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Abstract: Small-molecule fluorescence imaging in the second near-infrared (NIR-II, 

1000-1700 nm) window has gained increasing interest in clinical application. Till now, 

very few studies have been exploited in the small-molecule fluorophores with both 

excitation and emission in the NIR-II window. Inspired by indocyanine green structure, a 

series of polymethine dyes with both absorption and emission in NIR-II window have 

been developed for NIR-II imaging, providing the feasibility to directly compare optical 

imaging in NIR-IIa (1300-1400 nm) sub-window under 1064 nm excitation with that in 

NIR-II window under 808 nm excitation. The signal-background ratio (SBR) and tumor 
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to normal tissue ratio (T/NT) achieved great improvement under 1064 nm excitation in 

the imaging of mouse blood pool and U87 glioma tumors. Our study not only introduces 

a broadband emission fluorophore for both NIR-II and NIR-IIa imaging, but also reveals 

the advantages of NIR-II excitation over NIR-I in in vivo imaging.
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INTRODUCTION

Due to the low photon scattering and auto-fluorescence, deeper tissue penetration 

and improved signal-background ratio (SBR) in the second near-infrared (NIR-II, 1000 − 

1700 nm) window, NIR-II optical imaging is considered as an ideal imaging modality 

than traditional NIR-I (650 − 900 nm) optical imaging.1-4 NIR-II window is further divided 

into two smaller sub-windows, NIR-IIa (1300 − 1400 nm) and NIR-IIb (1500 − 1700 nm), 

which have a super-resolution and nearly zero auto-fluorescence.5-8 NIR-II fluorescence 

materials, such as single-walled carbon nanotubes (SWNTs)9-11, quantum dots (QDs)12, 

rare-earth doped nanoparticles (RENPs)13, 14, polymers15 and small-molecule organic 

dyes16-19, have become more and more attractive in clinical application for the 

outstanding optical properties. Thus far, the vast majority of small-molecule NIR-II 

fluorophores are donor-acceptor-donor (D-A-D) type using benzobis(1,2,5-thiadiazole) 

(BBTD)20, 21 as the electron acceptors. The first small-molecule organic NIR-II 

fluorophore CH1055 with excellent applications in small-animal florescence imaging has 

been reported recently.22, 23 Afterwards, the quantum yields (QYs) or absorption and 
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5

emission spectra were modulated by introducing different donor groups or shielding 

groups. However, the excitations of these dyes are still restricted to the NIR-I region.24, 

25 To our best knowledge, very few studies have been exploited in the small-molecule 

fluorophores with both excitation and emission in the NIR-II region for in vivo imaging.26, 

27

Inspired by indocyanine green (ICG) polymethine skeleton structure, a series of novel 

small-molecule NIR-II polymethine dyes have been designed and successfully 

synthesized in this study (Figure 1a). The substitution by the oxygen atom on the 

polymethine skeleton resulted in a NIR-II fluorophore 6H6 with a maximum emission at 

1000 nm. However, the excitation is still located in NIR-I window. To further shift the 

absorption into NIR-II region, oxygen atoms were replaced by sulfur. Fortunately, a 

novel small-molecule polymethine dye 5H5 was developed with a maximum absorption 

at 1069 nm (Figure 1b). The broad emission spectra from 1000 nm to 1400 nm was 

obtained with a maximum at ~1125 nm and a shoulder peak at ~1260 nm. Molecule 

5H5 stood out for further modification and applied for NIR-II imaging, providing the 
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6

feasibility to directly compare optical imaging in NIR-II window under 808 nm excitation 

with that in NIR-IIa sub-window under 1064 nm NIR-II excitation. 

Figure 1. a) The design strategy of small-molecule fluorophores with both excitation and 

emission in NIR-II window. b) Chemical structures of 5L5, 5H5, 6L6 and 6H6. 

