250, 500, 1000 pg mL~", ICG-PEG:
3.1, 6.3, 12.5, 25, 50, 100 pg mL™") for 24 h, followed by
irradiation with an 808 nm laser (1 W cm ™2, 10 min) or shield-
ing in the dark. Finally, a mixture of CCK-8 and DMEM (1:10)
was added to each well and treated for 1 h. The absorbance
was measured at 450 nm using a microplate marker.

Calcein-AM/PI staining

HeLa cells were inoculated in a glass bottomed Petri dish, and
incubated with PBS, RuA,D-P, ICG-PEG and RuPC®@ICG, with
or without 808 nm laser irradiation (1 W em™2, 10 min), fol-
lowed by treatment with a calcein-AM/PI live-dead cell double-
staining kit (Solarbio, China), with staining for 15 min, and
observation using a Leica STELLARIS laser confocal scanning
microscope (LCSM) at emission channels of 500-550 nm and
590-640 nm for collecting AM and PI fluorescence, respect-
ively, under 488 nm and 535 nm excitation.

Oxygen sensitivity of RuPC@ICG at the cellular level

HeLa cells were inoculated in a glass bottomed Petri dish and
sequentially incubated with RuPC@ICG (pH 7.4, 200 pg mL ™)
for 1 h and Dil (Beyotime, China) for 10 min, and then stained
by DAPI (Beyotime, China) for 5 min. After each incubation,
the Petri dishes were rinsed three times with PBS. The cells
were blown by a mixed gas of O, and N, at 600 mL min~* for
10 min, before the medium was replaced by PBS. Using laser
confocal scanning microscopy (LCSM), the ruthenium
complex (Ru) and ICG-PEG (ICG) were excited at 488 nm and
750 nm with fluorescence emission channels of 630-680 nm
and 790-840 nm, respectively. DAPI and Dil were excited at
405 nm and 561 nm, with fluorescence emission channels of
425-475 nm and 540-590 nm, respectively.

In vitro cell uptake of RuPC@ICG

HeLa cells were incubated with RuPC@ICG vesicles (200 pg
mL™") in PBS medium at pH 7.4 or 6.8 for 0, 10, 60, and
120 min, and then washed three times with PBS (pH = 7.4)
and fixed with 4% paraformaldehyde for 15 min. Cell mem-
branes were stained with Dil and nuclei with DAPI for obser-
vation by LCSM. The staining procedure and confocal wave-
lengths were chosen as described above.

Cell membrane potential

All experiments were performed on 96-well cell culture plates,
and the fluorescence intensity at the emission wavelength of
525 nm was measured at an excitation wavelength of 490 nm
using a microplate reader. Each well was washed with PBS
solution and 100 pL of Hanks’ balanced salt solution (HHBS)
was added, and the membrane potential changes of HeLa cells
were assessed by exposing them to the DiBAC4(3) fluorescent
probe. Then, 100 pL of DiBAC4(3) solution was added at serial
concentrations so that the final concentrations were 0, 50, 100,
500, 1000, and 5000 nmol L™". The fluorescence was measured
every 10 min and monitored for 150 min. The objective was to
find the appropriate concentration and reaction time to stabil-
ize the fluorescence for subsequent experiments, to determine
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the optimal concentration of 5 pmol L™ for the best obser-
vation time of 30 min.

To test the membrane potential changes after exposure of
RuPC@ICG to HeLa cells, DiBAC4(3) was configured with
DMSO as a 5 mmol L™ master mix and then diluted to 5 pmol
L™" with HHBS balanced salt solution. After intervention by
the tested formulations for 0, 10, 20, 30, 60, 120, and 150 min,
the well was washed with PBS solution and then 100 pL of
5 pmol L' DiBAC4(3) HHBS equilibrium salt solution was
added. Six replicate wells were set up for each concentration.
Fluorescence was measured at wavelengths of 525 nm using a
microplate reader, and interference from the background fluo-
rescence of the ruthenium probe was subtracted.

In vivo experiments

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
University of Chinese Academy of Sciences and approved by
the Animal Ethics Committee of University of Chinese
Academy of Sciences. Male nude BALB/c mice were purchased
from Beijing HFK Bioscience CO., Ltd. HeLa cells (5 x 10°) sus-
pended in 100 pL of PBS were injected subcutaneously into the
right flank of mice fed in a pathogen-free environment.

After implantation for 3 days and 7 days, in vivo distribution
studies were performed after 100 pL of RuA,D-P (10 mg kg™ ")
and ICG-PEG (2.5 mg kg ') or RuPC@ICG (12.5 mg kg™") were
administrated by intravenous injection (i.v.) via the tail vein,
by using an in vivo imaging system (IVIS spectrum,
PerkinElmer IVIS Lumina III, United States) equipped with
fluorescence filters (Aex/Aem = 500/680 nm and Aey/Aem = 745/
820 nm). The distribution of the fluorescent probes, i.e. the
ruthenium complex (Ru) and ICG, was imaged at 1, 2, 4, 6, 8,
10, and 24 h after injection. Fluorescence images were pseudo-
color processed using Image J and Image-Pro Plus 6.0 software.
The confocal microscopy image from the Ru channel was
divided by the pixel values of the ICG channel image located at
the same location to obtain fluorescence intensity ratio images
for the qualitative determination of the oxygen concentration
distribution.

