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Phototherapy shows great potential for pinpoint tumour treatment.
Heptamethine cyanine dyes like IR783 have high potential as agents
for antitumour phototherapy due to their inherent tumour targeting
ability, though their effectiveness in vivo is unsatisfactory for clinical
translation. To overcome this limitation, we present an innovative
strategy involving IR783-based polymeric nanoassemblies that
improve the dye’s performance as an antitumoural photosensitizer.
In the formulation, IR783 is modified with cysteamine and used to
initiate the ring-opening polymerization (ROP) of the N-carboxy-
anhydride of benzyl-L-aspartate (BLA), resulting in IR783-installed
poly(BLA). Compared to free IR783, the IR783 dye in the polymer
adopts a twisted molecular conformation and tuned electron orbital
distribution, remarkably enhancing its optical properties. In aqueous
environments, the polymers spontaneously assemble into nanostruc-
tures with 60 nm diameter, showcasing surface-exposed IR783 dyes
that function as ligands for cancer cell and mitochondria targeting.
Moreover, the nanoassemblies stabilized the dyes and enhanced the
generation of reactive oxygen species (ROS) upon laser irradiation.
Thus, in murine tumor models, a single injection of the nanoassem-
blies with laser irradiation significantly inhibits tumour growth with no
detectable off-target toxicity. These findings highlight the potential
for improving the performance of heptamethine cyanine dyes in
antitumor phototherapy through nano-enabled strategies.

Introduction

Phototherapy is an exceptional non-invasive treatment for
tumours, offering precise control over cytotoxic effects by
regulating external light irradiation."* The success of photo-
therapy largely depends on photosensitizing molecules that
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New concepts

Our research presents an innovative approach to antitumor phototherapy
by enhancing the efficacy of heptamethine cyanine dyes, exemplified by
IR783, through the use of nanoassemblies. The uniqueness of our
concept is evident in several key aspects, as follows: (i) by polymerizing
hydrophobic poly(amino acid)s from the meso-position of the dye, we
significantly improved the stability and ROS generation capacity of the
dyes. This was achieved through a unique process involving the twisting
of the molecular conformation and altering the electron orbital
distribution of the dyes without altering the chemical backbone of the
dye; (ii) the resulting poly(amino acid)s
nanostructures in water, presenting the negatively charged dyes on

self-assembled into

their surface. This design capitalizes on the dyes’ inherent targeting
capabilities toward cancer cells and their natural tropism to
mitochondria for intracellular delivery. Thus, a single injection of the
nanoassemblies is able to regress tumours after irradiation.

convert light into reactive oxygen species (ROS) for photody-
namic therapy (PDT) or heat for photothermal therapy (PTT).>”
Currently, several photosensitizers have been approved for
clinical treatment against different cancers.®'° However, these
photosensitizers present poor tumour selectivity and off-target
dark toxicity.* ' Heptamethine cyanine dyes are alternative
photosensitizer candidates with advantageous properties
including long absorbance wavelength (around the near-
infrared (NIR) range), high molar extinction coefficient and low
toxicity.''™* Notably, certain heptamethine cyanine dyes, such
as IR780, IR783 and IR808, exhibit intrinsic tumour targeting
capability due to their affinity for organic anion transporting
polypeptides (OATPs) overexpressed in various cancer cells,">™"”
which makes them compelling candidates for tumour-targeted
phototherapy. However, the heptamethine cyanine dyes have
significant drawbacks hindering their clinical translation,
including photobleaching upon irradiation due to the fragile
tricarbocyanine backbones, and inadequate ROS generation or
photothermal conversion to attain effective therapeutic
efficacy."®" Furthermore, these dyes display poor pharmaco-
kinetics with fast clearance from the body.?® Thus, solutions are
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highly demanded to aid the clinical translation of hepta-
methine cyanine dyes.

A few strategies have been proposed for improving the
performance of heptamethine cyanine dyes as photosensitizers for
effective tumour phototherapy. For example, structural modifica-
tions of the dye backbone offered opportunities to enhance the
photostability and improve the optical properties,”** and develop-
ing carrier systems loading the dyes helped to ameliorate the
pharmacokinetics.>*** However, altering the backbone structure
has risks to diminish the intrinsic tumour-targeting ability of these
dyes, since the structure-activity relationship of the tumour-
targeting ability has not been clarified yet,”> and encapsulating the
dyes into delivery systems would mask the dye-mediated tumour-
targeting. Thus, strategies that can improve the optical properties
and pharmacokinetics without diminishing the inherent tumour
targeting capability of heptamethine cyanine dyes are required.