RESULTS AND DISCUSSION

Chemistry. The synthesis of four fluorophores (Scheme 1) began with the 

condensation reaction of benzaldehyde and 4-hydroxyacetophenone, which generated 
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compound 1 in 84% yield. Then propargyl bromide was then integrated as a functional 

group retaining for further modification. The resulting adduct was reacted with 

cyclopentanone/cyclohexanone through Michael addition reaction to afford compound 

3a/3b. The cyclized thiopyrylium/pyrylium tetrafluoroborate intermediate 4a/4b was 

obtained via an intramolecular cyclization of the 1,5-dicarbonyl 3a/3b. Finally, four 

designed molecules were acquired after heating the corresponding intermediates with 

certain polymethine chains in acetic anhydride at 70℃ for 2 h, which were purified by 

the reversed phase HPLC.

Scheme 1. Synthesis of 5L5, 5H5, 6L6 and 6H6a
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aReagents and conditions: (a) KOH, MeOH/H2O, rt, overnight. (b) propargyl bromide, 

K2CO3, acetone, reflux, 4 h. (c) (1) cyclopentanone, pyrrolidine, benzene, reflux, 4 h; (2) 

1,4-dioxane, reflux, 2 h. (d) thioacetic acid, boron trifluoride etherate, Et2O, reflux, 6 h. 

(e) 5, NaOAc, Ac2O, 70℃, 2 h. (f) (1) cyclohexanone, pyrrolidine, benzene, reflux, 4 h; 

(2) 1,4-dioxane, reflux, 2 h. (g) boron trifluoride etherate, AcOH, reflux, 4 h.

The integrin αvβ3 targeting probe, 5H5-PEG8-cRGDfk, was synthesized via copper-

catalyzed azide-alkyne cycloaddition of 5H5 and N3-PEG8-cRGDfk (Scheme 2). The 
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9

desired αVβ3-targeted probe, 5H5-PEG8-cRGDfk, was then purified by HPLC and 

characterized by MALDI-TOF mass spectra [calcd for C141H189N24O34S2+: 2826.3, found: 

m/z 2826.1].

Scheme 2. Synthesis of 5H5-PEG8-cRGDfkb
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bReagents and conditions: (a) DIPEA, DMSO, rt, 4 h. (b) 5H5, sodium ascorbate, 

CuSO4·5H2O, TBTA, DMF, rt, 1 h.

Optical properties. Their optical properties are shown in Table 1. The absorbance and 

emission spectra were measured in acetonitrile (Figure 2e), and all their maximum 
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10

emission were located in NIR-II window. Both absorption and emission of 5L5 and 6L6 

containing a chlorine atom were bathochromically shifted as predicted. As shown in 

Figure 1c, the maximum emission of newly developed polymethine thiopyrylium dye 5L5 

could reach up to 1170 nm. The fluorescence quantum yields (QYs) were measured in 

1,2-dichloroethane using IR26 as a reference and molar absorption coefficient was 

measured in acetonitrile. Compounds 6L6 and 5L5 showed lower quantum yields (QYs 

< 1%) and molar absorption coefficient (ε = 8.34 x 103, 1.17 ×104) than that of 6H6 (ε = 

4.76 x 104) and 5H5 (ε = 3.42 × 104), which limited their further in vivo applications. 

Table 1. Experimental and calculated optical properties of 5L5, 5H5, 6L6 and 6H6.

Dyes Exp. λabs.[a] Exp. λem.[b] ε(M-1cm-1)[c] QYs[d] Ehomo
[e] Elumo

[e] Egap
[e] Cal. λabs.[f] Cal. λem.[f]

5L5 >1100 nm 1170 nm 1.17 ×104 0.8% -5.00 eV -3.43 eV 1.56 eV 879 nm 1118 nm

5H5 1069 nm 1125 nm 3.42 × 104 2.6% -4.94 eV -3.35 eV 1.59 eV 849 nm 1091 nm

6L6 982 nm 1010 nm 8.34 x 103 0.4% -5.00 eV -3.13 eV 1.87 eV 795 nm 965 nm

6H6 962 nm 1000 nm 4.76 x 104 0.85% -4.92 eV -3.04 eV 1.88 eV 769 nm 947 nm

[a] Experimental maximum absorption measured in acetonitrile. [b] Experimental 
maximum emission measured in acetonitrile. [c] Absorption coefficient in acetonitrile. 
[d] Fluorescence quantum yield measured in 1,2-dichloroethane (DCE) using IR26 in 
DCE as a reference (QY = ~0.5%). [e] Calculated HOMO and LUMO energies and 
their energy gaps (Egap = Elumo-Ehomo) at B3LYP/6-31G(d) scrf = solvent = acetonitrile 
level. [f] Calculated maximum absorption and emission at B3LYP/6-31G(d) scrf = 
solvent = acetonitrile level
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11

