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We report a supramolecular approach for preparation of
photostable NIR nanovesicles based on a cyanine dye derivative as
a photoacoustic (PA) contrast agent for high-performance nano-
imaging.

Supramolecular nanostructures have emerged as promising
materials for bioimaging.1 A variety of building blocks such as
n-conjugated dyes,2 ionic oligomers,3 amphiphilic polymers,4
and metal complexess, etc. were utilized for constructing
functional supramolecular contrast agents.6 The resulting self-
assembled nano-sized superstructures show enhanced tumor
sensitivity and specificity due to their increased accumulation
in tumor site by EPR effect.’ Long-term imaging gains
increasing attentions owing to its widely applications in
biology8 and medicine.® Photoacoustic tomography (PAT, also
called optoacoustic tomography) is a non-invasive bioimaging
technique that can generate real-time, high-resolution and 3D
reconstructive images.lo PAT contrast agents include inorganic
materials (e.g. carbon nanostructure,™ quantum dots'? and
gold nanoparticlesB), polymers (e.g. dendrimers'* and
semiconducting polymersmc) and organic molecules (e.g.
cyanine dyes,15 squaraine dyes,16 anthocyanin dyes17 and
porphyrinsls). So far, indocyanine green (ICG) was the only FDA
approved contrast agent outlined above. However, the poor
photo and chemical stabilities greatly hamper their utilization
in fundamental researches as well as clinic practices.19 In some
cases, the pharmacokinetics, biodistribution and metabolism
studies are required for quantitatively determining
physiological parameters of drug/contrast agents in vivo,”® as
well as guiding significance to clinical diagnosis and treatment.
The structural modification®®® 2! or physical dopinglga’ 22
approaches have been exploited for augmenting its stability.
Recently, our group has been focused on the construction of

% CAS Key Laboratory for Biological Effects of Nanomaterials and Nanosafety,
National Center for Nanoscience and Technology (NCNST), No. 11 Beiyitiao,
Zhongguancun, Beijing, China. E-mail: wanghao@nanoctr.cn

b University of Chinese Academy of Science (UCAS), No. 19A Yuquan Road, Beijing,
China

1 Electronic Supplementary Information (ESI) available: Experimental details;

Scheme 1; Table S1; and Fig S1-S12. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Hong-Wei An,”” Sheng-Lin Qiao,*” Chun-Yuan Hou,” Yao-Xin Lin,*® Li-Li Li,* Han-Yi Xie,” Yi Wang,*”

organic dye aggregates-based nanosystems for bioimaging.ze’ B

We have developed the J-type bis(pyrene) nanoparticles for
cellular imaging.24 More recently, we found that the
supramolecular strategy enable modulating squaraine dye's
optical property and stability to achieve high-performance
bioimaging.”®
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Scheme 1. Self-assembly of the bis-pyrene conjugated cyanine dye (BP-Cy) into a
vesicular nanoaggregates. a) Molecular structures of 1, 2, BP-Cy. b) The schematic
representation of BP-Cy and c) the self-assembled vesicular nanoaggregate of BP-Cy.

Herein, we introduced a bis(pyrene)-extended conjugated
cyanine dye (BP-Cy) for constructing a well-organized NIR absorbing
nanovesicles with superb chemical and photostability (Scheme 1).
Owing to the intrinsic structural characteristic, the cyanine dyes
preferentially  self-assembled into  lamellar or  tubular
superstructures.25 We tailored the m-scaffolds of cyanine dyes and
firstly reported their vesicular self-assembly without templates, to
the best of our knowledge.26 Interestingly, compared with the
monomer and analogue ICG molecules, the stable nanovesicles
show significantly improved PA signal intensity and half-life in vitro
and in vivo.