Herein, we devised an innovative approach employing
IR783-based polymeric nanoassemblies to augment the PDT
performance without altering the backbone structure of the
dye molecule. In the polymer, the N-carboxy anhydride of
benzyl-i-aspartate (BLA) was polymerized from the meso-
chlorine position (Scheme 1A). The introduction of the
poly(BLA) (pBLA) block twists the molecular conformation of
IR783 and enhances the intramolecular charge transfer (ICT), as
predicted in our in silico models, which can potentiate the ROS
generation and enhance the photostability.”>**">% Moreover, the
hydrophobicity and helical structure of the pBLA block can
enable the assembly of the polymers into nanostructures>*>°
for further enhancing the non-radiative energy conversion and
facilitate the uptake by tumour cells (Scheme 1B). Our results
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Scheme 1 Schematic illustration of material synthesis and the formation
of a polymeric nanoassembly. (A) Synthesis route of the materials. IR783 was
firstly reacted with cysteamine to introduce the active thiol into the molecule.
The IR783-cysteamine derivative then initiated the N-carboxyanhydride (NCA)-
mediated ROP reaction to generate the polymer (IR783-pBLA). (B) The IR783-
pBLA polymers self-assemble to form IR-PA nanoparticles in an agueous
environment by hydrophobic interactions, which are further stabilized by the
negative surface charge and the helical structure of the pBLA block.
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showed that the polymers assembled into nanoparticles (IR-PA)
with around 60 nm diameter in aqueous conditions with the
IR783 moieties exposed on the surface. The IR-PA achieved high
and selective tumour accumulation upon systemic injection in a
mouse model, and demonstrated effective PDT against CT26
tumours after a single intravenous (i.v.) injection and light
irradiation. This formulation serves as a unique paradigm for
improving the performance of heptamethine cyanine dyes as
photosensitizers for antitumour phototherapy.

Results and discussion

Synthesis, characterization, and theoretical computation of the
materials

By mixing IR783 with cysteamine, the meso-chloride of IR783 was
preferentially  substituted by amines wvia nucleophilic
substitution®** (Scheme 1A). Confirmation of the successful
substitution was conducted by time-of-flight mass spectrometry
(TOF-MS). The resulting product, namely IR783-cysteamine,
exhibited a distinct peak at m/z = 766.3 (Fig. S1B, ESI{), contrast-
ing with the unmodified IR783 molecule that displayed a peak at
m/z = 725.3 (Fig. S1A, ESIt). Moreover, IR783-cysteamine showed
an absorption peak around 650 nm (Fig. S2, ESI{), indicating the
replacement of the meso-chloride by the amine of cysteamine.>'
Subsequently, the thiol presented in IR783-cysteamine was used
to initiate a ring-opening polymerization (ROP) reaction with N-
carboxyanhydride of benzyl-t-aspartate (BLA-NCA) to generate the
pBLA polymer.**?® The final product, termed IR783-poly(f-
benzyl-i-aspartate) (IR783-pBLA), was characterized by 'H-NMR
(Fig. S3, ESIt). By comparing the areas of the peak from -CH- on
the IR783 moiety (6 ~ 7.9 ppm) and the peak from -CH- on the
backbone of the pBLA block (0 &~ 4.6 ppm), the average degree of
polymerization (DP) of the pBLA block was calculated to be 17.

Theoretical computations were performed to explore the
conformational and electronic structures of the molecules under
investigation. The thermodynamically optimal conformations of
the molecules were determined (Fig. 1A). Notably, while IR783
exhibited a nearly planar structure, the introduction of cystea-
mine and the pBLA block altered the optimal conformation of
the molecule backbone. In particular, in IR783-pBLA, the incor-
poration of the pBLA block induced a highly twisted molecule
conformation. Such highly twisted conformation could reduce
the n-n stacking between the molecules and elevate the excited-
state intramolecular motion.”>?® Furthermore, the presence of
the pBLA block significantly modulated the electron distribution
in the molecule (Fig. S4, ESIt). Compared to IR783 and IR783-
cysteamine, IR783-pBLA exhibited a smaller HOMO-LUMO gap,
which can enhance the non-radiation decay rate.*> Moreover,
HOMO and LUMO of IR783-pBLA showed heightened discre-
pancy in the spatial distribution, confirming the enhanced ICT
effect, which can facilitate ROS generation.”®™>

Preparation and characterization of IR-PA

In the IR783-pBLA polymer, the IR783 moiety is hydrophilic
and has negative charges from the sulfonates, while the pBLA

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nh00584d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 mars 2024. Downloaded on 7.11.2025 03:46:33.

(cc)

View Article Online

Nanoscale Horizons Communication

A IR783 IR783-cysteamine IR783-pBLA

Top view

B ’ C :
5 0 2T water
— pH74 ——  water/DMSO=1:1
— pHB6.5 2 1.0-{— DMSO
- — S 5 2
£ 10 PH50 | 2 3 08+
% ‘_.é.’ -104 § 0.6 PBS(pH7.4) PBS(pH6.5) RPMI
5 (9] B
£ 51 ] £ 04
n> 15 5
Z 0.2
0 T -20 T T T 0.0 m Fluorescence
1 10 100 1000 10000 pH7.4 pH6.5 pHS5.0 400 500 600 700 800 900
Size (nm) Wavelength (nm)
F G H |
- 1.2 — IR783-cysteamine (before) 1.2
3 8 8. | IR783-cysteamine (after)
= £ 1.0 L g 107 —~ IRPA (before)| 107
Ee] Ee] [ Ny 0 = IR-PA (after)
] c 0.8 S 0.8 /N 0.8
& & - 8 \ &
© © © / \
0.6 0.6 / 0.6
B B |— NA | 8 SN \ <
% % 0.4 IR783-cysteamine T % 0.4 N/ \ 0.4
g E | IR-PA £ / — IRPA
<] S 0.2-— IR783-cysteamine+laser S 0.2/ 0.2-— |R783-cysteamine|
<z = — IR-PAtlaser z RN
T T T 0.0 T T T 0.0 T T T p——— 0.0 T T T
400 440 480 520 0 5 10 15 20 500 600 700 800 900 0 5 1015202530
Wavelength (nm) Time (min) Wavelength (nm) Time (min)

