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Photoacoustic imaging (PAI) is an emerging modality in biomedical imaging. Photoacoustic effect is the
basis for PAI, where a photoacoustic contrast agent absorbs optical pulses to initiate localized heating and
rapid thermal expansion, thus generating thermoelastic stress waves. Therefore, ideal PAI dyes should
have strong NIR light absorbance and high light-heat conversion efficiency. However, most current low
molecular weight organic PAI contrast agents are fluorescent dyes, where the light-heat conversion
efficiency is dramatically impaired due to the energy loss by fluorescence emission. Herein, we report

Keywords: S a series of highly efficient photoacoustic dyes with —COOH, —NH, and NHS ester functionalities, from
Photoacoustic imaging K Lo .

Dye an inexpensive industrial computer-to-plate NIR absorber (IR830 p-toluenesulfonate) that has a strong
NIR NIR absorbance but an extremely low fluorescence emission. In vitro and in vivo studies show that the

functional IR830 dyes have low cytotoxicity, and are 2.1 folds brighter in photoacoustic imaging than
traditional photoacoustic dye indocyanine green (ICG). The Lowest Limit of Quantification of the IR830
series dyes is as low as the 1/7 of that of ICG. These indicate that the functional IR830 dyes have great
potential as highly efficient photoacoustic dyes.

Contrast agent

Statement of Significance

Photoacoustic imaging (PAI) is an emerging modality in biomedical imaging. Ideal PAI dyes should have
strong NIR absorbance and high light-heat conversion efficiency. However, most current low molecular
weight organic PAI contrast agents are fluorescent dyes, where the light-heat conversion efficiency is
dramatically impaired due to the energy loss by fluorescence emission. Herein we report a series of highly
efficient functional photoacoustic dyes from an inexpensive industrial computer-to-plate NIR absorber
(IR830) that has a strong NIR absorbance but an extremely low fluorescence emission. The functional
IR830 dyes show low cytotoxicity, much brighter in photoacoustic imaging than traditional photoacous-
tic dye indocyanine green. These indicate that the functional IR830 dyes have great potential as highly
efficient photoacoustic dyes.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction the photoacoustic signals. Therefore, it is necessary to develop

exogenous contrast agents to improve sensitivity for PAI in vivo

Photoacoustic imaging is an emerging modality in biomedical
imaging that exhibits strong optical absorption contrast and high
ultrasonic resolution, and is becoming increasingly popular as it
can overcome the depth and resolution limitations of traditional
optical imaging techniques [1-16]. While some endogenous mole-
cules such as haemoglobin and melanin can produce photoacoustic
contrast, most biological processes do not cause much variation in
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[17]. A variety of near-infrared (NIR, 650-900 nm) absorptive
materials have been developed as exogenous PAI contrast agents.
Most of them are organic and inorganic nanomaterials [18], such
as carbon nanotubes [19,20], gold [20-22], silver [23], copper
[24,25] and magnetic nanoparticles [26]. However, the clinical
application of these nanomaterials is severely impaired by their
non-biodegradability, poor metabolism and potential long-term
toxicity [27]. In comparison, NIR-absorptive low molecular weight
organic dyes, such as indocyanine green (ICG) [28-30] and other
NIR dyes [31], have demonstrated attractive properties for PAI
applications. In particular, ICG has been approved by the FDA for
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use in humans, which suggests the high clinical translation possi-
bility of similar organic dyes as PAI contrast agents. However, the
low photoacoustic efficiency, difficulty of modification, lack of
functional groups to label other materials and high cost of these
dyes significantly hinder their applications. Therefore, it is highly
desirable to develop new functional low molecular weight organic
PAI dyes that are highly efficient, yet inexpensive and easily
prepared and modified.