For testing the anti-tumour efficiency of the RuPC@ICG for-
mulation, the mice were divided into four groups for receiving
a dose of the RuPC@ICG liposomal formulation (two groups),
RuA,D-P and PBS by iv. every two days from day 8 after
tumour cell implantation for five dosages in total, among
which one group of RuPC@ICG treated animals and the
RuA,D-P dosed animals also received NIR irradiation (808 nm,
1 week cm™2) for 10 min in the first five dosages. All mice were
assessed for body weight and tumour volume every 2 days for
nine counts in total. At day 25, the animals were sacrificed,
and the tumours and vital organs (heart, liver, spleen, lung
and kidney) were isolated for ex vivo imaging and histopatholo-
gical analysis.

Statistical analysis

Statistical significance was assessed using one-way ANOVA ana-
lysis on SPSS software. Differences were considered statistically

This journal is © The Royal Society of Chemistry 2024
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significant if the value was less than 0.05. Means and standard
deviations (SD) were calculated in replicate experiments. The
data were expressed as mean + SD.

Results and discussion

Synthesis of ruthenium complex co-assembled theragnostic
liposome

The synthesis of the amphiphilic oxygen sensitive probe, i.e.
C,~RuA,D-PEG, is illustrated in Fig. S1.f The ruthenium
complex with two alkyl chains, i.e. C,-RuA,D, was synthesized
by using alkyl chain-modified 1,10-phenanthrolin-5-amine and
4,4'-diamino-2,2"-bipyridine as a ligand to coordinate a
dichloro(p-cymene)ruthenium(n) dimer through the backflow
method.** The obtained C,-RuA,D was then PEGylated via
low-pH liable benzoic-imine linkage.'® Herein, alkyl chains
with carbon numbers of 8, 12 and 18, and PEG with molecular
weights of 1 kDa, 2 kDa and 5 kDa were used for the synthesis,
in order to adjust the amphiphilicity for the assembly to get
vesicular aggregates. In total, 5 samples were harvested, which
are named Cg-RuA,D-PEG;g, C1,-RuA,D-PEG;x, C;,—RUA,D-
PEG,k, C1,—-RUuA,D-PEG;¢ and C,5-RuA,D-PEG;k, where the
subscripts represent the number of carbons in the alkyl chains
and the molecular weight of PEG, respectively. The chemical
structures of the final products as well as the intermediate pro-
ducts were characterized mainly by 'H NMR and FTIR
(Fig. S2t). Meanwhile, a pH insensitive PEGylated (M,, = 2 kDa)
C12-RuA,D was also prepared for comparison via amidation
(Fig. S3t). Additionally, PEGylated ICG was synthesized by
reacting ICG-NHS with mPEG-NH, (M,, = 2000 Da). The aim
of PEGylation is to improve the solubility of ICG in an aqueous
solution and increase the molecular weight, or the size of the
photosensitizer for slower release from the delivery vehicle, i.e.
liposomes, after encapsulation. The structure of the ICG-PEG
was confirmed by "H NMR and FTIR (Fig. S27).

The self-assembly and co-assembly behaviours of C,-
RuA,D-PEG with PC were then investigated (Scheme 1). TEM
images show that C;,-RuA,D-PEG;x and C;,-RuA,D-PEG,x
generated vesicular aggregates in aqueous solution through a
solvent evaporation method with hydrodynamic diameters of
127 nm and 134 nm (DLS), whereas the other samples formed
particulate aggregates (Fig. 1A and S4t), mainly attributed to
the hydrophile-lipophile balance of the amphiphiles. Due to
the vesicle-forming tendency, C;,-RuA,D-PEG,x was used for
the co-assembly with PC to generate oxygen sensitive probe-
labelled liposomes, namely RuPC, with pH responsiveness
owing to the low pH-labile characteristics of the benzoic-
imine linkage between RuA,D and PEG. In addition, chole-
sterol (CHOL) was involved in the co-assembly to favour the
liposome formation by increasing the hydrophobic inter-
actions among the alkyl chains.** With C;,-RuA,D-
PEG,k: PC:CHOL mass ratios of 1:1:0.1, 2:1:0.1 and
5:1:0.1, co-assembled liposomes were observed by TEM, as
shown in Fig. 1B, with particle sizes of 186 nm, 254 nm and
296 nm (Fig. S47). The ICG-PEG encapsulated RuPC liposomes
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(RuUPC®ICG) with a C;,-RuA,D-PEG,k:PC:CHOL ratio of
2:1:0.1 were then prepared (Fig. 1C). The vesicular architec-
ture of the RUPC@ICG liposome as well as the cavity location
of ICG-PEG were observed by LCSM, where a circular shape in
the fluorescence image can be seen from the ruthenium
complex emission together with the enclosed ICG fluorescence
pattern (Fig. 1D), and this was additionally proven by TEM
(Fig. 1D). The loading capacity of ICG-PEG was determined to
be 11.4 wt%. The RuPC@ICG liposome displays a size of
396 nm at pH 7.4 (Fig. 1E), larger than that of the corres-
ponding empty RuPC liposome at the same pH, ie. 254 nm
(Fig. 1F).

