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Multimodal molecular imaging probes have attracted much attention, and they possess great potential to
accurately diagnose diseases due to the synergistic superiorities of multiple complementary imaging.
Herein, a targeted biocompatible organic nanoplatform (IR-PEG-FA) with a strong optical absorption in
the near-infrared window (NIR-I) for photoacoustic imaging (PAI) and excellent second near-infrared
(NIR-11) fluorescence imaging property for NIR-II imaging is fabricated. The dual-modal nanoprobe is
composed of the small organic dye molecule IR-1061, water-soluble poly(ethylene glycol) (PEG) and
folic acid (FA) as the targeted ligands. Depending on the strength of high temporal resolution and
preeminent spatial resolution, the targeted biocompatible dual-mode nanoprobe for PAlI and NIR-II
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Introduction

The territory of bio-imaging and cancer diagnosis has witnessed
a great increase in the past decades, mainly owing to the rapid
progress of numerous imaging modalities with eminent sensi-
tivity and resolution.*™ These emerging imaging modalities
possessed tremendous promise for remarkably perfecting
patient medical treatment and potentially reducing damage to
the normal tissue.*” Over the past years, the most noteworthy
evolution is the introduction of multimodality molecular
imaging, which is regarded as the combination of several
imaging modalities for the sake of maximizing their respective
advantages while conquering the defects of each modality.***
Thus far, plenty of multimodality imaging platforms have been
successfully adopted to improve disease diagnostic accuracy
and efficacy."*>°

Photoacoustic imaging (PAI), which combines optical signal
detection with ultrasonic information collection, possesses
noticeable preponderance for biological imaging with a rela-
tively favorable tissue penetration and spatial resolution.”*>*
However, to realize more higher resolution, the tissue pene-
tration of PAI under the first near-infrared region (NIR-I, 650
950 nm) is still restricted owing to the optical attenuation.? To
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address the limitation, the developing imaging agents with
fluorescence emission in the second near-infrared (NIR-II)
region (1000-1700 nm) have incomparable advantages.*
These NIR-II agents show more deeper tissue penetration and
higher spatial resolution, which attributes to the reduced
autofluorescence and diminished optical scattering.*'?® A
recent successful paradigm in the NIR-II window for in vivo
lymphatic,*>** microvascular,®**” and tumor imaging®**°
repeatedly demonstrated the superior temporal and spatial
resolutions of the technique. Particularly, NIR-II imaging can
accurately detect tumor margins based on real-time images to
perfect diagnostic accuracy and further guarantee the triumph
of tumor resection.** On account of the dominant superiority
over conventional NIR-I imaging, NIR-II imaging possesses
great opportunities in preclinical applications and clinical
translation.*® Hence, in view of the feasibility and compatibility
of PAI and NIR-II fluorescence imaging, it promotes us to
integrate these two imaging modalities together to obtain
a synergetic and complementary information to enhance the
efficacy of cancer diagnosis.

Thus far, inorganic nanomaterials, including single-walled
carbon nanotubes,*** quantum dots,*** and rare-earth nano-
particles,'®* have been employed for the in vivo NIR-II imaging.
Owing to undiscovered long-term toxicity misgivings, it would
urge us to explore organic molecule dyes for in vivo imaging to
promote the clinical translation.*® More recently, some organic
nanomaterials (small molecule and conjugated polymer)3®334°47
have been developed as attractive NIR-II agents. Particularly,
Cheng et al. developed the first dual-mode probe composed of
D-A-D-type chromophores, which exhibited excellent NIR-II
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imaging and PAI properties in living mice.*® Despite the rapid
progress in exploring NIR-II imaging agents, there are still rare
reports about the dual-mode contrast agents based on PAI/NIR-
II imaging. Therefore, developing a novel biocompatible PAI/
NIR-II imaging agent will greatly promote the development of
the field in molecule imaging and diagnosis.

Herein, we developed a targeted biocompatible dual-mode
contrast agent IR-PEG-FA (Scheme 1), which is composed of
IR-1061 (a commercial organic dye) and folic acid (FA), for in
vivo PAI and NIR-II imaging (Scheme 2). The obtained IR-PEG-
FA exhibited a broad NIR absorption region with a peak at
~810 nm and a maximum emission wavelength at 1100 nm.
Owing to the introduction of a molecular imaging ligand, along
with the enhanced permeation and retention (EPR) effect of the
pathological tumor sites, the IR-PEG-FA possessed more tumor-
specific targeting performance for the in vivo dual-mode
imaging. We believe that the tailor-made biocompatible dual-
mode contrast agent will provide a new strategy for dual-mode
PAI and NIR-II imaging and light up the clinical applications
in cancer diagnosis.