The fluorescence emission signals of four dyes were measured using sequential 

long-pass (LP) filters (1000–1300 nm) under 808 nm excitation (Figure 2a). Both 5H5 

and 6H6 exhibited high fluorescent intensity using 1000 nm LP filter. When using 

1300 nm LP filter, NIR-IIa fluorescence of 5H5 could still be detected because of its 

broad emission spectra. Then, NIR-IIa imaging of 5H5, 5L5, 6H6 and 6L6 was also 

measured under 1064 nm using 1320 LP filter (Figure S2). The fluorephore 5H5 

exhibited the highest intensity in NIR-IIa window. Besides, fluorophore 5H5 showed 

the highest QYs and better photostability than 6H6 under ~0.1 W cm-2 808 nm laser 

irradiation over a period of 2 h (Figure 2b). The photostabilities of 5H5 NPs and 5H5-

PEG8-cRGDfk in water, PBS and FBS were also better than ICG (Figure 2c and d, 

Figure S3 and S4).
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12

Figure 2. a) Fluorescence of 5H5, 5L5, 6H6, 6L6 using different filters under 808 nm 

excitation. b) Photostabilities of 5H5 and 6H6 in acetonitrile compared to IR26. c) 

Photostabilities of 5H5 NPs in water, PBS, and FBS under 808 nm laser. d) 

Photostabilities of 5H5 NPs in water, PBS, and FBS compared to ICG under 808 nm 
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laser. e) Absorbance (left) and emission (right) spectra in acetonitrile under 808 nm 

excitation.

Computational calculations. The optimized ground-state geometries, highest occupied 

molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) were 

obtained through Gaussian 09 using time-dependent density functional theory (TD-DFT) 

calculations (Figure 3). It was found that molecular orbitals of 5H5, 5L5, 6H6 and 6L6 

mainly localized on the polymethine chains and the thiopyrylium/pyrylium rings, which 

pointed out the core group for absorption and emission properties. Benzene rings and 

alkynyl groups on both sides had minor influence on their optical spectra because of low 

molecular orbitals distribution. The energy gap (Egap) had close relationship to the max 

absorption and emission wavelength. Fluorophores 5H5 (Egap = 1.59 eV) and 5L5 (Egap = 

1.56 eV) had much narrower Egap than 6H6 (Egap = 1.88 eV) and 6L6 (Egap = 1.87 eV), 

and their max emission red-shifted for more than 100 nm. The chlorine element on the 

polymethine chain led to a small reduction of LUMOs energy and narrowed the Egap 

(1.59 → 1.56 eV, 1.88 → 1.87 eV), which gave rise to a red shift by 10-50 nm.
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14

Figure 3. Optimized ground-state geometries, highest occupied molecular orbitals 

(HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of 5L5, 5H5, 6L6 and 6H6 

using Gaussian 09 time-dependent density functional theory (TD-DFT) calculations at 

B3LYP/6-31G(d) scrf = solvent = acetonitrile level.

Blood pool imaging. Two laser systems (808 nm and 1064 nm) and optical LP filters 

(1000LP and 1320LP) were applyed for NIR-II or NIR-IIa fluorescence imaging of 

whole-body blood pool in female C57BL/6J mice using water-soluble 5H5 NPs. The 

nanopaticles coated with polyethylene glycol (PEG) exhibited increased blood 
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circulation times and reduced liver accumulation 28, which enables 5H5 NPs ideal 

materials for dynamic in vivo NIR-II imaging of blood vessels. After removing the fur on 

the back and abdomen of mice, 5H5 NPs in PBS solution was injected (100 μL, 1 

mg/mL based on the mass of 5H5) via tail vein of the female C57BL/6J mouse. The 

NIR-II images were first taken under ~100 mW cm-2 808 nm laser irradiation using 

1000LP or 1320LP filter respectively (Figure 4a). Both images showed the main blood 

vessels clearly in the NIR-II window, revealing the high spatial resolution of NIR-II 

fluorescent imaging. Comparing two images, the fluorescent signal of tissues was 

significantly reduced and the vessel sharpness was enhanced while using a 1320LP 

filter. The fluorescence intensities of blood vessels and muscles in the hindlimb were 

measured and the signal to background ratio (SBR) was calculated for NIR-II and NIR-