Fig. 1 Characterization of IR-PA. (A) Thermodynamically optimal conformation of the IR783-derivative materials. (B) Representative histogram showing
the hydrodynamic size distribution of IR-PA in aqueous solution. (C) {-Potential of IR-PA in aqueous buffer with different pH. Data shown as mean + S.D.,
n = 3. (D) Representative fluorescence emission spectra of IR-PA in different solvents. The emission intensities are normalized to the maximal emission
intensity of IR-PA in DMSO. (E) Representative fluorescence image of IR-PA samples dispersed in different solvents. (Excitation filter: 640 nm, emission
filter: 780 nm). (F) Representative absorbance spectra of 1,3-diphenylisobenzofuran (DBPF) incubated with IR-PA after irradiation with a 633 nm laser for
different times. (G) ROS generation efficiency from IR783-cysteamine or IR-PA reflected by the absorbance intensity of DBPF at 430 nm after different
treatments. Data shown as mean £ S.D., n = 3. (H) Absorbance spectra of IR783-cysteamine (black lines) and IR-PA (red lines) before (solid lines) and after
(dashed lines) 30 min irradiation with a 633 nm laser. (I) Relative absorbance at 660 nm of IR783-cysteamine or IR-PA after irradiation with a 633 nm laser
for different times. Data shown as mean + S.D., n = 3.

block is hydrophobic with a helical structure. Thus, it was exhibited increased light scattering intensity in dynamic laser
anticipated that the IR783-pBLA would undergo self-assembly scattering (DLS) measurement as the water fraction in the
in aqueous conditions (Scheme 1B). We firstly investigated solvent increased (Fig. S5, ESIt), indicating the formation of
the aggregation behaviour of the IR783-pBLA polymer in vary- aggregates. Subsequently, purified IR-PA nanoparticles were
ing water/DMSO ratios. The sample containing IR783-pBLA prepared by dialyzing IR783-pBLA DMSO solution against
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aqueous buffer for complete solvent exchange. The prepared IR-
PA showed narrow size distribution, consistently maintaining an
average hydrodynamic diameter of around 60 nm across different
PHs, ranging from pH 5.0 to pH 7.4 (Fig. 1B). Furthermore, the
nanoparticles displayed a negative surface charge ({-potential <
—10 mV) (Fig. 1C), indicating the exposure of IR783 moieties
on the particle surface. Such exposure could enhance the tumour-
targeting capability through the OATP-mediated cellular
uptake.”> "’

In aqueous conditions, the IR-PA manifested as a cyan-blue
solution with a maximal absorption wavelength at 660 nm
(Fig. S6, ESIT). The fluorescence emission peak of IR-PA centred
around 770 nm, and its emission intensity demonstrated a
significant correlation with the solvent (Fig. 1D and E). While
strong fluorescence was observed from IR-PA in DMSO, a
moderate emission was detected in water-based solvents, such
as PBS buffer and RPMI cell culture medium (Fig. 1E). More-
over, the addition of surfactants or heating amplified the
fluorescence emission of IR-PA in the aqueous system (Fig.
S7, ESIt), confirming that the reduction of fluorescence emis-
sion intensity was due to intermolecular quenching. Moreover,
the Stokes shift of IR-PA (~110 nm) was notably larger than
that of IR783-cysteamine (~54 nm) and Cy5 (~19 nm)
(Table S1, ESIt). This discrepancy serves as evidence supporting
the existence of an enhanced ICT mechanism in IR783-pBLA,
which resulted from its twisted molecular structure and tuned
molecular orbital.*”° In comparison with the small molecular
IR783-cysteamine, IR-PA exhibited a higher molar extinction
coefficient and a lower fluorescence quantum yield (Table S1,
ESIt), indicating a stronger non-radiative energy decay post
light excitation. Subsequent evaluation aimed to specify the
energy conversion pathway through assessing photothermal
conversion and ROS generation upon irradiation of the sam-
ples. Surprisingly, neither IR783-cysteamine nor IR-PA demon-
strated significant photothermal conversion under 633 nm
laser irradiation, displaying similar temperature profiles to
PBS even at a high concentration (20 uM) (Fig. S8, ESIt). Next,
the ROS generation from the samples under 633 nm laser
irradiation was evaluated by a 1,3-diphenylisobenzofuran
(DBPF) probe. After incubation with IR-PA, the absorbance
peak of DBPF at 430 nm significantly decreased (Fig. 1F),
indicating the generation of ROS that oxidized DBPF to diminish
its absorbance. Moreover, compared with IR783-cysteamine,
IR-PA showed more effective ROS generation (Fig. 1G), indicated
by the faster decay of the absorbance of DBPF at 430 nm. Finally,
the photostability of the IR-PA and IR783-cysteamine was
assessed. Upon irradiation by a 633 nm laser, IR783-cyste-
amine displayed a clear photobleaching, with a notable decrease
in absorbance around 660 nm and a shift in maximal absor-
bance wavelength to 540 nm (Fig. 1H). Additionally, the colour of
the IR783-cysteamine changed from cyan blue to pink (Fig. S9,
ESIY). In contrast, IR-PA exhibited improved photostability. Even
after 30 min irradiation by the laser, the absorbance at 660 nm
(Abseeo) of IR-PA only dropped to around 0.85 of the initial value,
while the Absgeo of IR783-cysteamine dropped below 0.4 of the
initial value (Fig. 1I). This enhanced photostability resulted from
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the formation of the nanoassembly, which may restrict the
conformation change of the backbone of IR783 during potential
oxidation.*® This hypothesis was confirmed by investigating the
photostability of IR783-pBLA in DMSO, where it cannot form IR-
PA. The results showed that the free polymers have comparable
photostability to IR783-cysteamine (Fig. S10, ESIT). In summary,
IR-PA demonstrated superior ROS generation ability and photo-
stability compared to small molecule IR783-cysteamine, which
could benefit the phototherapy performance.