It is well known that the preparation procedure can influ-
ence the formation of liposomes or vesicles from amphiphiles.
In this work, directly dispersing C;,-RuA,D-PEG,y in PBS (pH
= 7.4) by sonication could allow the harvest of particulate
nano-aggregates (RuA,D-P) with a size of about 91 nm (Fig. 1B
and E), which is different from the self-assembled C;,-RuA,D-
PEG, vesicles (RuA,D-V) generated through the solvent evap-
oration method (Fig. 1A and S47). The particulate nano-aggre-
gate was used as a control sample for the following study. In
addition, as ICG-PEG is also amphiphilic, micellar aggregates
of ICG-PEG were also formed with a size of 59 nm (Fig. 1E).

The pH sensitivities of RuPC liposomes and their formu-
lations, i.e. RuPC@ICG, were tested by treating at pH 7.4 and
6.8, simulating the physiological pH and the extracellular pH
of the solid tumour."® Fig. 1F and S51 show that the particle
size of RuPC as well as RuA,D@ICG only slightly decreased
upon the pH change from neutral to mildly acidic. Meanwhile,
the vesicular structure of both samples was preserved under
acidic conditions, according to TEM (Fig. S51). In contrast, the
zeta potential of the liposomes, e.g. RuPC, significantly
increases from very negative at pH 7.4, i.e. —14.1 mV, to mildly
positive at pH 6.8, i.e. +2.1 mV (Fig. 1F). Liposomes formed by
PC normally show negative charge nature in aqueous solution
at neutral pH.*” The zeta potential remained at a negative
value even after the co-assembly with the ruthenium complex
amphiphile, i.e. C;,-RuA,D-PEG,x, at a mass ratio of 2:1 to
PC, indicating that the PEG chains are unable to shield the
charged groups of PC molecules. A negatively charged surface
is beneficial for the liposome to avoid recognition by immuno-
logical systems. At pH 6.8, the PEG chain detached from the
liposome surface due to the cleavage of the benzoic-imine
bond and hence exposed positively charged amine groups
(Fig. 1C and F). To further prove the pH sensitivity of the RuPC
liposome, pH insensitive PEG-conjugated C;,-RuA,D was syn-
thesized by PEGylation through amidation. As expected, its co-
assembled liposome showed no significant difference in size
or zeta potential between pH 7.4 and 6.8 (Fig. S61). The results
suggest that the pH sensitive RuPC liposomes may be able to
reduce the repulsion force of the cell membrane in a hypoxic
tumour tissue.

Fluorescence spectra related to RuUPC@ICG are shown in
Fig. 1G-]. The excitation of C;,-RuA,D-PEG, results in a peak
at 470 nm, under which an emission peak is present at around
660 nm, which overlaps the excitation peak of ICG-PEG,
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Fig. 1 (A) TEM images of self-assemblies formed by the amphiphilic ruthenium complex with different chain lengths of the hydrophilic and hydro-

phobic groups. (B) TEM images of phosphatidylcholine (PC) liposomes, co-assemblies formed by C;,—RuA,D—-PEG,k and PC at different mass ratios
(RUPC), with a constant amount of cholesterol (CHOL), i.e. 0.1 (w/w) to PC, and particulate aggregates of C;,—RuA,D—-PEGy prepared by sonication
(RuA,D—-P). (C) Illustrated structures of C,—RuA,D—-PEG and ICG—-PEG encapsulated RuPC (RUPC@ICG) liposomes and their pH sensitivity originating
from the low-pH labile nature of the benzoic—imine linkage. (D) LCSM and TEM images of RUPC@ICG at pH 7.4. The feed ratio of C;,—RuA,D—
PEG,k: PC: CHOL was 2:1:0.1, and the loading capacity of ICG-PEG was 11.4 wt%. (E) DLS of RuPC@ICG, ICG-PEG and RuA,D-P in PBS at pH 7.4.
(F) DLS and zeta potential of co-assembled C;,—RuA,D—PEG,k (RUPC) liposomes in PBS at pH 7.4 and 6.8. (G) Excitation and emission spectra of
C12—RUA,D—PEG;,k and ICG-PEG. (H) Fluorescence emission spectra of RuUPC@ICG (200 pg mL™Y) with 0, 67, 140.7, 335 and 670 mmHg of pO, (1ex
= 470 nm). (1) Relative fluorescence intensity of the ruthenium complex in RUPC@ICG and the intensity ratio of the ruthenium complex to ICG as a
function of pO,. (J) Fluorescence emission spectra of RUPC@ICG at different concentrations (lex = 470 nm). (K and L) Concentration dependent
peak position of ruthenium (K) and ICG (L) from emission spectra of RuPC@ICG compared with that of RuA,D—P and ICG—-PEG dispersions.