Photoacoustic effect is the basis for PAI, where a photoacoustic
contrast agent absorbs optical pulses to initiate localized heating
and rapid thermal expansion, thus generating thermoelastic stress
waves (ultrasound waves) [32]. Therefore, ideal PAI dyes should
have strong NIR absorbance and high light-heat conversion effi-
ciency. Most current low molecular weight organic PAI contrast
agents are fluorescent dyes [33], where the light-heat conversion
efficiency is dramatically impaired due to the energy loss by
fluorescence emission. Taking ICG as an example, a large part of
the absorbed energy is converted into fluorescence emission but
not heat. Thus, the fluorescence property, which has been specially
developed for fluorescent dyes, induces an unwanted loss of
efficiency in PAL

IR830 p-toluenesulfonate (CAS: 134127-48-3) is an industrial
Computer-to-Plate NIR absorber which is inexpensive and readily
available. The dye has a strong NIR absorbance but an extremely
low fluorescence emission. These properties make IR830 a very
attractive option as a potential low molecular weight organic PAI
dye. In this study, we have successfully developed a series of func-
tional IR830-based dyes with reactive groups including —COOH,
—NH, and NHS ester for PAI applications. We further demonstrated
that these functional dyes could be conjugated to polymers for
in vivo PAI in mice, indicating their excellent potential for broad
imaging applications.

2. Materials and methods
2.1. Materials

1H-Benz[e]indolium,2-[2-[2-chloro-3-[2-(1,3-dihydro-1,1,3-
trimethyl-2H-benz[e]indol-2-ylidene)ethylidene]-1-cyclohexen-
1-yllethenyl]-1,1,3-trimethyl-,4-methylbenzenesulfonate (IR830
p-toluene-sulfonate) was purchased from Liye Chemical Products
Technology Development Co., Ltd., China. Amino-terminated
poly(ethylene glycol) methyl ether of 5kDa molecular weight
(mPEG5K-NH,) was purchased from JenKem Technology Co.,
Ltd., Beijing, China and used without further purification.
Poly(L-glutamic acid)-g-methoxy poly(ethylene glycol) (PLG-g-mPEG)
was prepared by the reaction of poly(glutamic acid) (M, 20.7 x
10°gmol™!, PDI 1.36, determined by GPC) with mPEGS5K-OH,
according to the procedure described in our previous work [34]. The
molar ratio of i-glutamic acid units to ethylene glycol units
was 1/6.01 in the PLG-g-mPEG copolymer. M, and PDI of the
PLG-g-mPEG were 37.3x10°gmol~! and 191, respectively.
N,N'-dimethylformamide (DMF) was stored over CaH, for 3 days and
distilled under vacuum prior to use.

2.2. Methods

TH NMR and >C NMR spectra were recorded on a Bruker
AV-400 spectrometer (Bruker, USA). UV-Vis spectra were
measured on a UV-2401PC spectrophotometer (Shimadzu, Japan).
Fluorescence spectra were obtained at room temperature on a
Photon Technology International (PTI, USA) Fluorescence Master
System with Felix 4.1.0 software. The HPLC analyses were per-
formed on a Waters 1525 system equipped with a reverse-phase
column (Symmetry® C18 4.6 x 250 mm column). Elution was done

with eluent A (acetonitrile) and eluent B (methanol) (A/B = 50:50
v/v) pumped at a flow rate of 1.0 mL min~! at 25 °C. The sample
injection volume was 20 pL, and the column effluent was detected
at 700 nm with a UV/Visible detector (Waters 2489, Waters, USA).
Multispectral optoacoustic tomography (MSOT) imaging was
performed with an InVision 128 small animal scanner (iThera
Medical, GmbH, Neuherberg, Germany).

2.3. Synthesis of IR830 chloride

To a saturated IR830 p-toluenesulfonate solution in iso-
propanol, hydrochloric acid (6 mol/L) was added. IR830 chloride
was slowly precipitated from the solution as a red powder.
'H NMR of IR830 p-toluenesulfonate (400 MHz, DMSO-dg): 6 8.33
(dd, 4H, J=17.9, 11.4Hz), 8.16-8.01 (m, 4H), 7.79 (d, 2H,
J=8.9Hz), 7.66 (t, 2H, | = 7.4 Hz), 7.58-7.42 (m, 4H), 7.10 (d, 2H,
J=7.9Hz), 6.35 (d, 2H, J=14.3 Hz), 3.81 (s, 6H), 2.76 (t, 4H, J=
5.1 Hz), 2.28 (s, 3H), 1.93 (m, 14H) ppm. 'H NMR of IR830 chloride
(400 MHz, DMSO-dg): ¢ 8.33 (dd, 4H, J=17.7, 11.5 Hz), 8.16-8.01
(m, 4H), 7.79 (d, 2H, J=89Hz), 7.66 (t, 2H, J=7.6 Hz), 7.53
(t, 2H, J=7.5Hz), 6.35 (d, 2H, J=14.3 Hz), 3.81 (s, 6H), 2.76
(t, 4H, J= 4.5 Hz), 1.92 (m, 14H) ppm.