In vitro performance of IR-PA

The cellular uptake behaviour of IR-PA was studied in CT26
cells. Compared to the small molecular IR783-cysteamine, IR-
PA exhibited enhanced cellular uptake by CT26 cells (Fig. 2A).
To elucidate the uptake mechanism of IR-PA, cells were tested
with different treatments, including chlorpromazine (clathrin
inhibitor), methyl-B-cyclodextrin (caveolae-mediated endocyto-
sis inhibitor), amiloride (macropinocytosis inhibitor), free
IR783 (competitive inhibition on OATPs), and low temperature
(4 °C). As a result, methyl-B-cyclodextrin, free IR783 and low
temperature significantly reduced the uptake of IR-PA by CT26
cells (Fig. 2B), confirming that the uptake of IR-PA relies on
energy-dependent  OTAPs-mediated transportation and
caveolae-mediated endocytosis.

The subcellular distribution of IR-PA upon uptake was then
investigated by microscopy observation (Fig. 2C). The fluores-
cence signal of internalized IR-PA (red pixels) displayed robust
co-localization (R*> = 0.92) with the staining of MitoTracker
Green (green pixels). This suggests the capability of IR-PA to
target mitochondria, which is advantageous for photodynamic
therapy due to the sensitivity of mitochondria to ROS."'®*"*>
Subsequently, the intracellular ROS generation induced by IR-
PA was evaluated. Upon treatment with IR-PA and subsequent
laser irradiation, intense green fluorescence from the activated
CM-H2DCFDA probes was detected in CT26 cells (Fig. 2D), con-
firming the efficient ROS generation inside the cells. Moreover, in
comparison to IR783-cysteamine, the cells treated with IR-PA
exhibited a higher ROS signal (Fig. 2E). This heightened signal
can be ascribed to the stronger ROS generation capacity and
augmented cellular uptake of IR-PA. Conversely, in all the groups
without laser irradiation, no substantial ROS signal was detected,
validating that ROS generation occurred solely through the photo-
dynamic mechanism. Consequently, IR-PA showed potent PDT
efficacy against CT26 cells, confirmed by viability staining (Cal-
cein/EthD-1 staining). After incubation with IR-PA and subse-
quent laser irradiation, strong red fluorescence signals (EthD-1
staining) were observed, referring to dead cells (Fig. 2F and G).

While IR783-cysteamine treatment also induced cell death
upon laser irradiation, the resulting red cells/green cells num-
ber ratio was lower than that of IR-PA + laser treatment,
indicating a comparatively lower photodynamic therapy effi-
cacy. For a more accurate quantification of the cytotoxicity, a
CCK-8 kit was used to evaluate the cell viability after treatment
(Fig. 2H). The result corroborated the superior cytotoxic effect
of IR-PA over equivalent IR783-cysteamine upon laser irradia-
tion. Furthermore, no cytotoxicity was observed in any group

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 In vitro performance of IP-PA. (A) Cellular uptake of IR783-cysteamine and IR-PA after incubation with CT26 cells for 6 h. Data shown as mean +
S.D., n = 3. The values are compared via unpaired t-test. **p < 0.002. (B) Cellular uptake of IR-PA in CT26 cells after different treatments. Data shown as
mean £ S.D., n = 3. The values are compared with the non-treated group via one-way ANOVA. **p < 0.002, *** p < 0.0002. (C) Representative
fluorescence images of CT26 cells after incubating with IR-PA for 6 h (red: IR-PA, green: mitochondria stained by MitoTracker, yellow: pixels with co-
localized red and green colours). Scale bar = 20 pm. Quantitative co-localization analysis of red and green signals is performed by correlation regression
between red and green intensities shown in the scatterplot at the upper right corner. Qualitative co-localization analysis is visualized by the plot profile
(lower right corner) along the direction of the white arrow in the microscopic image. (D) Representative fluorescence images of CT26 cells incubated
with CM-H2DCFDA probes after different treatment (green: activated CM-H2DCFDA probes indicating generated ROS). Scale bar = 100 um. (E) Mean
green fluorescence intensity from the images in (D). Data shown as mean + S.D., n = 3. The values are compared via unpaired t-test. **p < 0.002, *** p <
0.0002. (F) Live/dead (calcein/EthD-1) cytotoxic assay staining of CT26 cells after different treatments (green: calcein staining indicating living cells, red:
EthD-1 staining indicating dead cells). Scale bar = 100 um. (G) Quantified result showing the dead cell percentage from the experiment presented in
Fig. 2D. Data shown as mean + S.D., n = 4. The values are compared via unpaired t-test. *o < 0.03, *** p < 0.0002. (H) Cytotoxicity of different
treatments measured by CCK-8 kit with CT26 cells. Data shown as mean £ S.D., n = 3. The values are compared via unpaired t-test, **p < 0.002,
**** p < 0.0001

without laser irradiation, confirming the biocompatibility of
the materials.

retention in the liver, which is reasonable considering that
60 nm of IR-PA could lead to sequestration in the liver.**™** On
the other hand, IR-PA displayed a stronger fluorescence signal