suggesting a possible FRET effect between the two fluoro-
phores (Fig. 1G). ICG-PEG shows emission with a maximum
intensity at 820 nm. Due to the inclusion of the ruthenium
complex, the fluorescence intensity of the RuPC@ICG lipo-
some is dependent on the oxygen concentration in the
aqueous medium. Fig. 1I shows that the relative fluorescence
intensity of ruthenium at 660 nm (I/I,) decreases with the

754 | Biomater. Sci, 2024, 12, 748-762

increase of the oxygen partial pressure in solution.
Nonetheless, for monitoring the oxygen level in vivo, ratio-
metric measurement is preferred because of the independence
of probe concentration.”>?” As seen in Fig. 1I, the intensity
ratio of the ruthenium complex to ICG, i.e. Iz,/ficg, also core-
lates to the oxygen concentration, and gives a linear relation-

ship that simplifies the measurement.
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The influence of concentration on the emission spectra of
the RUPC@ICG liposome is shown in Fig. 1]. Apart from the
phenomenon of aggregation caused quenching (ACQ), it is
noted that there is a bathochromic shift of the emission
wavelength from both the ruthenium complex and ICG with
the increase of the probe concentration, which probably
originates from the close packing of the fluorophores.
Therefore, the wavelengths for the maximum intensity for
the ruthenium complex and ICG emission from the co-
assembled RuPC@ICG liposome (Fig. S71) were compared
with the directly dispersed RuA,D-P or ICG-PEG in aqueous
solution as a function of probe concentration, showing that
at the same probe concentration, the ruthenium peak of
RuPC@ICG has a lower wavelength than that of the RuPC
aggregate, whilst the ICG peak shows a higher wavelength
than that of ICG-PEG (Fig. 1K and L). These results prove
that C;,-RuA,D-PEG,x was well-distributed in the lipid
layer, which was separated by PC molecules in RuPC@ICG,
preventing the close packing of ruthenium complex moi-
eties. Meanwhile, it also indicates the encapsulation of ICG-
PEG in RuPC@ICG, leading to a higher probe concentration
inside the cavity, and therefore a red shift of the fluo-
rescence spectrum compared to that of the homogenously
dispersed ICG-PEG at the same apparent concentration.

Membrane fusion performance of RuPC@ICG liposome

The internalization of RuUPC@ICG liposomes to cancer cells
was elucidated on the HeLa cell line, by incubation at 37 °C
and pH 7.4 for 10-120 min. Using LCSM, a gradual enhance-
ment of ruthenium fluorescence in the cell membrane area is
revealed, highly overlapped with the Dil fluorescence (Fig. 2A).
Additionally, the distribution of the ICG fluorescence is very
different from that of the ruthenium when incubated using
RuPC@ICG with the HeLa (Fig. 2A). While the ruthenium fluo-
rescence keeps accumulating near the cell membrane, ICG
fluorescence demonstrates an outside-in process, that is,
initially distributing in the membrane area, colocalized with
ruthenium, and subsequently internalizing and eventually dis-
tributing in the cytoplasm within 120 min (Fig. 2A and B). Dil
and DAPI were used to stain the cell membrane and nucleus,
respectively. In addition, it is shown that under mildly acidic
conditions, i.e. pH 6.8, the cell uptake of ICG could be acceler-
ated from the RuPC@ICG liposomes (Fig. 2C). Quantitative
integration of ruthenium and ICG fluorescence shows an
increase in fluorescence intensity over time, with a faster rate
of entry into the cell in a weakly acidic environment, where the
ruthenium fluorescence intensity at pH 6.8 (10 min) is 1.3
times higher than at pH 7.4, and the ICG fluorescence inten-
sity at pH 6.8 is 3.14 times higher than at pH 7.4 (Fig. 2D and
E), which is reasonable since the cell-liposome interaction
becomes stronger once the liposome surface is less negatively
charged.

The membrane distribution of the probing amphiphile, ie.
C1,-RUA,D-PEG,k, suggests a membrane fusion pathway of
RuPC@ICG liposomes for the transportation of ICG-PEG into
cells (Fig. 2F).**™*® To further prove this, a membrane potential
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fluorescent probe DiBAC4(3) was incubated with RuPC@ICG
liposomes with different contents of C;,-RuA,D-PEG,x for
monitoring the fluorescence at 525 nm (4ex = 490 nm). DiBAC4
(3) incorporated self-assembled RuA,D@ICG vesicles and par-
ticulate RuA,D-P aggregates were used as control samples. The
fluorescence intensity of DiBAC4(3) increases in the case where
the cell membrane potential decreases, causing inward flow of
the fluorescent dye.*®*° According to Fig. 2G, the OD values of
DiBACA4(3) display an obvious increase and then a subsequent
decrease within 60 min for all the vesicular formulations,
whereas the particulate formulation resulted in only a slight
increase of OD within the time period. Moreover, liposomes
with a higher content of RuPC including the neat C;,-RuA,D-
PEG,x vesicles (RuA,D-V) exhibit higher amplitudes of OD
increase. This phenomenon can be explained by the mem-
brane fusion of the vesicles, by which the C;,-RuA,D-PEG;k
molecules were bound by the cell membrane without disrupt-
ing its integrity,”" and therefore the PEG chains could tempor-
arily shield the charged groups of the phospholipids.
Additional experiments on the incubation of ICG-PEG encap-
sulated RuA,D-V vesicles with HeLa cells showed similar ICG
internalization via a membrane fusion pathway, i.e. membrane
distribution of ruthenium fluorescence and the cytosol distri-
bution of ICG fluorescence (Fig. S87). In contrast, the particu-
late C;,-RuA,D-PEG,x (RuA,D-P) taken up via an endocytosis
pathway, evidenced by the cytosol distribution of ruthenium
fluorescence (Fig. S9t), caused less disruption to the mem-
brane potential of the cells (Fig. 2G).