2.4. Synthesis of IR830-COOH chloride

To a solution of IR830 chloride (1.239 g, 2.00 mmol) in anhy-
drous DMF (10 mL) were added 3-mercaptopropionic acid
(209 pL, 2.40 mmol) and triethylamine (333 pL, 2.40 mmol). The
mixture was stirred under nitrogen at room temperature for 20 h
in a closed container, then precipitated from ethyl acetate. The
solid was collected, dried at room temperature and then
re-dissolved in dichloromethane. Then, the solution was washed
with brine and the organic extracts were dried over Na,SOy,
filtered, and concentrated. The concentrated solution was purified
by precipitation from diethyl ether to afford the pure IR830-COOH
chloride as green powder (1.199 g, yield 87%), 99.4% pure by HPLC,
RT 6.93 min. 'H NMR (400 MHz, DMSO-dg): 6 12.53 (s, 1H), 8.82
(d, 2H, J=14.3 Hz), 8.30 (d, 2H, J = 8.5 Hz), 8.08 (t, 4H, ] = 8.8 Hz),
7.77 (d, 2H, J=89Hz), 7.65 (t, 2H, J=7.4Hz), 7.51 (t, 2H, J=
7.5Hz), 6.33 (d, 2H, J=14.4Hz), 3.79 (s, 6H), 3.04 (t, 2H,
J=6.6Hz), 2.70 (t, 4H, J=4.2 Hz), 2.60 (t, 2H, J=6.6 Hz), 1.98
(s, 12H), 1.86 (s, 2H) ppm. C NMR (100 MHz, DMSO-dg): ¢
173.54, 172.39, 153.73, 143.62, 140.53, 133.12, 132.85, 131.35,
130.23, 129.90, 127.68, 127.47, 124.75, 122.23, 111.61, 101.25,
50.40, 34.62, 32.41, 31.70, 26.79, 25.75, 20.62 ppm. MALDI-TOF-MS
(ES"): m|z calcd. for [M-CI]*, 653.32; found, 653.4.

2.5. Synthesis of IR830-B-NH,, chloride

To a solution of IR830 chloride (1.239 g, 2.00 mmol) in anhy-
drous DMF (10 mL) were added 4-aminothiophenol (300 pL,
2.40 mmol) and triethylamine (333 pL, 2.40 mmol). The mixture
was stirred for 20 h at 0 °C under nitrogen atmosphere in a closed
container, and then precipitated from ethyl acetate. The solid was
collected, dried at room temperature, re-dissolved in dichloro-
methane, and washed with brine. The organic extracts were dried
over Na,SQOy, filtered and concentrated. The concentrated solution
was purified by precipitation from diethyl ether to afford the pure
IR830-B-NH, chloride as green powder (1.288 g, yield 91%), 99.1%
pure by HPLC, RT 14.72 min. 'H NMR (400 MHz, DMSO-dg): &
8.85 (d, 2H, J=14.4Hz), 8.27 (d, 2H, J=8.4Hz), 8.06 (t, 4H,
J=8.6Hz), 7.75 (d, 2H, J=8.9Hz), 7.62 (t, 2H, J=7.2 Hz), 7.49
(t, 2H, J=7.5Hz), 7.09 (d, 2H, J = 8.6 Hz), 6.56 (d, 2H, J = 8.5 Hz),
6.31 (d, 2H, J=14.4Hz), 5.25 (s, 2H), 3.76 (s, 6H), 2.74 (t, 4H,
J=4.8Hz), 1.87 (m, 14H) ppm. '3C NMR (100 MHz, DMSO-dg): &
173.36, 151.84, 147.14, 144.21, 140.41, 133.27, 133.00, 131.29,
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130.18, 129.83, 128.58, 127.62, 127.39, 124.71, 122.22, 121.40,
115.37, 111.59, 101.39, 50.34, 31.65, 26.79, 25.88, 20.64 ppm.
MALDI-TOF-MS (ES*): m/z calcd for [M-CI]*, 672.34; found, 672.4.