In vivo performance of IR-PA within the tumour in comparison to other major organs. These

We firstly evaluated the in vivo intratumoral accumulation after
systemic (i.v.) injection of IR-PA in a subcutaneous (s.c.) CT26
tumour model. The imaging results revealed detectable fluores-
cence signals from the tumour area after injection, with an
observed time-dependent increase in the intratumoral fluores-
cence intensity (Fig. 3A and B). This intratumoral accumulation
of IR-PA was further confirmed by ex vivo fluorescence imaging
of the excised tissue samples (Fig. 3C). IR-PA also exhibited

This journal is © The Royal Society of Chemistry 2024

results confirmed the effective accumulation of IR-PA within
the tumour, which is a characteristic necessary for enhancing
the in vivo efficacy of PDT. As previous studies have shown that
IR-783 can enhance the accumulation in tumours after binding
with albumin,?® we checked if IR-PA can associate non-covalently
with albumins for improving its pharmacokinetics and accumu-
lation in tumours. The study was done by measuring the UV-vis
absorbance spectra of IR783-cysteamine and IR-PA in aqueous
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Fig. 3 Tumour-targeted accumulation and PDT efficacy of IR-PA upon i.v. injection. (A) Representative in vivo fluorescence images of a mouse bearing a
CT26 tumour after i.v. injection of IR-PA. The tumour area is marked by the dotted circle. (B) Quantified fluorescence intensities from the tumour area ata
determined time after injection. Data are plotted as the mean + S.D., n = 3. (C) Representative ex vivo fluorescence image of tissue samples (main organs
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on day 12 post inoculation. (E) Quantified percentage of the apoptotic/necrotic area in the TUNEL assay results. Data are plotted as the mean +S.D., n =
4. Results in different groups were via one-way ANOVA analysis. **** p < 0.0001. (F) Average tumour volume after different treatments. Data are plotted
as the mean + SEM, n = 6. The curves stopped on day 14 post inoculation when the first tumour exceeding 1000 mm? appeared. The average tumour
volumes of different groups on day 14 were compared via one-way ANOVA analysis. **** p < 0.0001. (G) Survival curves of the animals during
the experiment. Mice were euthanized when the tumour exceeded 1000 mm?® and counted as dead. The curves were compared via log-rank analysis.

*** p < 0.0002.

buffer with or without BSA (Fig. S11, ESIt). The results showed
that free IR783-cysteamine interacted with albumin and its
spectrum showed a red-shift, whereas IR-PA did not show a
significant change in its spectrum in the presence of albumin,
suggesting that IR783 on IR-PA is not interacting with BSA. Thus,
the interaction of IR-PA and albumin can be excluded as a
mechanism of tumour accumulation. Considering that IR-PA
has 60 nm diameter and presents the IR-783 dye on its surface,
the effective accumulation of IR-PA in tumours could be attrib-
uted to both the enhanced permeability and retention (EPR)
effect*®™*® and the OTAP-mediated cellular uptake.">”

The therapeutic efficacy of IR-PA was subsequently assessed
in the CT26 tumour model. In the treatment group, the mice
received intravenous (i.v.) injections of IR-PA, followed by laser
irradiation to the tumours 16 h post-injection. Clearly, the
tumours in the treatment group exhibited strong necrosis
(Fig. 3D), while there were no discernible changes in tumour
morphology observed in the other groups. To further validate
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the impact of the treatment on the tumours, histological
analysis was conducted. H&E staining of the tumour sections
revealed large damage in the group treated with IR-PA and laser
irradiation, a pattern not observed in other groups. Addition-
ally, TUNEL assay results exhibited robust apoptosis/necrosis
signals within tumours treated with IR-PA and laser irradiation
(Fig. 3E), indicating the successful PDT within the tumours.
Thus, IR-PA + laser irradiation treatment remarkably inhibited
the tumour growth (Fig. 3F) and extended the survival time of
the animals (Fig. 3G). Conversely, no significant differences
were observed among the other groups.

No treatment-associated toxicity was detected throughout
the experiment. Animals across all groups displayed a similar
trend in body weight change (Fig. 4A). A more quantitative
evaluation was performed by measuring the blood biomarkers
associated with liver and kidney damage (Fig. 4B-E), but no
significant difference could be determined between any two
groups. Even in the liver, despite the high accumulation of IR-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Toxicity analysis of IR-PA-based phototherapy. (A) Curves showing the average bodyweight change of animals in different groups during the
phototherapy experiment. Data are plotted as the mean + S.D., n = 6. The values on day 14 were compared via one-way ANOVA but no significance was
found among any groups. (B)—(E) Blood test results detecting the corresponding organ damage-associated biomarkers. Blood samples were collected on
day 12 post inoculation. Data are plotted as the mean + S.D., n = 6. The values were compared via one-way ANOVA, but no significance was found
among any groups. (F) Representative images of liver sections with H&E staining. The liver samples were collected on day 12 post inoculation. Scale bar =

200 pm.

PA, no toxicity was observed in both blood tests (Fig. 4B and C)
and histological analysis (Fig. 4F). Moreover, H&E staining
images of all other organs displayed no pathological changes
(Fig. S12, ESIT). Hence, IR-PA demonstrated efficient and safe
photodynamic therapy against CT26 tumours, as evidenced by
its notable therapeutic effects without inducing observable
toxicity in the experimental animals.