Photothermal effect and cellular oxygen imaging ability of
RuPC@ICG

To verify the photothermal properties of ICG in RuPC@ICG
liposomes, infrared thermography was utilized to record the
temperature changes of the PBS dispersion, with RuA,D-P
aggregates, and ICG-PEG dispersions as control samples,
which were irradiated by an 808 nm laser at 1 W em ™2 for 0, 2,
4, 6, 8 and 10 min. As expected, RuPC@ICG warmed up the
fastest, reaching 54.9 + 0.4 °C from an initial temperature of
25.2 £ 0.1 °C after just 10 min, whereas the temperature of
neat PBS only slightly changed by 1.5 + 0.3 °C (Fig. 3A and B).
Meanwhile, the temperature of RuA,D-P and ICG-PEG disper-
sions increased to 29.7 + 0.4 °C and 51.1 + 0.2 °C, respectively
(Fig. 3A and B). The photothermal warming curves of
RuPC®@ICG liposomes at different concentrations and
different powers were also determined (Fig. S10t). The results
indicate that the photothermal effect mainly originated from
the ICG moiety. The RuPC@ICG liposomes also exhibited
good photothermal stability. After five heating and cooling
cycles, the equilibrium temperature under irradiation was
around 52.3 °C, with only a negligible decrease compared to
that after the first heating (Fig. 3C). Inspired by the generation
of '0,, the photodynamic therapy (PDT) performance of
RuPC®@ICG liposomes was measured by electron spin reso-
nance (ESR) using 2,2,6,6-tetramethylpiperidine (TEMP) as a
trapping agent. As shown in Fig. 3D, the appearance of a 'O,
peak was observed in the ESR spectrum after the sample was
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Fig. 2 (A) LCSM of Hela cells after incubation with RUPC@ICG liposomes for different time periods at pH 7.4. (B) Colocalization of DAPI fluor-

escence (405 nm, blue), ruthenium (Ru) fluorescence (488 nm, red), Dil fluorescence (538 nm, green) and ICG fluorescence (750 nm, magenta) on
Hela cells after incubation with RUPC@ICG for different time periods. (C) LCSM of Hela cells cultured with RuPC@ICG at pH 7.4 and 6.8. (D and E)
Integral of the fluorescence intensity from Dil, ruthenium and ICG channels recorded from (C) at pH 7.4 (D) and pH 6.8 (E). (F) Schematic diagram of
the internalization pathway of RUPC@ICG. (G) OD values of DiBAC4(3) as a function of incubation time of RuPC@ICG with Hela cells.

irradiated by an 808 nm laser for 10 min. The ability to gene-
rate 'O, is in the order RUPC@ICG liposome > ICG-PEG dis-
persion > RuA,D-P (Fig. 3D). Overall, the photosensitivity
effect was examined on the HeLa cell line with calcein AM/pro-
pidium iodide (PI) double staining. It can be seen in Fig. 3E,
under NIR (808 nm) irradiation, that serious apoptosis can be
recognized after incubation with ICG-PEG or RuPC@ICG, with
the emission of red fluorescence from a major portion of the
cells. In comparison, RuA,D-P has only minor phototoxicity
(Fig. 3E). Furthermore, the cell viability with RuPC@ICG lipo-
somes, ICG-PEG dispersion and RuA,D-P was assessed using
CCK-8 assay on the same cell line. While cell viability of over
90% was achieved for all the samples without NIR irradiation,
the cell viability decreases to 77.2%, 16.4% and 10.2% at the
highest concentration, i.e. 1000 pg mL™", for RuA,D-P, ICG-PEG
and RuPC®@ICG liposomes, respectively, upon NIR irradiation for
10 min (Fig. 3F and G). Considering that the cell viability for
ICG-PEG and RuPC@ICG liposomes have significant differences
(p < 0.05) (Fig. 3G), we suggest that RuPC@ICG liposomes can
cause synergistic effects for PTT and PDT.