Experimental section
Chemicals

The functionalized poly(ethylene glycol) (SH-PEGs00o-NH,) was
purchased from ToYongBio Tech. Inc. (Shanghai, China). All
the other reagents were commercially acquired (Sigma Aldrich)
and used directly without further purification.

Material characterization

NMR spectra were recorded using a 400 MHz spectrometer
(Bruker Ultra Shield Plus). The absorption spectra were recorded
using a UV-3600 spectrophotometer (Shimadzu). NIR fluores-
cence spectra were recorded using an Edinburgh FLSP920
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Scheme 1 Synthesis of IR-PEG-FA.
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Scheme 2 Schematic description of the prepared IR-PEG-FA as the
dual-modal imaging agent for PAl and NIR-II in living mice.
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fluorescence spectrophotometer in the 900-1500 nm region with
an 808 nm laser excitation. The ALV/CSG-3 laser scattering
spectrometer was used for dynamic light scattering (DLS) inves-
tigation. The HT7700 transmission electron microscope (TEM)
was used for recording TEM images at an acceleration voltage of
100 kV. The Nexus-128 photoacoustic imaging (PAI) instrument
(680-950 nm) was used for PAI in vitro and in vivo. The methyl
thiazolyl tetrazolium (MTT) study was performed using a BioTek
spectrophotometer (PowerWave XS/XS2 microplate). The in vivo
NIR-II fluorescence imaging was performed using the home-built
imaging set-up (CDD: NIRvana TE 640). The excitation wave-
length was fixed at 808 nm (laser power: ~100 mW cm ™ 2).

Synthesis of IR-PEG-FA

SH-PEGs;400-NH, (200 mg) and IR-1061 (50 mg) were dissolved in
30 mL dimethyl sulfoxide and allowed to react at room
temperature for 36 h.*” After removing the solvent by distillation
under reduced pressure, the mixture was redissolved in pure
water. To remove unreacted PEG, the acquired solution was
further purified by dialysis with deionized water for 72 h using
a dialysis bag (MW: 7000 Da). The obtained product was then
dried via freeze-drying to acquire a brown compound (IR-PEG).
Then, 100 mg IR-PEG, NHS (25 mg), EDC-HCI (40 mg), and
30 mg folic acid (FA) were dissolved in 30 mL of dry N,N-
dimethyl formamide (DMF) at room temperature. After 72 h of
reaction, DMF was distilled by reduced pressure distillation,
and the residual solid was dissolved in appropriate amounts of
deionized water. To remove unreacted FA and other impurities,
the obtained solution was further subjected to dialysis with
deionized water for 72 h using a dialysis bag (MW: 7000 Da). The
final product (IR-PEG-FA) was further dried by freeze-drying to
yield a brown product.

NIR fluorescence spectroscopy

NIR fluorescence emission spectra were recorded using a spec-
trophotometer (Edinburgh FLSP920, 900-1500 nm) under laser
excitation at 808 nm. The excitation light at 808 nm was
provided by a diode laser (Ti:sapphire system lasers, 808 nm,
180 mW) and filtered through a 900 nm long-pass filter. The
excitation laser beam was passed through the sample of IR-PEG-
FA in PBS solutions (pH = 7.4) and the emission signal was
obtained with the transmission geometry. In order to reject the
808 nm laser light, an additional 900 nm long-pass filter was
used to reduce the background interference.

Preparation of IR-PEG-FA nanoparticles

IR-PEG-FA nanoparticles were synthesized by directly dissolving
IR-PEG-FA in phosphate-buffered saline (PBS, pH = 7.4) with
continuous sonication. The gained NPs were then filtrated
using a millipore filter (0.22 pum) to remove the insoluble
product or other impurities for cell and biological experiments.