Conclusions

In this study, we introduced an innovative IR783-initiated poly-
mer material capable of self-assembling into nanoparticles
within an aqueous environment. These particles exhibited high
efficacy in PDT and demonstrated remarkable photostability. In
CT26 tumours, these nanoparticles efficiently accumulated in
the tumour upon systemic administration. Following a single
injection coupled with laser irradiation, the particles induced
apoptosis/necrosis of the tumour cells and effectively impeded
tumour growth. Overall, the formulation presented in this study
holds promise as an advantageous photosensitizer with high
potential for future translation and represents an innovative
strategy to enhance heptamethine cyanine dyes for therapeutic
application. Furthermore, this formulation can potentially serve
as a tumour-targeted nanocarrier with drug payloads loaded
inside to conduct combination therapy with PDT.

Materials and methods

Materials

IR783 (sodium salt), triethylamine (TEA), ethyl acetate, and 1,3-
diphenylisobenzofuran (DPBF) were purchased from Tokyo
Chemical Industry Co., Ltd (Tokyo, Japan). N,N-Dimethyl-
formamide (DMF), diethyl ether, dimethyl sulfoxide (DMSO),
RPMI 1640 (RPMI) medium, fetal bovine serum (FBS), bovine

This journal is © The Royal Society of Chemistry 2024

serum albumin (BSA), penicillin-streptomycin (x100) and opti-
mal cutting temperature compound (O.C.T compound) were
purchased from Fujifilm Corporation (Tokyo, Japan). Cystea-
mine hydrochloride, chlorpromazine, amiloride, and methyl-f-
cyclodextrin (MBCD) were purchased from Sigma-Aldrich (Bur-
lington, USA). B-Benzyl-t-aspartic acid N-carboxyanhydride
(BLA-NCA) was purchased from Chuo Kasei Co., Ltd (Osaka,
Tokyo). RIPA cell lysis buffer, MitoTracker Green FM, the CM-
H2DCFDA probe and the live/dead viability/cytotoxicity kit were
purchased from Thermo Fisher Scientific Inc. (Waltham, USA).
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Laboratories Co., Ltd (Kumamoto, Japan). The hematoxylin
and eosin (H&E) staining kit and TUNEL assay kit were pur-
chased from Abcam Inc. (Cambridge, UK).

Cell lines and animals

Murine colon carcinoma cell line CT26 was obtained from
RIKEN BioResourse Research Centre (Tsukuba, Japan). If not
specified, the cells were cultured in RPMI containing 10% FBS
and 1% penicillin-streptomycin with 5% CO, at 37 °C. BALB/c
mice were purchased from Charles River Laboratories Japan,
Inc. (Yokohama, Japan). All animal experiments in this study
were approved by the Animal Ethics Committee of The Uni-
versity of Tokyo and conducted following the Guidelines for the
Care and Use of Laboratory Animals of The University of Tokyo
and the Law for the Humane Treatment and Management of
Animals of Japan.

Synthesis and characterization of materials

The synthesis route of the materials is shown in Scheme 1A.
IR783 was firstly reacted with cysteamine through nucleophilic
substitution of the meso-chlorine on IR783 by the amines of
cysteamine.”' "%’ Briefly, IR783 (0.75 g, 1 mmol) and cysteamine
hydrochloride (0.017 g, 1.5 mmol) were dissolved in DMF (10
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mL). TEA (0.4 mL, 3 mmol) was added to the mixture solution.
The solution was kept stirring under 25 °C for 12 h and
precipitated against ethyl acetate (200 mL). The product,
IR783-cysteamine, was collected by filtration. The IR783-
cysteamine was characterized by time-of-flight mass spectro-
scopy (TOF-MS) with an ESI source (ESI-TOF MS micro TOF;
Bruker, USA).

Next, NCA ring-opening-polymerization (ROP) was per-
formed by using IR783-cysteamine as the initiator.>**® IR783
(0.77 g, 1 mmol) and BLA-NCA (5 g, 20 mmol) were dissolved in
anhydrous DMF (10 mL). The solution was kept reacting under
35 °C for 48 h in an Ar atmosphere and then precipitated
against diethyl ether. The product, namely IR783-poly(f-benzyl-
L-aspartate) (IR783-pBLA), was collected by filtration. The
IR783-pBLA was characterized by "H-NMR in dg-DMSO under
80 °C (NMR ECS-400; JEOL, Japan).

Theoretical computation was performed to investigate the
molecular structures of the materials by Gaussian software. In
the case of IR-pBLA, simplification was conducted by short-
ening the pBLA block into 3 BLA units to facilitate the compu-
tation. All the molecular structures were optimized by the
Gaussian 16 QM modelling package with the B3LYP/6-
31G(d,p) density functional theory (DFT) method.

Preparation and characterization of IR-PA

The aggregation behaviour of IR783-pBLA under different
DMSO/H,0 ratios was studied to confirm the self-assembly of
IR783-pBLA in an aqueous environment. IR783-pBLA was firstly
dissolved in DMSO at a concentration of 1 mg mL ™" to prepare
the stock solution. Subsequently, the stock solution was 10x
diluted into DMSO/water mixtures with different water volume
fractions and vigorously stirred under 25 °C for 1 h. The well-
mixed samples were measured by dynamic light scattering
(DLS) using a 532 nm laser with 173° backward detection angle
(Zetasizer Nano-ZS; Malvern, UK). The derivative count rate of
each sample was recorded.