IIa imaging. As a result, the SBR of NIR-II imaging using 1000LP filter was 2.3 while it 

was increased to 3.8 using 1320LP filter (Figure 4c). Then a 1064 nm laser system was 

employed to explore the benefit of longer excitation wavelength on NIR-II imaging of 

blood vessels. Using the same 1320LP filter, a higher-definition image was obtained in 

NIR-IIa window under 1064 nm laser irradiation at the same power density (Figure 4a 
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and Figure S9). The fluorescence intensity profiles across the blue dotted line directly 

showed the greater clarity of vessel image taken under ~100 mW cm-2 1064 nm laser 

(Figure 4b). Every peak was obviously distinguished from each other under 1064 nm 

laser for NIR-IIa imaging. Surprisingly, the SBR was further improved to 7.2. The 

molecular imaging of small blood vessels at the lower abdomen region was zoomed in 

and shown in Figure 4d. Benefited from deeper tissue penetration capability of 1064 nm 

laser and lower photon scattering beyond 1320 nm region, deep tiny blood vessels can 

be clearly observed. The sulfur substituted polymethine dye 5H5 has been 

demonstrated as a promising small-molecule organic dye to achieve much longer 

excitation and emission wavelength with better imaging clarity and quality.
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Figure 4. a) NIR-II imaging of abdominal vessels in C57BL/6J mice using ~100 mW cm-2 

808 nm laser excitation and 1000LP filter (left, 50 ms exposure time), 808 nm laser 

excitation and 1320LP filter (middle, 1000 ms exposure time) and 1064 nm laser 

excitation and 1320LP filter (right, 500 ms exposure time); b) The fluorescence intensity 

profiles across the blue dotted lines marked in a; c) The corresponding signal 

background ratio analysis with intensity of the hindlimb main vessels and normal 
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muscles. d) High-resolution enlarged image of small blood vessels at lower abdomen 

region (1064 nm laser and 1320LP filter, 500 ms exposure time). 

Tumorous microvasculature imaging. Angiogenesis is a critical step in cancer 

pathologic processes. Noninvasive imaging in NIR-II windows can provide crucial 

information of tumorigenesis, development, metastasis and the early effects of 

molecular therapies29. Female BALB/c nude mice bearing subcutaneous U87MG 

tumors of 5 mm in diameter were intravenously injected of 150 μL of 5H5 NPs solution 

(1 mg/mL in PBS based on the mass of 5H5). Noninvasive assessment of tumor 

vascular structures in NIR-II window was performed immediately after injection of the 

fluorophore using 808 nm laser at NIR-II region or 1064 nm laser at NIR-IIa region. 

Strong fluorescent signals in tumorous blood vessels were detected in both channels 

due to extensive angiogenesis for tumor growth (Figure 5a). Neovascularization of 

tumorous vessel 1 and tumorous vessel 2 (white arrows in Figure 5a) and non-invasive 

high-resolution imaging of microvasculature were identified. The fluorescence intensity 

profiles across the white lines were generated and the full width at half maximum as 
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diameters of vessels was calculated by Gaussian function. The diameters of vessel 1 

and 2 were 318 μm and 516 μm respectively under 1064 nm laser while those were 407 

μm and 587 μm under 808 nm laser.  Even a tiny vessel with the diameter of 158 μm 

was also detected in the NIR-IIa window under 1064 nm laser, while no signal was 

observed under 808 nm laser (Figure 5d). 