Cell viability assay

The cytotoxicity of IR-PEG-FA was studied by an MTT experi-
ment using U87MG and NIH-3T3 cells. These cells (1 x 10* cells

This journal is © The Royal Society of Chemistry 2019
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per mL) were cultured in 96-well plates. After 1 day of incuba-
tion, the medium was removed and a series of concentrations of
IR-PEG-FA solution (80, 60, 40, 20, and 10 ug mL~ ") were added
into the well and cultured for another 1 day. After that, the cells
were washed twice with saline, and MTT solution (100 pL,
0.5 mg mL ") was added into each well. After cultivation for 4 h,
the MTT solution was removed and 200 uL of dimethylsulfoxide
was added into each well and left for another 20 min. A
microplate reader was used for acquiring absorbance values at
490 nm. The untreated cells were used as the control group and
the cellular viability was set at 100%.

Tumor mouse model

All U87MG tumor-bearing mice were treated on the basis of the
rules set by the Animal Centre of Southeast University (Nanjing,
China) and the experiments were approved by the Animal Ethics
Committee of Model Animal Research Center of Nanjing Univer-
sity. To acquire the suitable U87MG tumor model for in vivo
imaging, 6 week old mice were used. In addition, 1.5 x 10° US7MG
cells were injected subcutaneously into the target location of the
mice. The tumor-bearing mice can be adopted for in vivo imaging
until the tumor grew up to approximately 8 mm in size.

In vitro and in vivo photoacoustic imaging

The in vitro PAI properties of IR-PEG-FA aqueous solutions (50,
100, 200, 400, and 800 pg mL~ ") were studied and the PA signals
were recorded using the Endra PA tomography system at an
excitation wavelength of 808 nm. The gained images were
further analyzed using the Image] software, and an identical
region-of-interest was performed for collecting the quantitative
PA signal intensity. For in vivo PAI, the living mice were anes-
thetized using 1.5% isoflurane in flowing air, and they were
administered with IR-PEG-FA (150 uL, 1 mg mL™") through the
tail vein. Then, the mice were transferred into a chamber where
the temperature was set at 38 °C, and were provided with water
for drinking. The Endra PA imaging system was utilized to
collect the PA images at 808 nm.

In vitro and in vivo NIR-II imaging

A 500 pL polymerase chain reaction (PCR) tube with IR-PEG-FA
aqueous solution was placed in the NIR-II imaging instrument,
and the NIR-II fluorescence images were recorded. The final
image was analyzed using the Image]J software. To further detect
the in vivo NIR-II imaging, the U87MG tumor-bearing living
mice were intravenously injected through the tail with a 150 uL
solution of IR-PEG-FA (1 mg mL™") for the video-rate in vivo
fluorescence imaging. The in vivo NIR-II fluorescence imaging
was recorded using the home-built imaging set-up (CDD:
NIRvana TE 640). The 808 nm laser excitation power was fixed at
~100 mW cm " on the animal surface.

Results and discussion

Preparation and characterisation of IR-PEG-FA

The synthetic route of IR-PEG-FA is illustrated in Scheme 1.
Briefly, aminated IR-PEG was first synthesized by introducing