2.6. Synthesis of IR830-NHS chloride

To a solution of IR830-COOH (1.379g, 2.00 mmol) in
dichloromethane (10 mL) were added N-hydroxysuccinimide
(NHS) (460 mg, 4.00 mmol) and N,N’-dicyclohexylcarbodiimide
(DCC) (824 mg, 4.00 mmol). The mixture was stirred under
nitrogen at room temperature for 20 h in a closed container, then
the insoluble particulates were filtered off. The solution was
washed with brine and the organic extracts were dried over
Na,SO,, filtered, and concentrated. The concentrated solution
was precipitated from diethyl ether twice to afford IR830-NHS
chloride as green powder. The solid material was purified by silica gel
column chromatography [The eluent was chloroform:methanol =
10:1 (V/V)] (1.238¢g, yield 79%), 90.5% pure by HPLC, RT
9.94min. 'H NMR (400 MHz, DMSO-dg): & 8.79 (d, 3H,
J=14.4Hz), 8.79 (d, 2H, J=14.4 Hz), 8.30 (d, 2H, J = 8.5 Hz), 8.08
(t, 4H, J = 8.8 Hz), 7.77 (d, 2H, J = 8.9 Hz), 7.66 (t, 2H, J = 7.3 Hz),
7.51 (t, 2H, J=7.3 Hz), 6.35 (d, 2H, J = 14.4 Hz), 3.79 (s, 6H), 3.16
(d, 2H, J=5.7Hz), 3.11 (d, 2H, J=5.5Hz), 2.81 (s, 4H), 2.71 (s,
4H), 2.05-1.81 (m, 14H) ppm. '*C NMR (100 MHz, DMSO-dg): &
173.63, 170.09, 167.43, 152.74, 143.39, 140.54, 133.18, 132.79,
131.38, 130.25, 129.92, 127.71, 127.46, 124.78, 122.20, 111.65,
101.40, 50.41, 31.81, 31.44, 26.78, 25.80, 25.50, 20.57 ppm.
MALDI-TOF-MS (ES*): m/z calcd. for [M-CI]*, 750.98; found, 750.7.

2.7. Synthesis of IR830-PEG5K

A mixture of IR830-NHS chloride (188.5 mg, 0.24 mmol) and
mPEG5K-NH; (1.000 g, 0.20 mmol) was dissolved in DMF (10 mL)
and stirred under nitrogen at room temperature for 24 h in a closed
container. The mixture was purified through dialysis by transfer-
ring the mixture to a dialysis bag (MWCO: 3500) and immersing
it in DMF (250 mL). The dialysis fluid was replaced every two hours
until it was no longer green in color. The retained fluid was
precipitated from diethyl ether. The pure solid was collected, and
dried at room temperature to give a green powder (1.02 g, yield
88%). The loading content of the IR830-NHS in the polymer was
7.5wt% as determined by UV-vis spectroscopy. HPLC (eluent
A/B =50/50 - 40 min - 0/100; flow rate = 1.0 mL/min), RT 2.24 min.

2.8. Synthesis of PLG-g-mPEG/IR830

To a solution of PLG-g-mPEG (500 mg) in DMF (10 mL) were
added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (15.3 mg,
0.080 mmol) and 1-hydroxybenzotriazole (10.8 mg, 0.080 mmol).
The mixture was stirred at room temperature for 20 min,
then IR830-B-NH, chloride (28.32mg, 0.04 mmol) and
4-dimethylaminopyridine (10.0 mg, 0.08 mmol) were added. The
mixture was stirred at room temperature for 20 h, and then the
whole was transferred to a dialysis bag (MWCO: 7000), immersed
in a mixture of DMF and deionized water (V/V =1:1) until the
dialysis fluid was colorless, after which the retained fluid was con-
tinue dialyzed in deionized water (2L x 5). The retained fluid was
collected and freeze-dried under vacuum (488 mg, yield 92.4%).
The loading content was 1.75wt.%, determined by UV-vis
spectroscope. HPLC (eluent A/B=50/50 - 40 min - 0/100; flow
rate = 1.0 mL/min), RT 1.64 min.