To prepare IR-PA, the IR783-pBLA polymer was dissolved in
DMSO (10 mg mL™ ") and further 10x diluted into pure water
with vigorous stirring. The diluted solution was then dialyzed
against water or 10 mM phosphate buffer with different pHs to
remove the remaining DMSO. DLS measurement was con-
ducted to determine the size distribution of the samples. The
surface charge of the IR-PA was determined by (-potential
measurement (Zetasizer Nano-ZS; Malvern, UK). Absorbance
and emission spectra of the samples were determined by a
microplate reader (Spark; Tecan, Switzerland) with a quartz
plate. To investigate the fluorescence quenching mechanism,
the IR-PA water solution was added with 10% Triton X-100 or
heated up to 80 °C before measurement. For taking the fluores-
cence images of IR783-pBLA in different solvents, the samples
were added to a 96-well plate and imaged by an IVIS Spectrum
imaging system (SP-BFM-T1, PerkinElmer, USA) (excitation
filter: 640 nm, emission filter: 780 nm). The molar extinction
coefficients of IR783-cysteamine and IR-PA at 650 nm in water
solution were detected by comparing the absorbance of
the samples at 650 nm with equivalent Cy5 as a standard.*’
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The molar extinction coefficients of the samples were calcu-
lated by the following equation.

8Cy5ASampIe
ACyS

Esample =

where ¢ is the molar extinction coefficient of the corresponding
sample, and A is the absorbance at 650 nm of the corres-
ponding sample.

The fluorescence quantum yield of IR783-cysteamine and
IR-PA in water solution was detected by comparing the fluores-
cence emission spectra of the samples with equivalent Cy5 as a
standard.>® The samples were excited by 620 nm light and the
emission spectra were recorded from 640 nm to 850 nm. The
fluorescence quantum yield of the samples was calculated by
the following equation.>”

(psamplc = @CySM
(CyS)A(sample)

where @ is the fluorescence quantum yield, F is the integrated

area under the emission spectra, and A is the absorbance at

620 nm.

The photothermal conversion efficiency of IR-PA and IR783-
cysteamine was evaluated in PBS. The samples (20 pM IR783
eq., 200 pL) were added into a 96-well plate and continuously
irradiated by 633 nm laser (300 mW cm ). The temperature of
the sample was tracked by an electronic thermometer (Lutron
TM-947SD; Lutron, Taiwan). Pure PBS was used for comparison.
The ROS generation efficiency of IR-PA and IR783-cysteamine
was evaluated by a DPBF probe. IR-PA or IR783-cysteamine (5 pM
IR783 eq. in water) was incubated with DPBF (20 uM). Upon
irradiation by a 633 nm laser (300 mW cm ™ ?) for the determined
time, the absorbance spectrum (350-500 nm) of the sample was
measured by a microplate reader. The absorbance at 430 nm was
recorded for indicating the ROS generation.

For evaluating their photostability, IR-PA or IR783-
cysteamine water or DMSO solutions (5 pM IR783 eq.) were
irradiated by a 633 nm laser (300 mW c¢cm ™ ?) for the determined
time. The absorbance spectrum (450-900 nm) of the samples
was measured by a microplate reader and the absorbance
values at 660 nm were recorded to indicate the photostability.

To test the possible interaction between IR-PA and albumin,
the absorbance spectra (550-900 nm) of IR783-cysteamine or
IR-PA (20 pM) were measured in aqueous buffer with or without
BSA (20 uM).

In vitro performance of IR-PA

Cellular uptake of IR-PA was evaluated in CT26 cells. CT26 cells
were seeded into a 6-well plate (10° cells per well) and left for
overnight culture before the experiment. IR-PA (20 puM) was
then added to the culture medium. In comparison groups,
equivalent IR783-cysteamine was added. After 6 h incubation,
the culture supernatants were discarded, and the cells were
washed with PBS 3 times. RIPA cell lysis buffer was then added
into the wells (2 mL per well) and the cells were collected by a
scraper. The harvested cell lysates were sonicated for 1 h, then
centrifuged (10000g x 10 min) to collect the supernatants.

This journal is © The Royal Society of Chemistry 2024
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The absorbance of the supernatants at 650 nm was detected by
a microplate reader to indicate the cellular uptake. To deter-
mine the uptake mechanism, different treatments were
applied. In one experiment, cells were added with different
endocytosis inhibitors (20 puM chlorpromazine, 5 mM MfCD,
2 mM amiloride) and incubated for 1 h under 37 °C before
incubating with IR-PA (20 uM). In another experiment, the cells
were incubated in IR-PA together with 20 pM IR783 for compe-
titive inhibition. Additionally, the cells were also incubated
with IR-PA under 4 °C. After 6 h, the cells were harvested and
measured with the same protocol described above to determine
the cellular uptake.

The subcellular distribution of IR-PA upon internalization
was then evaluated. CT26 cells were seeded into an 8-well
chamber slide (5 x 10 cells per well) and left for overnight
culture before the experiment. IR-PA (5 uM) was added into the
culture medium. After 12 h incubation, the cells were washed by
PBS 3 times and stained by MitoTracker with the protocol
provided by the manufacturer. The cells were then imaged by a
confocal laser scanning microscope (LSM780; Zeiss, Germany)
(excitation laser: 488 and 633 nm; detection range: 495-520 nm
and 680-780 nm, respectively). Scatterplot-based co-localization
analysis of the two fluorescence channels was performed by Zen
software. Plot profile analysis was performed by Image ]
software.