756 | Biomater. Sci,, 2024, 12, 748-762

The capacity of the RuPC@ICG liposomes for ratiometric
imaging of the hypoxic condition at the cellular level was then
evaluated on the HeLa cell line (Fig. 3H). RuPC@ICG was incu-
bated with the cells in the culture medium at different oxygen
partial pressure (0, 67, 140.7, 335 and 670 mmHg) at 37 °C and
pH 7.4 for 1 h. Once again, the ruthenium complex was found
distributed mainly in the cell membrane while ICG was deli-
vered into the cell, as demonstrated by LCSM (Fig. 3H and
S117). The oxygen concentration change can be recognized by
observing the change in the ruthenium fluorescence, signifi-
cantly decreasing with the increase in oxygen concentration,
whilst there is little change for the ICG fluorescence (Fig. 3H).
This was confirmed after quantitatively integrating the fluo-
rescence intensity from the ruthenium channel and the ICG
channel (Fig. 31). This shows that the intensity ratio of ruthe-
nium to ICG (Igy/Iicg) still has a linear relationship with the
variation of oxygen partial pressure in the medium (R*> = 0.98)
(Fig. 3]). Despite the distribution of the ruthenium complex
and ICG not being colocalized in the cell region, the ratio-
metric measurement of the hypoxia condition can be valid

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Photothermal efficiency of PBS (pH = 7.4, 0.01 M), RuA,D—P (200 pg mL™?), ICG—PEG (200 pg mL™) and RuPC@ICG (200 pg mL™Y) irra-
diated by an 808 nm laser (1 W cm™2) captured by a thermal camera. (B) The photothermal conversion curves of the tested materials, i.e. temperature
versus irradiation time, captured by a paperless recorder. (C) Photothermal stability of RuUPC@ICG compared with ICG—-PEG. (D) ESR spectra of PBS,
RuA,D-P, ICG-PEG, and RuPC@ICG (200 pg mL™?) mixed with TEMP. (E) LCSM images of calcein (AM, green) and propidium iodide (PI, red) stained
Hela cells after incubation with different samples, with or without irradiation by an 808 nm laser. (F and G) CCK-8 assay of Hela cells after incu-
bation with RuA,D—P, ICG-PEG or RuPCQ@ICG at different concentrations in the absence of light (F) or with irradiation at 808 nm (1 W cm™) for
10 min (G) followed by incubation for 24 h. (H) LCSM of Hela cells after 1 h of coexistence with RuUPC@ICG vesicles (pH 7.4, 200 pg mL™) in a
medium solubilized with 0, 67, 140.7, 335 and 670 mmHg pO,. Ru represents the ruthenium channel which was excited at 488 nm and emission
was recorded from 630 nm to 680 nm, while Merge represents the merged fluorescence of ruthenium and ICG (1ex = 750 nm, Aem = 790-840 nm).
() Integral of the fluorescence intensity from the ruthenium and ICG channels. The strongest pixel signal intensity of the HelLa cell images under
0 mmHg pO, was defined as 1.0. (J) Calibration curve of the oxygen response of RUPC@ICG at the cellular level. Statistical analysis: *p < 0.05, **p <

0.01, ***p < 0.001.

when the RuPC@ICG liposomes were delivered to the targeted
cells.

In vivo solid tumour detection using RuPC@ICG

HeLa tumour-bearing male BALB/c mice were used for validat-
ing the diagnosis capacity of RuPC@ICG liposomes in vivo.
After cancer cells were implanted in the right flanks of the
animals for 3 or 7 days, the formulation was administrated via
intravenous injection to the tail vein and the photo-
luminescence from the living animals was imaged at sched-
uled time points from 1 h to 24 h after injection. Other than
the RuPC@ICG liposomes, a mixture of particulate RuA,D-P
and ICG-PEG, working as a combined diagnostic agent, was
used as a positive control. The pseudo colour images based on
the fluorescence imaging from ruthenium and ICG channels,
and their ratiometric images are plotted in Fig. 4A-F, corres-
ponding to the formulations of liposomes and the combined-
probe mixture, as well as the observation time points at day 3
and day 7.

This journal is © The Royal Society of Chemistry 2024

By comparing Fig. 4A and B, it can be seen that after
tumour implantation for 3 days, the liposome formulation
resulted in the accumulation of fluorescence emission at the
implantation site of the animals, i.e. the right flank, and the
ICG channel has better signal to noise ratio (Fig. 4B). In con-
trast, the signal at the tumour site is hardly distinguishable
from that for the group treated with the combined-probe for-
mulation at this time point (Fig. 4A). Nevertheless, it should
be pointed out that except for a visible contour, the fluo-
rescence intensity is not the strongest in the tumour area from
RuPC@ICG (Fig. 4B). Higher emission intensity was observed
in the abdomen region, from both ruthenium and ICG chan-
nels, showing at least three high signal regions around the
stomach, liver and kidney areas, which is quite reasonable
from the view of metabolism.”? In early-stage tumour diagno-
sis, the identification of the tumour site among healthy tissues
is considered to be essential. Although the pH sensitivity
might be helpful for the RuPC®@ICG liposomes to more
efficiently accumulate at the tumour site, since the construc-
tion of blood vessels would be incomplete in a tiny tumour, it
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Fig. 4 (A and B) In vivo fluorescence images for observing ruthenium (Ru) and ICG fluorescence from tumour-bearing mice after i.v. injection of a