2.9. Animal model

Male Balb/C nude mice (6-8 weeks old, 16-18g) were
purchased from Beijing Huafukang Biological Technology Co. Ltd.

(HFK Bioscience, Beijing). All animal experiments were performed
in compliance with the Guidelines for the Care and Use of Research
Animals established by the Jilin University Animal Studies
Committee.

2.10. Multispectral Optoacoustic Tomography (MSOT) Imaging

Briefly, either the mouse or phantom is placed in a horizontal
position in an animal holder that allows for translation of the
mouse/phantom through the imaging plane using a linear stage.
This position also enables the imaging of multiple cross-sections
for 3-dimensional volume reconstructions. In phantom studies,
the phantom was imaged at the respective maximum absorption
wavelength of dyes at the cross-section. The mice are kept under
isoflurane anesthesia. After subcutaneous injection of ICG and
IR830-PEG5K into the mice, they were imaged at 779 and
818 nm in 100 pum step size with 1 frame (4 Avg.) per wavelength.
For mice with injection of PLG-g-PEG/IR830 via tail vein, the mice
were imaged at 680, 760, 800, 832, 850 and 900 nm using 1 frame
(4 Avg.) per wavelength to allow for multispectral unmixing of
hemoglobin and injected PLG-g-PEG/IR830. The raw signals were
reconstructed using a model-based inversion algorithm and
specific signals were spectrally resolved by the pseudo-inverse
unmixing method as implemented in the ViewMSOT software
(iThera Medical, GmbH, Neuherberg, Germany).

Phantom was prepared according to the Protocol provided by
iThera Medical. Agar was used to give phantom rigidity. Intralipid
was used to produce tissue-like scattering. After 1.5 g agar and
5ml 20% intralipid in 98.5g water was heated to boiling in a
beaker, allowing the mixture to cool. When the mixture was
approximately 50 °C, pour 10 ml into a 20 cc syringe so that the
solution would solidify as a cylinder. Cut a straw to 4 cm in length,
and seal one side with glue. Submerge the straw in the center of
the phantom. The straw should not be completely submerged. In
this way, when the phantom solidified, a probe of interest could
be added into the straw for phantom test.

2.11. Lowest Limit of Quantification (LLOQ)

The LLOQ calculations were according to ICHHT Guideline.
The LLOQ is expressed as:

LLOQ = 10T0'

where, o =the standard deviation of the background response of
blank samples; S = the slope of the calibration curve. The slope S
was estimated from the calibration curve of the analyte. The
estimation of ¢ was carried out based on standard deviation of
the blank solution. Measurement of the magnitude of analytical
background response was performed by analyzing an appropriate
number of blank samples and calculating the standard deviation
of these responses.

2.12. In vitro cytotoxicity

The in vitro cytotoxicity of the samples were tested against the
fibroblasts cell line L929 by MTT [3-(4',5'-dimethylthiazol-2'-yl)-
2,5-diphenyltetrazolium bromide] assay. The L929 cells were
grown at 37 °C in a humidified atmosphere of 5% CO, in Dulbecco
modified Eagle medium (DMEM). The culture medium was
supplemented with 10% fetal calf serum, 100 pg/mL streptomycin,
100 U/ml penicillin and 4.00 mM ti-glutamine. The cells were
seeded in 96-well plates at a density of 7000 cells per well. The
cells were incubated at 37 °C for 24 h with 100 pL of culture med-
ium containing a series of doses of the samples. After the incuba-
tion, the culture medium in each well was removed and the cells
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were washed three times with PBS. Then, the MTT solution (20 pL,
5 mg/mL) was added to each well and cultured for another 4 h. The
supernatant was discarded and then 150 pL of DMSO was added to
each well. The absorbance of the solution was measured with a
Bio-Rad 680 microplate reader at 492 nm. The results were shown
as the viable percentage of cells subjected to various treatments
relative to the control cells without any treatment.