The CM-H2DCFDA probe was used to evaluate the in vitro
ROS generation from IR-PA. CT26 cells were seeded into a 48-
well plate (10* cells per well) and left for overnight culture
before the experiment. IR-PA or equivalent IR783-cystamine (10
uM) was added into the culture medium. After 6 h incubation,
the culture supernatants were discarded and changed to PBS
containing 10 pM CM-H2DCFDA. After more 30 min incuba-
tion, the culture supernatants were again changed to clean PBS
and cells in the irradiation groups were irradiated with a
633 nm laser (300 mW cm ™ ?) for 15 min. Finally, the cells were
observed by a confocal laser scanning microscope (excitation
laser: 488 nm; detection range: 495-520 nm).

The cytotoxicity of IR-PA was firstly evaluated by live/dead
viability/cytotoxicity staining. CT26 cells were seeded into a 48-
well plate (10* cells per well) and left for overnight culture
before the experiment. IR-PA or equivalent IR783-cystamine
(10 pM) was added into the culture medium. After 6 h incuba-
tion, the culture supernatants were discarded and changed to
fresh medium. In the irradiation groups, cells were irradiated
with a 633 nm laser (300 mW cm™?) for 15 min. After more 24 h
incubation, the cells were stained with a live/dead viability/
cytotoxicity kit with the protocol provided by the manufacturer,
then observed by a confocal laser scanning microscope (excita-
tion laser: 488 and 514 nm; detection range: 495-510 nm and
600-620 nm, respectively). The images were analysed by Image J
software to quantify the number of cells stained with red
fluorescence and green fluorescence. A more quantitative cyto-
toxicity evaluation was performed by using CCK-8 kit. CT26
cells were seeded into a 96-well plate (5 x 10> cells per well) and
left for overnight culture before the experiment. IR-PA or
equivalent IR783-cystamine (10 uM) was added into the culture
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medium. After 6 h incubation, the culture supernatants were
discarded and changed to fresh medium. In the irradiation groups,
cells were irradiated with a 633 nm laser (300 mW cm™?) for
15 min. After more 24 h incubation, the cell viability was measured
by CCK-8 kit with the protocol provided by the manufacturer.

Pharmacokinetics of IR-PA

BALB/c mice (female, 6 weeks old) were subcutaneously (s.c.)
inoculated with CT26 cells (107 cells suspended in 100 uL RPMI)
at the lower abdomen. The experiment was conducted on day 15
post inoculation. IR-PA (100 pg dispersed in 200 pL PBS) was
intravenously (i.v.) injected into mice via the tail vein. After
determined time points, the mice were anesthetized by 2.5%
isoflurane air flow and imaged by an IVIS spectrum imaging
system (excitation filter: 640 nm, emission filter: 780 nm). The
fluorescence emission intensity from the tumour area was
recorded. After 16 h upon injection, the mice were sacrificed,
and tissue samples (organs and tumours) were collected for
ex vivo imaging by the IVIS spectrum imaging system.

Therapeutical efficacy and toxicity evaluation of IR-PA

BALB/c mice (female, 6 weeks old) were s.c. inoculated with
CT26 cells with the same protocol described in Section 2.5. On
day 7 post inoculation, the mice were randomized into 4
groups. IR-PA (100 pg dispersed in 200 pL PBS) or PBS
(200 pL) were intravenously (i.v.) injected into the mice of the
corresponding groups via the tail vein. For the irradiation
groups, the mice were anesthetized by 2.5% isoflurane air flow
16 h post injection and the tumours were irradiated by a
633 nm laser (1000 mW c¢cm™?) for 20 min. The tumour size of
each individual mouse was tracked by calliper measurement.
The tumour volume was calculated with the following formula.
y_Lx w2
2

L and W are the length and width of the tumour, respectively.
The bodyweight of each individual mouse was also recorded
during the experiment. The mice were euthanized after the
tumour volume exceeded 1000 mm?®.

Representative tumour samples and organs were harvested
from the mice on day 12 post inoculation. The tissues were
embedded in O.C.T. compound and frozen in hexane under
—90 °C, then sliced by a cryostat (CM1950; Leica Biosystems,
Germany) into 10 pm thick sections. The tumour sections were
stained by a H&E staining kit and TUNEL assay kit with the
protocol provided by the manufacturer. The organ sections
were stained by a H&E staining kit. The stained sections were
observed by a brightness field microscope (BZ-X; Keyence
Corporation, USA). To quantify the TUNEL assay results, micro-
scopy pictures were analysed by Image ] software with an THC
profiler plugin to specify the apoptotic/necrotic area and calcu-
late the area percentage of the apoptotic/necrotic part in each
picture.*! For each treatment group, four independent pictures
were analysed. Blood samples (150 puL) were collected from all
mice on day 12 by capillary tubes via the orbital vein. The
samples were coagulated by placing under 25 °C for 20 min,
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then centrifuged (10000g x 10 min) to collect the serum.
Toxicity markers (total protein, TP; alanine transaminase,
ALT; blood urea nitrogen, BUN; creatinine, CRE) in the serum
samples were measured by a blood chemistry analyser (DRI-
CHEM NX700; Fujifilm, Japan).

Statistical analysis

All the statistical analyses in this study were performed by
GraphPad Prism software (Version 9.5.0). Analysis methods
were described in the corresponding content. Results were
defined as statistically significant when *p < 0.03, **p <
0.002 and *** p < 0.0002 and **** p < 0.0001.
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