Figure 5. a) The NIR-II and NIR-IIa imaging of blood vessels around and within the nude 

mouse tumors under ~100 mW cm-2 808 nm laser irradiation and 1000LP filter (middle, 
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100 ms exposure time), or ~100 mW cm-2 1064 nm laser irradiation and 1320LP filter 

(right, 500 ms exposure time); b) The dimeter of tumorous vessel 1; c) The dimeter of 

tumorous vessel 2; d) The abilities to distinguish microvascular under different laser; e,f) 

Non-specific tumor imaging using 5H5 NPs at 48 h p.i. under ~100 mW cm-2 808 nm 

laser irradiation and 1000LP filter (left, 200 ms exposure time),or ~400 mW cm-2 1064 

nm laser irradiation and 1320LP filter (right, 1000 ms exposure time).

Non-specific tumor imaging. Not only the tumorous microvasculature but also tumor 

tissues can be clearly visualized by 5H5 NPs in view of tumor-selective targeting 

imaging based on EPR effect (Figure 5e and f). At 48 h post-injection, the tumor 

tissue/non-tumor tissue (T/NT) ratio reached as high as ~3.2 under 808 nm laser 

excitation and improved to ~6.5 under 1064 nm laser excitation. The signal attenuation 

in normal tissue and the remarkable higher T/NT ratio were consistent with NIR-IIa 

imaging results of blood vessels, demonstrating the red-shift of excitation wavelength 

from NIR-I to NIR-II greatly expands the future applications of NIR-II in vivo fluorescent 

imaging.
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The αVβ3-targeted U87MG tumor imaging. Organic fluorophores are excellent 

materials for specific targeted molecular imaging with rapid clearance, hypotoxicity, and 

well-defined chemical structures.30-33 The clickable fluorophore 5H5 was conjugated to 

an integrin αvβ3 targeting peptide c(RGD)fk via Copper-catalyzed azide–alkyne 

cycloaddition for non-invasive NIR-IIa imaging of human U87MG glioma tumor (Figure 

6a). The BALB/c nude mice (n = 3) bearing U87MG glioma tumors were tail-vein 

injected with 150 μg 5H5-PEG8-cRGDfk. The in vivo NIR-II or NIR-IIa imaging were 

performed at 2, 4, 8, 12 and 24 h post-injection under either 808 nm or 1064 nm 

excitation. From imaging data, the tumor could be clearly visualized from the 

surrounding background during 4 - 24 h post-injection (Figure 6a and b), and the tumor 

uptake reached a maximum at 4 h. The highest tumor contrast was obtained at 8 h with 

a T/NT value of 4.0 under 808 nm excitation, while the T/NT was increased to 6.8 using 

1064 nm laser. The specificity of 5H5-PEG8-cRGDfk for integrin αVβ3 was confirmed by 

the blocking experiment with 808 nm/1064 nm excitation. The tumors fluorescence was 

reduced at all time points after coinjection of c(RGD)fk peptide (5 mg) with 5H5-PEG8-

cRGDfk (Figure 6c and d). An ex-vivo biodistribution study at 24 h indicated high 
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accumulation in liver and spleen using 1064 nm laser, which suggested the 

hepatobiliary system was the main clearance route (Figure S15 and S16). Pathology 

analysis by H&E staining indicated no obvious damage to the main organs (Figure S17).

Figure 6. a) NIR-II and b) NIR-IIa Integrin αvβ3 targeted U87 glioma tumor imaging; c) 

NIR-II and d) NIR-IIa Tumor imaging with excessive c(RGD)fk blocking. NIR-II Images 

were taken under ~100 mW cm-2 808 nm laser irradiation and 1000LP filter at 100 ms 
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exposure time. NIR-IIa Images were taken under ~100 mW cm-2 1064 nm laser 

irradiation and 1320LP filter at 1000 ms exposure time.

CONCLUSION

In summary, a new library of small-molecule dyes based on polymethine skeleton was 

designed and synthesized with strong NIR-II fluorescence. A polymethine thiopyrylium 

salt, 5H5, with both maximum absorption (1069 nm) and maximum emission (1125 nm) 

red-shifted to NIR-II window stood out for NIR-IIa biological imaging under NIR-II 

excitation. The abroad absorption and emission spectra allowed the direct comparison 

of the NIR-II/NIR-IIa imaging with 808 nm/1064 nm excitation. The NIR-IIa blood vessel 

and tumor imaging showed higher resolution and 3-times improved SBR compared to 

the imaging near 1000 nm under 808 nm excitation, revealing the broad application in in 

vivo biological imaging of small-molecule NIR-II fluorophores. 