2.13. Statistical analysis

Data are expressed as the mean + STD. Statistical significance
was determined using the Student’s t-test. P < 0.05 was considered
statistically significant.

3. Results and discussion
3.1. Syntheses of functional IR830 dyes

IR830 chloride was firstly prepared from IR830
p-toluenesulfonate by the ion exchange reaction. IR830-COOH
and IR830-B-NH, chloride were then prepared from IR830 chloride
through nucleophilic substitution reactions. IR830-NHS chloride
was prepared by the reaction of IR830-COOH chloride with NHS
(Scheme 1). The chemical structures and high purities of the
obtained functional IR830-based dyes were confirmed by 'H
NMR, '3C NMR, MALDI-TOF-MS and HPLC (Fig. S1-S7).

3.2. UV-vis and fluorescence spectra of functional IR830 dyes

As compared with ICG at the same concentration, the IR830
series dyes display almost the same level of signal intensity in

cl
IR830 chloride

-
m
>
(=}
=
m
(=]
O

SH

IR830-B-NH, chloride

HS—~_ COOH
_
— TEA, DMF, RT

the near-infrared region of UV-vis absorption spectra (Fig. 1a),
but negligible signals in the fluorescence spectra (Fig. 1b). This
indicates that the IR830 series dyes will have lower fluorescence
emission-induced energy loss during the light-heat energy conver-
sion in PAI, compared to the ICG.

3.3. MSOT spectrum of functional IR830 dyes

The in vitro photoacoustic signal intensities of the IR830 series
dyes and ICG were compared in a phantom. The phantom is a
cylindrical model made from agar with a cylindrical hole in the
centre which can mimic the in vivo tissue environment of animals
[35]. Image acquisition, data acquisition and analysis were per-
formed on a multispectral optoacoustic tomography (MSOT) scan-
ner at the maximum absorption wavelengths of the dyes from the
cross-section of the phantom. The single wavelength MSOT images
at the cross-section of the phantom injected with different concen-
tration of dyes are shown in Fig. S8. A linear relationship was
observed between photoacoustic signal intensity and concentra-
tion of the IR830 series dyes (Fig. 2), indicating that PAI can be used
for quantitative analysis of the dyes. The slopes of linear fit lines of
IR830 series dyes are 1.8-2.1 folds greater than that of ICG. The
Lowest Limit of Quantification (LLOQ) of the IR830 series dyes is
in the range of 0.0125-0.0377 uM, much lower than that of ICG
(0.0894 nM) (Table 1). These results demonstrate that the IR830
series dyes are much more efficient than ICG for PAI

3.4. Photoacoustic profile of IR830-PEG5K

In order to verify whether IR830-COOH and IR830-NHS chloride
can be used for labelling polymeric biomaterials in in vivo PAI,

IR830-NHS chloride

Scheme 1. Syntheses of IR830-COOH, IR830-B-NH; and IR830-NHS chloride.
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Fig. 1. (a) UV-vis absorption spectroscopy and (b) fluorescence spectroscopy of ICG, IR830 chloride, IR830-COOH chloride, IR830-B-NH, chloride and IR830-NHS chloride.
Each dye was dissolved in DMF at a concentration of 10 uM. Excitation (ICG) = 792 nm, Excitation (IR830 chloride) = 823 nm, Excitation (IR830-COOH chloride) = 826 nm,

Excitation (IR830-B-NH, chloride) = 832 nm, Excitation (IR830-NHS chloride) = 826 nm.
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Fig. 2. Signal intensity versus concentration of dyes in MSOT phantom tests. The
signal intensity was acquired by the Single wavelength, Single x-section mode. Each
dye was dissolved in ethanol. Excitation (ICG) = 792 nm, Excitation (IR830 chloride) =
823 nm, Excitation (IR830-COOH chloride)=826 nm, Excitation (IR830-B-NH,
chloride) = 832 nm, Excitation (IR830-NHS chloride) = 826 nm.