The hydrophobic unit bis(pyrene) 1 and NIR absorbable
cyanine 2 were synthesized in our lab (See Supporting Information).
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Subsequent facile etherification of the chloride-substituted cyanine
2 with bis(pyrene) 1 was accomplished to afford the BP-Cy (Scheme
la) in a 69 % vyield. The BP-Cy was purified by column
chromatography and the molecular structure was characterized by
'y NMR, MALDI-TOF, HR-Mass (See Supporting Information). The
BP-Cy consists of a bis(pyrene)-extended hydrophobic cyanine core
(shown green in Scheme 1b) with two hydrophilic carboxylic groups
on one side (shown in red in Scheme 1b). Molecularly dissolved BP-
Cy in CH,Cl, shows a main absorption band at 790 nm reflecting the
band gap of the S1 transition and an additional, less intense
absorption band in the blue region that can be ascribed to a higher
S2 transition (Figure 58).27 Compared to the compound 2, BP-Cy
exhibits similar absorption and emission wavelength, whilst
remarkably enhanced molar extinction coefficiency (¢ = 258000 M*
cm'l) and fluorescence quantum yield (24.6 + 0.3 %) in CH,Cl, (Table
S1), attributing to the introduction of large conjugated
bis(pyrene).ZSSimiIarIy, we studied that optical properties of BP-Cy
in various solvents and the results suggested that BP-Cy (10 puM)
dissolved in MeOH and DMSO in monomer state. When BP-Cy (10
uM) in DMSO was gradually changed to H,0, BP-Cy transformed
from monomeric to aggregated states (Figure S8a). The absorption
band becomes broader with a shoulder peak at longer wavelength
around 850 nm. Based on previous studies on perylene bisimides
aggregates by Wirthner's group.27‘ » Meanwhile, the fluorescence
of BP-Cy is dramatically quenched upon addition of water (Figure
S8b).
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that in the dry state were further observed by the atomic force
microscope (AFM). The solution sample of BP-Cy aggregates were
dropped cast on freshly cleaved mica surface and these flatten
hollow nanovesicles with the height of 11.1 + 2.3 nm and the
diameter of 191.6 + 33.2 nm were recorded (Figure 1d, e). The
significant shape changes on a hard substrate further confirms the
hollow structure of BP-Cy aggregates. In previous reports, the
vesicular cyanine dye based aggregates can only be observed in the
presence of surfactant by template-induced structural transition
effect.”® By conjugating large m-system of bis(pyrene) with strong
hydrophobicity, we constructed cyanine based vesicular
nanostructures through amphiphilic interactions without templates.
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Figure 1. Morphologies of BP-Cy nanoaggregates. a) TEM images of BP-Cy vesicles with
negative staining. The expansions indicate the thickness of the bilayer membrane and
the diameter of the vesicle in each case. b) SEM images of BP-Cy nanoaggregates. c)
Schematic space-filling model for the vesicle. d) AFM height images of BP-Cy
nanoaggregates incubated on freshly cleaved mica surface at room temperature for 20
min. e) Cross-section analysis along the dark line 1-1” in (d).
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Figure 2. a) Photostability of ICG, BP-Cy monomer and BP-Cy aggregate under
continuous illumination by 790 nm. b) The UV and PA spectra of BP-Cy aggregate in
H,0/DMSO (v/v = 99:1). c) The PA signal produced by BP-Cy aggregate (red line) and
ICG (blue line) was observed to be linearly dependent on the molecular concentration
(R*=0.99). d) The heating/cooling curves of BP-Cy and ICG solution for continuous 3

times. The energy input from lasers was 490 mW at 790 nm.

BP-Cy (10 uM) self-assembled into vesicular structures in
DMSO/H,0 mixed solution (v:v = 1:99), which was visualized by
transmission electron microscope (TEM) (Figure 1la and S9). The
diameter of these nanovesicles was 46.6 £ 6.0 nm and the thickness
of the wall was 4.2 + 0.7 nm, which corresponded to the length of
two molecules packed in a head-to-head fashion as depicted in
Figure 1c. Moreover, the BP-Cy aggregates were also observed by
scanning electron microscope (SEM), which showed uniform
nanoparticles in low magnification with a size of 59.9 £ 9.8 nm
(Figure 1b). The morphology of BP-Cy aggregates in situ instead of
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The photostability of BP-Cy aggregates in water was studied.
The UV-vis curves and PA signals of BP-Cy nanovesicles in water
kept unchanged under continuous excitation at 790 nm by UV2600
spectrometer for 180 min (Figure S10a) or laser irradiation by Multi-
Spectral Optoacoustic Tomography (MOST) for 60 min (Figure 2a),
respectively. As a sharp contrast, the UV-vis spectrum and PA
signals of BP-Cy monomers in THF dramatically decreased under the
same conditions. The attributed the enhanced stability of BP-Cy
aggregate to the well packed vesicular nanostructures constructed
by amphiphilic interactions of BP-Cy, which provided the relative
inert environment with reduced contact possibility with
surroundings (oxygen, solvent and etc.) and hindered photo
accelerated oxidation or dimerization degrade compare to small
molecules in solution.”®*° In addition, the BP-Cy was much more
stable than ICG molecules in water, both of which are cationic
polymethines and have the same length of the polymethine chains
(Figure S10a and 2a). Furthermore, the chemical stability of BP-Cy
were studied by temperature-dependent UV-Vis spectra and the
results suggested higher thermostability of BP-Cy than ICG at the
same condition (Figure S10b). The BP-Cy nanovesicles were also
stable in various biological environments, e.g., PBS with different
pH (Figure S10c) and cell culture media (DMEM containing 10%
fetal bovine serum and 1% penicillin-streptomycin) at 37 °C (Figure

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. PA imaging of BP-Cy incubated in cells. a) The normalized PA signal of ICG
(blue line) and BP-Cy aggregate (red line) cultured with MCF-7 breast cancer cells at 37
°C for 2 h and then subcultured for designated generations. b) The quantification of
normalized PA signals from the phantom images c) of ICG (black column) and BP-Cy
aggregate (red column) cultured MCF-7 breast cancer cells at 37 °C for 2 h with
different intervals. The concentration of ICG and BP-Cy were 10 pM in the study. All
data were repeated at least three times and expressed as mean + SD (n=3). The
phantom was imaged using a MOST 128 with 790 nm excitation pulse laser and
reconstructed by Image)