EXPERIMENTAL SECTION

General Procedures. All reagents and solvents were purchased from commercial 

sources and used without further purification unless indicated otherwise. Flash 
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chromatography was performed on 200‐400 mesh silica. Thin Layer Chromatography 

(TLC) was performed using Silica gel 60G F254 25 Glass plates and visualized under 

254/365 nm ultraviolet light. NMR spectra were obtained on Bruker 400 MHz magnetic 

resonance spectrometer in deuterated solvents and processed in MestReNova software 

(Mestrelab Research). MALDI-TOF MS spectra were obtained on AB SCIEX 4700 

TOF/TOF System. UV-VIS absorbance was measured on Agilent Cary 60 UV-Vis 

Spectrophotometer. PL emission spectrum were obtained on a home-built NIR-II 

spectroscopy setup. The size of NPs was determined by Dynamic Light Scattering 

(DLS) on Malvern Zetasizer Nano ZS90 analyzer. NIR-II in vivo imaging was performed 

on a small-animal imaging system with fiber coupled 808 nm and 1064 nm laser 

system. The purity of  all compounds were > 95% determined by Dionex Ultimate 3000 

HPLC system with in-line Variable Wavelength Detector.

Synthesis

1-(4-hydroxyphenyl)-3-phenylprop-2-en-1-one (1). Aqueous KOH solution (50% W/W, 

70 mL) was added to the solution of 4-hydroxyacetophenone (100 mmol, 13.6 g) in 200 

mL MeOH in an ice bath. After stirred for 10 min, a solution of benzaldehyde（100 
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mmol, 10.6 g) in 30 mL MeOH was added dropwise over 1 h. Then, the reaction mixture 

was stirred at room temperature overnight. After removed MeOH under reduced 

pressure, the mixture was neutralized with 3M aqueous HCl. The precipitate was 

filtrated and washed with water. Recrystallized from MeOH 18.8 g light yellow crystalline 

solid was got; yield: 84%; mp 170-172 °C. 1H NMR (400 MHz, MeOD) δ 7.97 (dd, J = 

9.2, 2.3 Hz, 2H), 7.71 – 7.62 (m, 4H), 7.40 – 7.32 (m, 3H), 6.88 – 6.81 (dd, 2H). HPLC 

analysis: retention time = 13.612 min; peak area, 99.94%; eluent: water/acetonitrile 

(containing 0.1% TFA, from 5% to 95%); over 22 min with a flow rate of 1 mL min−1 and 

detection at 254 nm; column temperature, rt.

3-phenyl-1-(4-(prop-2-yn-1-yloxy)phenyl)prop-2-en-1-one (2). A mixture of compound 

1 (20 mmol, 4.48 g), propargyl bromide (80% in Toluene) (30 mmol, 3.34 mL) and 

K2CO3 (60 mmol, 4.15 g) in acetone (40 mL) was refluxed for 5 h then allowed to cool to 

room temperature and filtered. The crude product was obtained after removing the 

solvent of filtrate under reduced pressure. Recrystallized from MeOH got white solid 

4.85 g. yield: 92%; mp 83-84 °C. 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.9 Hz, 2H), 

7.81 (d, J = 15.6 Hz, 1H), 7.64 (dd, J = 6.5, 3.1 Hz, 2H), 7.54 (d, J = 15.6 Hz, 1H), 7.45 
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– 7.36 (m, 3H), 7.06 (d, J = 8.9 Hz, 2H), 4.77 (d, J = 2.4 Hz, 2H), 2.57 (t, J = 2.4 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 188.8, 161.3, 144.3, 135.1, 131.9, 130.8, 130.5, 129.0, 

128.5, 121.9, 114.8, 77.9, 76.3, 56.0. HPLC analysis: retention time = 15.292 min; peak 

area, 99.92%; eluent: water/acetonitrile (containing 0.1% TFA, from 5% to 95%); over 

22 min with a flow rate of 1 mL min−1 and detection at 254 nm; column temperature, rt.