Table 1

MSOT property of ICG and IR830 series dyes.
Dye Slope Slopepye;/ LLOQ  LLOQ icgy/

(MSOT a.u./uM)"  Slopejicg;  (HM) LLOQpye]

ICG 71474 1.0 0.0894 1.0
IR830 chloride 13631.2 19 0.0326 2.7
IR830-COOH chloride  12552.1 1.8 0.0377 24
IR830-B-NH; chloride 14669.3 21 0.0125 7.2
IR830-NHS chloride 12726.1 1.8 0.0372 24

2 The slope of the Linear Fit of Mean Pixel Intensity versus concentration of dyes
in MSOT phantom tests according to Fig. 2.

IR830-PEG5K was prepared through the reaction of IR830-NHS
chloride with mPEG5K-NH,. Signal of IR830 moiety is clearly
shown in the "H NMR of the obtained IR830-PEG5K (Fig. S9). Single
peak is displayed in the HPLC spectrum of the IR830-PEG5K
(Fig. S7), indicating the high purity of the conjugate. The IR830-
PEG5K is water soluble and has weaker near-infrared absorption
in water than in DMF (Fig. S10A). The MSOT signal intensity of
ICG is much lower in water (slope of linear fit line: 2353.1 MSOT
a.u./uM, Fig. S10B) than in ethanol (slope of linear fit line: 7147.4

MSOT a.u./uM, Fig. 2). The slope of linear fit line of the
IR830-PEG5K in water is 3236.3 MSOT a.u./uM (Fig. S10B), which
is 1.4 folds of ICG in water. Considering that serum proteins could
bind cyanine dyes such as ICG and IR830 dyes, the UV-vis
absorption and fluorescence spectroscopy of ICG (10 uM) and
IR830-PEG5K (10 uM on the IR830 basis) were measured in 20%
(v/v) fetal calf serum solution. As shown in Fig. S10C, the
IR830-PEG5K displayed much lower fluorescence brightness as
compared with the ICG. For in vivo evaluation, identical amounts
(100 pM, 20 pL) of ICG and IR830-PEG5K were subcutaneously
injected into the back of a nude mouse. Image acquisition, data
acquisition and analysis were performed by MSOT at the maxi-
mum absorption wavelength for the two compounds (779 nm for
ICG, 818 nm for IR830-PEG5K) (Fig. 3a). The signal vs. position
curves were determined by region of interest (ROI) analysis as
implemented in ViewMSOT™. The height (A) of peaks represented
the MSOT signal intensity of dyes. The height of peaks in the
IR830-PEG5K ROI (A =7300) was 1.9-folds of that of the ICG
(A=3907) (Fig. 3b), confirming the high efficiency of the
IR830-PEG5K. Considering that both the NHS and carboxylic acid
derivatives will lead to the formation of similar conjugates
depending on the coupling mechanism, these results indicate that
IR830-COOH and IR830-NHS chloride can be used as high
efficiency photoacoustic dyes for labelling polymeric biomaterials
in in vivo PAL