S10d). The BP-Cy aggregates showed good biocompatibility via
hemolysis assay (Table S2). The PA spectrum of BP-Cy aggregates
showed peak at 790 nm, which was very similar with the UV-vis
spectrum (Figure 2b), indicating the strong correlation between
absorption and PA intensity.u‘ i

The concentration-dependent PA intensity experiments of BP-
Cy aggregates and ICG exhibited a good linear relationship (R2 =
0.99) (Figure 2c). By calculating the slope, we found that BP-Cy
aggregates showed 1.6 times higher PA intensity than that of ICG.
To get the insight to enhanced PA intensity, we measured heating-
cooling curves by using laser irradiation (490 mW, 790 nm). We
calculated that the heat conversion efficiency (r])32 of BP-Cy
aggregates was 9.2 times higher than that of ICG (details see ESI).
The aggregation-induced n enhancement unambiguously
contributed the resulting PA signal. By monitoring three circles, we
also observed that BP-Cy aggregates gave more significant
temperature increase and lower loss of heating-generation
capability compared to those of ICG (Figure 2d). The hollow
nanovesicular structure with a thin bilayer and ease of
expansion/compression maybe contribute to the higher
photothermal conversion efficiency and PA signals of BP-Cy
aggregates upon photo irradiation.™®

Next, BP-Cy based nanovesicles were utilized as long-term cell
tracking PA contrast agents by using human breast cancer MCF-7
cells as a model cell line.** The MCF-7 cells in Petri dishes at 100%
confluence ("'106 cells) were incubated with BP-Cy nanovesicles (10
1M based on BP-Cy molecules) and ICG (10 uM) for 2 h at 37 °C,
respectively. The treated cells were referred as the 1% generation
and utilized for PA imaging. At the same time, 50% of the cells in
the completely filled Petri dish were transferred to a new dish with
a fresh growth medium. The half-filled Petri dish after 36 h was
referred to the 2™ generation. The cells were further incubated for
another 36 h to the end of the 3™ generation. The processes were
repeated to proceed to the 7 generation. PA imaging of BP-Cy
nanovesicles incubated cells and ICG incubated cells at different

This journal is © The Royal Society of Chemistry 20xx

generations were recorded by the MOST. Figure 3a showed that PA
signals of MCF-7 cells at the first generation are 9.6 times higher
than that of ICG treated group. The MCF-7 cells incubated with BP-
Cy nanovesicles showed unambiguous PA signals even after five
generations, whereas almost no PA signals were detectable in the
ICG-incubated cells after only two generations (Figure 3a). The
results clearly indicated the good cell tracking ability of BP-Cy
nanovesicles over ICG dyes. The supramolecular BP-Cy nanovesicles
are difficult to extrude out once they are internalized, combining
with the high stability, which accounted for the remarkable cell
tracking ability“. In addition, the cytotoxicity of BP-Cy nanovesicles
was evaluated through CCK-8 assays to determine the cell viability
of MCF-7 cells (see ESI for details). No significant cytotoxicity was
observed with a concentration up to 20 pM under our experimental
condition (Figure S12). We seeded MCF-7 cells into agar-based
phantoms to study PA imaging effect of BP-Cy nanovesicles (Figures
3b and 3c). The time-dependent PA signals changes were evaluated
by PA half-life, which was defined as the amount of time required
for PA intensity to decrease to its half as measured at the
beginning. The PA half-life of BP-Cy nanovesicles-treated phantoms
was 5 days that was much longer than ICG treated groups (0.5 d),
implying that long-term imaging is possible for further in vivo study.

To further evaluate the supramolecular BP-Cy nanovesicles as
a long-term PA contrast agent in vivo, we carried out the PA
imaging of breast tumor xenografted mice based on the BP-Cy
nanovesicles (Figure 4a). The BP-Cy nanovesicles (20 uM, 200 pL)
were firstly intravenously injected into mice via tail vein. The PA
signals at tumor site were collected upon 700-850 nm excitations
(Figure 4c). The PA signals were clearly observed in the tumor
region after 2 h administration, which was gradually increased and
reached a plateau at 12 h post-injection. After that, the PA signals
decreased to a detectable level till 72 h. As a control, the PA signals
of the ICG treated tumor xenografted mice only retained for 4 h
with the maxima at 2 h. The sustained PA intensity in vivo could be
ascribed to not only the ultrahigh stability of contrast agents but
also somewhat enhanced accumulation and retention of BP-Cy
nanoaggregates in tumor site (Figure 4b).1od
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Figure 4. In vivo PA imaging of tumor-xenografted mice. a) /n vivo model mice for PA
imaging injected with ICG and BP-Cy aggregate (20 uM, 200 pL) via tail vein and
detected under laser irradiation (700-850 nm). b) The quantification of normalized PA
signals from the tumor injected with ICG corresponding PA images of tumors.
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In summary, we have constructed a supramolecular NIR
absorbing cyanine dye based aggregates as a long-term PA imaging
contrast agent. Our results demonstrated that supramolecular
strategy can effectively improve the photophysical properties of
building blocks, which are highly demanded for bottom-up
fabrication of functional materials and devices. We believed that
this hollow nanostructure can be potentially employed as a
platform for delivery of various bioactive molecules for extensive
biomedical applications.
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