mixture of RuA,D—P and ICG—-PEG (A) or RuPC@ICG formulation (B) 3 days after the implantation of cervical cancer (HelLa) cells. Ru/ICG shows the
ratiometric image (scale bar = 2 cm). (C) Magnified in vivo fluorescence images from the positions surrounded by white rectangles in (B) (scale bar =
5 mm). (D and E) In vivo fluorescence images for observing ruthenium (Ru) and ICG fluorescence from tumour-bearing mice after i.v. injection of a
mixture of RuA,D—P and ICG—-PEG (D) or RuPC@ICG formulation (E) 7 days after the implantation of cervical cancer (HeLa) cells (scale bar = 2 cm).
(F) Magnified in vivo fluorescence images from the positions surrounded by white rectangles in (E) (scale bar = 5 mm). (G) Integral of the fluor-
escence intensity or the intensity ratio (Iru//icc) from tumour regions in the fluorescence images. Yellow bars: Ru fluorescence, green bars: ICG flu-

orescence. Red lines: Ir,/l\c. Statistical analysis: **p < 0.01, ***p < 0.001.

should be the capacity of co-delivery of the two probes, i.e. the
ruthenium complex and ICG, rather than a site-specific deliv-
ery, that allows the determination of the tumour suspect
region from the false-positive regions, by achieving ratiometric
imaging.

The ratiometric signal and the metabolic process of the
probes were monitored. By measuring Iz,/licg, the ratiometric
images from the RuPC@ICG group reveal that the high signal
regions in the abdomen actually have higher oxygen concen-
trations, ie. normoxia condition with lower Ig./Iicg values
(Fig. 4B and C), which is inconsistent with the characteristics
of anaerobic glycolysis occurring in tumour tissue. In contrast,
the ratiometric measurement in the liposome treated group
focuses on two hypoxia regions in the flank and neck areas at
1 h after administration (Fig. 4C). However, as time passed, the
signal in the neck area decayed rapidly and disappeared
within 4 h (Fig. 4B). The fast fading is attributed to the distrib-
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uted liposomes in the lymph.>® In comparison, the ratiometric
signal in the tumour site is quite stable, and is visible even
after 24 h (Fig. 4B), implying long preservation of the probe
and a low oxygen concentration in the tumour tissue. At day 7
after tumour cell implantation, the signal-to-noise ratio of the
ruthenium complex as well as ICG at the tumour site becomes
much higher, although the abdomen biodistribution of the
probes is also serious (Fig. 4D and E). The tumour signal
could be revealed even using the combined-probe formulation
(Fig. 4D). For the liposome formulation, the signal at the
tumour site becomes the strongest one after injection for 10 h
(Fig. 4E and F). The average size of a tumour has been
measured to be 20.1 + 2.4 mm® on the 3™ day, and increased
to 29.6 + 4.1 mm?® on day 7, an increase of 47%.

For the metabolic process of the probes, whether from the
RuPC®@ICG liposomes or the combined-probe formulation,
quantitative integration determines the decrease of ICG inten-

This journal is © The Royal Society of Chemistry 2024
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sity with time, while the Iz,/Iicc value remains at a high level
for at least 10 h (Fig. 4G), inferring that the dual-probe lipo-
some could efficiently monitor the tumour hypoxia for a pro-
longed time interval even though the local concentration of
the probe decreased following the metabolism. It is noted that
the absolute intensity of the ruthenium and ICG fluorescence
is higher on day 7 than on day 3 at each metabolic time point
from 1 h to 24 h, whereas the Iz,/I;cg values are similar
(Fig. 4G), an indication of favourable uptake of the liposomes
or the probes by a larger tumour grown for a longer time.
Nevertheless, the RuPC@ICG liposomes enable the detection
of a solid tumour at an early stage through the ratiometric
method, which is more sensitive than the measurement of
fluorescence intensity. Compared to the combined-probe for-
mulation, the liposome formulation allowed better enrichment
of the probes in the tumour tissue, probably due to the ability
to fuse into the cell membrane and hence achieve higher
efficiency to deliver the probes to cells. Since a broad distri-
bution of diagnostic agents is acceptable in practice for the
discovery of a tumour position, our results indicate that
dynamic observation of the evolution of the fluorescence
signal, especially related to the oxygen concentration, would
improve the accuracy of tumour diagnosis. Herein, a high

View Article Online
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hypoxia signal with a slow decay process indicates a high risk
of tumour generation.