3.5. Photoacoustic profile of PLG-g-mPEG/IR830

To evaluate whether IR830-B-NH, chloride can be used for
in vivo PAI, poly(L-glutamic acid)-g-methoxy poly(ethylene glycol)
(PLG-g-mPEG) was labelled with IR830-B-NH; chloride. Signal
of IR830 moiety appears in the 'H NMR of the obtained
PLG-g-mPEG/IR830 (Fig. S11). Single peak is displayed in the HPLC
spectrum of the PLG-g-mPEG/IR830 (Fig. S7), suggesting the high
purity of the conjugate. The loading content of the IR830-B-NH,
chloride in the obtained PLG-g-mPEG/IR830 was 1.75 wt.%, as
determined by UV-vis spectroscopy (Fig. S12). A plot of MSOT
signal intensity of IR830-PEG5K, PLG-g-mPEG/IR830 and ICG in
20% (v/v) fetal calf serum solution in phantom tests is shown in
Fig. S13. The slopes of linear fit line of the IR830-PEG5K and
PLG-g-mPEG/IR830 are 2.1-2.4 folds of that of ICG, indicating that
the IR830 dyes have higher efficiency than ICG in photoacoustic
imaging. Before and after 1, 2, 4, 8, 12, 18, 24, 48 h of intravenous
administration of PLG-g-mPEG/IR830 via tail vein (200 pL x 25 pM
per mouse on the basis of IR830), 3D overview MSOT images were
acquired at multiple wavelengths and multiple x-sections in
100 pm steps (Fig. 4). During the first few hours after injection,
the MSOT signal intensity in the liver region increased gradually,
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Fig. 3. (a) 3D MSOT overview image of mice model after subcutaneous injection of identical amounts (100 pM, 20 pL) of ICG and IR830-PEG5K into the dorsiventral opposite
position of nude mice. Image acquisition and analysis were performed at the respective maximum absorption wavelength of the dyes (779 nm for ICG, 818 nm for IR830-
PEG5K). Data were reconstructed using ViewMSOT™ and images at different wavelength were exported as TIFF sequence file. (b) MSOT signal intensity of ICG and IR830-
PEG5K in ROI versus positions. ICG data were acquired at the wavelength of 779 nm and IR830-PEG5K data were acquired at 818 nm.
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Fig. 4. The x-z overview MSOT image of mice acquired by multispectral data analysis before and after intravenous injection of PLG-g-mPEG/IR830 via tail vein.

until it reached a maximum value at 4 h, which revealed that the
IR830-labelled polymers mainly accumulated in the liver post-
administration. A clear liver-gastrointestinal metabolic pathway
was observed afterwards. The MSOT signal intensity in the intesti-
nal region increased while the liver signal intensity gradually
weakened. After 48 h, the whole-body signal intensity reduced to
a low level, indicating that most of the PLG-g-mPEG/IR830 had
been metabolized. These suggest that the IR830-B-NH, chloride
can be used for in vivo PAIL

3.6. Cytotoxicity of IR830-labelled polymers

The in vitro cytotoxicity of the IR830-labelled polymer was eval-
uated with MTT assays. As shown in Fig. 5, the L929 cells treated
with the IR830-PEG5K or PLG-g-mPEG/IR830 showed more than
90% viability at all tested concentrations in 24 h, even at 5.0 uM
(133-400 fold greater than LLOQ of IR830 series dyes). In particu-
lar, the L929 cells treated with the IR830-PEG5K showed 87%
viability at 160 uM (1.6-fold of concentration administered
in vivo) in 24 h (Fig. S14). Thus, the IR830 labelled polymers exhibit
very low cytotoxicity.

I 1/R830-PEG5K

1209 ] PLG-g-PEG/IR830

100
80 4
60 4

40

Cell viability (%)

204

0.3125 0625 1.25 25 5
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Fig. 5. In vitro cytotoxicity of IR830-PEG5k and PLG-g-PEG/IR830 to L929 cells. The
concentration is on the IR830 basis. n = 3.
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4. Conclusion

In summary, we have prepared a series of highly efficient pho-
toacoustic dyes with —COOH, —NH, and NHS ester functionalities,
from an inexpensive industrial computer-to-plate NIR absorber,
IR830 p-toluenesulfonate. These functional IR830 dyes have strong
near-infrared absorption while displaying low fluorescence, which
makes them much more efficient in PAI than ICG. In addition, these
functional IR830 dyes can be conveniently used to label polymeric
biomaterials with low cytotoxicity. The IR830-COOH chloride,
IR830-B-NH, chloride and IR830-NHS chloride can be used to
conjugate —OH, —COOH and —NH, groups, respectively. There is
a linear relationship between photoacoustic signal intensity and
dye concentration, suggesting that the functional IR830 dyes can
be used for quantitative analysis for in vitro and in vivo PAL The
metabolic process of the polymeric material in mice could be
successfully traced by using the functional IR830 dyes. Based on
these studies, we believe that the functional IR830 dyes have
excellent potential as highly efficient photoacoustic dyes for
in vitro and in vivo applications.
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