This journal is © The Royal Society of Chemistry 2019
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a functionalized poly(ethylene glycol) (PEG, M,, = 5000) chain
(SH-PEG-NH,) into the IR1061 molecule. Then, the obtained
amino group of IR-PEG can provide modifiable sites for the
introduction of folic acid (FA) by the amidation reaction,
affording the end-product, IR-PEG-FA (Fig. 1A). The successful
linkage of PEG and FA can be determined from the MALDI-TOF-
MS spectra (Fig. S11) and '"H NMR spectra (Fig. S2 and S37) of
IR-PEG-FA. Particularly, the mass spectrum (Fig. S171) exhibited
two peaks with maximum molecular weight at 5806.621 Da and
6247.476 Da, which were attributed to the unsuccessful conju-
gation of a part of FA molecules. Owing to the hydrophobic-
hydrophilic groups, IR-PEG-FA was directly dispersed in the
phosphate-buffered saline (PBS, pH = 7.4) and could be spon-
taneously self-assembled to form nanoparticles, which gave
brown color to the solution (Fig. 1B). Dynamic light scattering
(DLS) showed that the IR-PEG-FA has similar average diameters
of ~77 nm (Fig. 1D). A spherical morphology was observed in
the transmission electron microscopic (TEM) image with
a particle size of 62 £+ 4.6 nm (Fig. 1C). The acquired bigger
nanoparticle size of IR-PEG-FA in the DLS image could be
attributed to the import of the PEG chains and its extension in
an aqueous state. Besides, no significant insoluble substances
and precipitation in the IR-PEG-FA solution were observed after
storage in a refrigerator (4 °C) for 30 days (Fig. 2A), demon-
strating its excellent stability in the aqueous solution. The
optical performance of IR-PEG-FA was studied in PBS (pH = 7.4)
by probing its absorption and fluorescence (FL) spectra. As
shown in Fig. 2B, IR-PEG-FA possessed a broad absorption band
with two peaks at 810 nm and 1000 nm. The mass extinction
coefficient of IR-PEG-FA at 808 nm were 58.65 mg ' cm™ ' mL
(Fig. 2C), which was superior to many reported NIR absorption
materials, such as carbon nanotubes (46.5 mg ' cm™ ' mL), gold
nanorods (13.89 mg~ ' cm™ ' mL) and conjugated polymers (55
mg~ ' em~' mL).” Besides, the fluorescence spectrum of IR-
PEG-FA was investigated and it showed an evident NIR-II
emission property with a peak at around 1100 nm at an
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Fig. 1 Characterization of physical performances of IR-PEG-FA. (A)
Picture of freeze-dried IR-PEG-FA. (B) Picture of IR-PEG-FA solution
(left: 1 mg mL™* and right: 0.05 mg mL™) in PBS (pH = 7.4). (C) TEM
image of IR-PEG-FA. (D) DLS of IR-PEG-FA.
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Fig. 2 In vitro characterization of IR-PEG-FA. (A) Hydrodynamic
diameters of the IR-PEG-FA at different time points. (B) Absorption
spectrum of IR-PEG-FA in PBS (pH = 7.4). (C) The plot of absorption
density at 808 nm versus concentration. (D) Fluorescence spectrum of
IR-PEG-FA in PBS (pH = 7.4).

excitation wavelength of 808 nm (Fig. 2D). Herein, considering
the maximum absorption of IR-PEG-FA and penetration depth
for biological imaging in vivo, the 808 nm laser was used.*
Thus, the strong NIR absorption and NIR-II emission of IR-PEG-
FA could provide a theoretical basis for PAI and NIR-II imaging.

In vitro PAI and NIR-1I imaging

To evaluate the PAI property, the PA signal intensities at 808 nm
of IR-PEG-FA in aqueous solution were recorded. From Fig. 3A,
the strong and bright PAI images indicated that IR-PAG-FA
possesses excellent PA property and provided an opportunity
for in vivo PAL Besides, IR-PEG-FA exhibited a linear depen-
dence between the sample concentrations and PA signals
(Fig. 3B). Next, to further study the feasibility of NIR-II imaging,
the fluorescence image in the NIR-II region of IR-PEG-FA was
acquired at an excitation wavelength of 808 nm. As shown in
Fig. 3C, IR-PEG-FA displayed a significant NIR-II emission effi-
cacy and possessed a strong NIR-II emission signal. Besides, to
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Fig.3 Invitro dual-mode imaging and cell viability of IR-PEG-FA. (A) In
vitro PAl of IR-PEG-FA with different concentrations (0.05, 0.1, 0.2, 0.4,
and 0.8 mg mL™Y in PBS (pH = 7.4). (B) Linear dependence between
concentrations and PA signals of IR-PEG-FA. (C) In vitro NIR-Il imaging
of IR-PEG-FA (0.4 mg mL™) in PBS (pH = 7.4). (D) Cell viability of
NIH3T3 and U87MG cells after cultivation with IR-PEG-FA at different
concentrations.
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explore the cytotoxicity of IR-PEG-FA, the cellular viabilities of
NIH3T3 and U87MG cells after administration with IR-PEG-FA
were evaluated, and Fig. 3D shows that the agent possessed
fine cytocompatibility. All of these proved that IR-PEG-FA
demonstrates incomparable advantages for further in vivo
imaging applications.