In vivo tumour growth inhibition ability of RuPC@ICG

After the tumour site was identified, the therapeutic efficiency
of RUPC@ICG was evaluated on the tumour bearing BALB/c
mice from day 8 after the cancer cell implantation when the
tumour volume was 34.1 = 1.3 mm?®. With the main purpose
being testing optically positioned PTT, the animals were
divided into four groups, two of which received a dose of the
RuPC®@ICG liposomes, with or without NIR irradiation, and
two control groups, which were dosed with particulate RuA,D-
P aggregates or PBS, without the inclusion of ICG, but received
NIR irradiation. The treatment was carried out every two days
five times including phototherapy (808 nm, 1 W cm
10 min), and measurement of the tumor size and weight was
carried out every two days for a total of nine times (Fig. 5A).
Fluorescence imaging has proven that the ICG moiety could
be delivered by RuPC@ICG liposomes with enhanced accumu-
lation at the tumour site during the tumour growth period
from day 3 to day 7 (Fig. 4). Herein, ex vivo fluorescence
images of the resected tumours and major organs confirm pre-
dominant luminescence distribution at the tumour sites of the
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Fig. 5 (A) lllustration of the timeline for the in vivo anti-tumour experiment (n = 3). (B) Ex vivo fluorescence images of tumours and major organs
after intravenous injection of RUPC@ICG (12.5 mg kg™?). (C) Infrared images of animals dosed with PBS (pH = 7.4, 0.01 M, 0.1 mL), RuA,D—P (10 mg
kg™, 0.1 mL) and RUPC@ICG (12.5 mg kg™%, 0.1 mL) after irradiation by an 808 nm laser (1 W cm™2) for different times. (D) Dynamics of temperature
increase as a function of irradiation time analysed from (C). (E) Tumour growth curves of mice treated with different formulations with or without
thermal therapy. (F) Evolution of body weights of tumour-bearing mice during the treatment. (G) H&E, TUNEL and Ki67 stained sections of tumour
tissues after 24 days of different treatments. (H) H&E sections of major organs of mice. Statistical analysis: **p < 0.01, ***p < 0.001.
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animals, after dosing by RuPC@ICG, and the fluorescence
intensity increased over time from 1 h to 10 h after adminis-
tration (Fig. 5B and S12t). The probe accumulation is mainly
in the liver, which is an organ for digesting nanoparticles,>*
showing the highest fluorescence at 6 h, with faster clearance
than in tumour tissue (Fig. 5B and S12%). The process is
similar to that observed for living animal imaging (Fig. 4B and
E). As a result, the photothermal effect of the RuPC@ICG lipo-
somes upon NIR irradiation is demonstrated in Fig. 5C and D.
Within 10 min of NIR irradiation, the temperature of the irra-
diated area in the animals dosed with RuPC@ICG increased to
52.1 + 0.7 °C from 36.4 + 0.6 °C, whilst it was 42.0 + 0.8 °C and
38.4 + 1.2 °C for the mice dosed with RuA,D-P and PBS.

The tumour growth inhibition efficiencies by different treat-
ments are shown in Fig. 5E. After 24 days of observation, it is
found that phototherapy with RuPC@ICG achieved the best
prognosis, and had minimized the tumour growth to 43.2 =+
7.2 mm®, only slightly larger than the initial size, i.e. 34.2 +
1.3 mm?®. In contrast, in the PBS + NIR group, the tumour grew
to 406.3 + 23.5 mm>. In comparison, the treatment with
RuPC@ICG liposomes in the absence of NIR and the group
treated by particulate RuA,D-P aggregates with NIR irradiation
led to limited inhibition of tumour growth (Fig. 5E). The
tumour sizes increased to 286.3 + 21.1 mm® and 259.8 +
27.8 mm® on the 24™ day, respectively, without statistical
difference between each other (p > 0.05), but significantly
smaller than the control (PBS + NIR) group (p < 0.01) and sig-
nificantly larger than the sample (RuUPC@ICG + NIR) group (p
< 0.001). It is noted that during the treatment, all animals were
well tolerated without obvious increase or decrease in body
weight (Fig. 5F). Histopathological and immunological stain-
ing by H&E, TUNEL and Ki67 on the tumour sections clearly
show the apoptosis of cancer cells in the tumour tissue after
treatment by RuPC@ICG liposomes in the presence of NIR
irradiation, whereas treatment with RuPC@ICG liposomes and
RuA,D-P + NIR only caused limited cell death in the tumour
tissue (Fig. 5G). Although the literature describes the anti-
cancer effect of ruthenium complexes as a metallodrug
effect,>>>° the effect is not pronounced in this work. The inhi-
bition of tumour growth should mainly originate from the PTT
effect, possibly synergized with the PDT effect of ICG. Finally,
the safety of RUPC@ICG was examined through H&E, which
proved that no serious cytoarchitectural alterations, pathologi-
cal changes, or organ damage was observed in the major
organs like kidney, lung, spleen, liver and heart (Fig. 5H).

Conclusions

In conclusion, we synthesized an amphiphilic ruthenium
complex containing two alkyl chains and being PEGylated via
a benzoic-imine linkage, which was used as an oxygen sensi-
tive fluorescent probe to co-assemble with phosphatidyl-
choline for the preparation of theragnostic liposomes with the
encapsulation of PTT agent ICG-PEG. The harvested
RuPC®ICG is tumour pH, responsive and is able to interact
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with cancer cells through membrane fusion, simultaneously
binding the ruthenium complex amphiphile in the cell mem-
brane and delivering ICG-PEG into the cytoplasm. Through
such a pathway, the RuPC@ICG liposomes favourably accumu-
lated at the tumour site of the mouse model. Early-stage
tumour diagnosis could be thus performed using a ratiometric
imaging technique to distinguish the tumour location from
normal tissues. Furthermore, the detected solid tumour could
be treated with NIR irradiation for photothermal therapy,
which efficiently limited the tumour growth while resulting in
no side effects on other organs. Our work provides a facile
method for the future development of theragnostic liposomal
systems based on photoluminescence imaging and photother-
apeutic methodologies.
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