2-(3-oxo-1-phenyl-3-(4-(prop-2-yn-1-yloxy)phenyl)propyl)cyclopentan-1-one (3a). A 

mixture of cyclopentanone (20 mmol, 1.7 mL) and pyrrolidine (20 mmol, 1.65 mL) in 

benzene (20 mL) was refluxed for 4 h in a round bottom flask attached with a Dean-

Stark trap. The solvent was removed, and the remaining mixture was dissolved in 

dioxane. Compound 2 (10 mmol, 2.62 g) was added to the mixture and refluxed for 2 h. 

Water (60 mL) was added to quench the reaction after cooled down to room 

temperature following extracted with EtOAc (3 × 20 mL). The combined organic layer 

was dried with anhydrous Na2SO4 and concentrated to provide the crude product, which 

was purified by flash chromatography (silica gel, hexane/EtOAc: 5:1, v/v) to give 

compound 3a (2.2 g) as a colorless oil. Yield: 64%. 1H NMR (400 MHz, Chloroform-d3) δ 

7.98 (d, J = 9.0 Hz, 1H), 7.31 – 7.17 (m, 4H), 7.00 (d, J = 9.0 Hz, 1H), 4.74 (d, J = 2.4 
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Hz, 1H), 3.84 – 3.68 (m, 2H), 3.41 (dd, J = 18.8, 9.3 Hz, 1H), 2.55 (t, J = 2.4 Hz, 1H), 

2.50 (dd, J = 10.6, 2.4 Hz, 1H), 2.29 – 2.19 (m, 1H), 2.17 – 2.08 (m, 1H), 1.98 – 1.86 (m, 

1H), 1.82 – 1.74 (m, 2H), 1.69 – 1.59 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 220.8, 

197.7, 161.4, 142.5, 131.0, 130.5, 128.6, 128.6, 126.8, 114.7, 77.9, 76.3, 55.9, 53.2, 

41.3, 40.7, 39.8, 27.2, 20.7; 1H NMR (400 MHz, Chloroform-d3) δ 7.91 (d, J = 8.7 Hz, 

2H), 7.30 – 7.14 (m, 5H), 6.97 (d, J = 8.7 Hz, 2H), 4.73 (d, J = 2.4 Hz, 2H), 3.79 (dd, J = 

16.4, 6.2 Hz, 1H), 3.69 (q, J = 7.4 Hz, 1H), 3.31 (dd, J = 16.4, 7.4 Hz, 1H), 2.54 (t, J = 

2.4 Hz, 1H), 2.45 (q, J = 8.2 Hz, 1H), 2.29 – 2.17 (m, 1H), 2.06 (dt, J = 18.3, 9.0 Hz, 1H), 

1.89 (dp, J = 12.6, 4.5 Hz, 1H), 1.69 (dt, J = 13.4, 7.2 Hz, 1H), 1.53 (tt, J = 9.7, 5.7 Hz, 

1H); 13C NMR (101 MHz, CDCl3) δ 220.1, 197.3, 161.2, 142.6, 131.0, 130.4, 128.5, 

128.4, 126.7, 114.6, 77.9, 76.2, 55.9, 53.1, 42.7, 41.1, 38.9, 28.0, 20.4. HPLC analysis: 

retention time = 15.392 min; peak area, 98.33%; eluent: water/acetonitrile (containing 

0.1% TFA, from 5% to 95%); over 22 min with a flow rate of 1 mL min−1 and detection at 

254 nm; column temperature, rt.

2-(3-oxo-1-phenyl-3-(4-(prop-2-yn-1-yloxy)phenyl)propyl)cyclohexan-1-one (3b). A 

mixture of Cyclohexanone (10 mmol, 1.03 mL) and pyrrolidine (10 mmol, 0.84 mL) in 
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benzene (10 mL) was refluxed for 4 h in a round bottom flask attached with the Dean-

Stark trap. The solvent was removed and dissolved in dioxane. Compound 2 (5 mmol, 

1.31 g) was added to the mixture and refluxed for 2 h. Water (30 mL) was added to 

quench the reaction after cooled down to room temperature following extracted with 