In vivo PAI and NIR-II imaging

The capability of IR-PEG-FA for targeted in vivo PAI and NIR-II
imaging was further proved using the U§7MG tumor mouse
model. As shown in Fig. 4A, before intravenous injection of IR-
PEG-FA via the tail, the tumor site exhibited low PA signals at
808 nm on account of the intrinsic background signal.** Owing
to the introduction of a molecular imaging ligand, along with
the enhanced permeation and retention (EPR) effect of the
pathological tumor sites, the IR-PEG-FA possessed more
tumor-specific targeting performance for in vivo imaging. As
we expected, a distinct and bright PA signal increase in the
tumor regions could be detected after IR-PEG-FA injection. At
4 h post injection, the PA signal within the tumor achieved
a maximum value, indicating the effective accumulation of IR-
PEG-FA, owing to both active and passive tumor targeting.
After that, the PA signal around the tumor area decreased
gradually because of the biological metabolism and biode-
gradability of the NPs in the physiological environment in vivo.
Besides, at 24 h post injection of IR-PEG-FA, the mice were
euthanized. The major organs including the lungs, liver, heart,
kidney, spleen, and tumor were excised and imaged via PAI
(Fig. 5A). The liver and spleen tissues exhibited bright and
strong PA intensity, whereas the heart, lung, kidney and tumor
tissues possessed relatively low signals (Fig. 5B). Thus, this
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Fig. 4 In vivo PAl and NIR-Il imaging. (A) Tumor mice for in vivo PAl at
varying time points after systemic administration with IR-PEG-FA. (B)
The quantitative PA signals of tumor sites at different time points. (C)
The whole-body NIR-Il images treated with IR-PEG-FA at 2 min post-
injection. (D) In vivo NIR-Il imaging of tumor mice in a series of time
points. (E) The relative NIR-II fluorescence signals of tumor sites.
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manifested that the administered IR-PEG-FA was completely
cleared mainly through the hepatobiliary system.

To test the NIR-II imaging ability of IR-PEG-FA in vivo, the
U87MG tumor-bearing mice were administrated with 150 pL of
NPs (1 mg mL™") via tail vein. Interestingly, the blood vessels
of the whole body could be distinctly detected at 2 min post
injection using IR-PEG-FA (Fig. 4C) with high resolution and
excellent image quality. Then, the fluorescence signals of
tumor sites were gradually lightened along with the accumu-
lation of IR-PEG-FA (Fig. 4D and E). At 4 h, the fluorescence
signal of the tumor region achieved the peak, which was
consistent with that in PAIL Particularly, the maximum fluo-
rescence signal intensity at 4 h post-injection was approxi-
mately 21 fold than that at 24 h post-injection with IR-PEG-FA,
which further indicated the good tumor-specific targeting
property of IR-PEG-FA and excellent biological biodegradable
(Fig. 4E). These results indicated that IR-PEG-FA as a water-
soluble and biocompatible NIR-II fluorescence agent fits bio-
logical imaging perfectly.

Toxicity evaluation

Furthermore, IR-PEG-FA toxicity was further investigated by
collecting and analyzing the major stained organ slices from
mice after 30 days of administration with IR-PEG-FA. As the
same as the control groups (administration with PBS), no
distinct pathological tissue, cell apoptosis, or necrosis were
seen in the spleen, kidney, liver, heart, and lung after admin-
istration with the agent, which signified the absence of distinct
side effects (Fig. 6), similar to the previously reported NIR-II
fluorophores.*® Altogether, these satisfying results demon-
strated that IR-PEG-FA can be adopted for NIR-II fluorescence
and NIR-triggered PAI in living mice.
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Fig. 5 Ex vivo PAl of major organs of mice after systemic adminis-
tration of IR-PEG-FA at 24 h. (A) Photographs (top) of the major organs
and the PAIl images (down) of them. (B) Quantitative PA intensities of
major organs of mice at 24 h post-injection with IR-PEG-FA.
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Fig. 6 Images of hematoxylin and eosin (H&E) stained slices from
major organs in mice after 30 days post-injection of IR-PEG-FA. Scale
bar: 50 pm.
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Conclusions

Summarily, we designed and synthesized a water-soluble, tar-
geted and biocompatible dual-mode contrast agent that exhibi-
ted a strong NIR absorption and a bright fluorescence emission
signal in the NIR-II region for in vivo PAI and NIR-II imaging. We
believed that the tailor-made IR-PEG-FA for PAI and NIR-II fluo-
rescence dual-modal imaging will capture widespread attention
for the clinical applications of molecular imaging.
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