EtOAc (3 x 10 mL). The combined organic solution was dried with anhydrous Na2SO4 

and concentrated to provide the crude product, which was purified by flash 

chromatography (silica gel, hexane/ EtOAc, 5:1, v/v) to give compound 3b (1.23 g) as 

white solid. Yield: 68%; mp 122-124 °C. 1H NMR (400 MHz, Chloroform-d3) δ 7.97 (d, J 

= 9.0 Hz, 2H), 7.26 – 7.23 (m, 4H), 7.16 (dd, J = 5.0, 3.7 Hz, 1H), 6.98 (d, J = 9.0 Hz, 

2H), 4.74 (d, J = 2.4 Hz, 2H), 3.91 (dt, J = 9.8, 5.0 Hz, 1H), 3.48 (dd, J = 16.2, 5.0 Hz, 

1H), 3.32 (dd, J = 16.2, 9.4 Hz, 1H), 2.70 (dt, J = 10.4, 5.2 Hz, 1H), 2.54 (t, J = 2.4 Hz, 

1H), 2.42 – 2.35 (m, 1H), 2.30 – 2.22 (m, 1H), 2.09 – 1.97 (m, 2H), 1.93 – 1.86 (m, 1H), 

1.58 (ddt, J = 9.0, 5.6, 3.3 Hz, 2H), 1.31 – 1.19 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 

212.2, 197.8, 161.3, 142.7, 131.0, 130.6, 128.7, 128.4, 126.5, 114.6, 110.2, 79.0, 76.2, 

56.0, 42.5, 40.5, 40.1, 29.8, 27.7, 25.0. 1H NMR (400 MHz, Chloroform-d3) δ 7.92 (d, J 

= 9.0 Hz, 1H), 7.27 – 7.22 (m, 2H), 7.22 – 7.10 (m, 3H), 6.96 (d, J = 9.0 Hz, 1H), 4.73 (d, 
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J = 2.4 Hz, 2H), 3.71 (td, J = 9.7, 4.3 Hz, 1H), 3.43 (dd, J = 15.9, 4.2 Hz, 1H), 3.17 (dd, 

J = 15.9, 9.5 Hz, 1H), 2.72 (tdd, J = 10.0, 5.1, 1.0 Hz, 1H), 2.55 – 2.49 (m, 2H), 2.39 

(dddd, J = 12.0, 10.2, 5.5, 2.7 Hz, 1H), 1.98 (dddd, J = 11.0, 7.1, 5.3, 2.3 Hz, 1H), 1.78 

– 1.74 (m, 2H), 1.70 – 1.63 (m, 1H), 1.56 (ddt, J = 14.0, 7.6, 3.8 Hz, 1H), 1.31 – 1.20 (m, 

1H); 13C NMR (101 MHz, CDCl3) δ 213.9, 197.5, 161.2, 142.1, 131.0, 130.5, 128.6, 

128.5, 126.7, 114.6, 78.0, 76.2, 56.0, 55.9, 44.1, 42.4, 41.4, 32.6, 28.7, 24.2. HPLC 

analysis: retention time = 15.752 min; peak area, 99.89%; eluent: water/acetonitrile 

(containing 0.1% TFA, from 5% to 95%); over 22 min with a flow rate of 1 mL min−1 and 

detection at 254 nm; column temperature, rt.

6,7-dihydro-2-(4-(prop-2-yn-1-yloxy)phenyl)-4-phenyl-5H-cyclopenta[b]thiopyrylium 

tetrafluoroborate (4a). Thioacetic acid (12.7 mmol, 0.9 mL) was added to a solution of 

compound 3a (5.8 mmol, 2.0 g) in diethyl ether (10 mL). After all reagents completely 

dissolved, Boron trifluoride etherate (34.7 mmol, 4.4 mL) was added dropwise to the 

mixture, following refluxed for 6 h. Then the reaction mixture was cooled down to room 

temperature and quenched with water (1 mL). Then it was poured into diethyl ether (100 

mL) and a large amount of yellow solid appeared. After filtrated off, washed with diethyl 
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ether and dried, 1.44 g yellow solid was got. Yield: 59%; mp: 140°C (decomposition). 1H 

NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 7.85 (d, J = 8.3 Hz, 2H), 7.68-7.65 (m, 2H), 

7.59-7.57 (m, 4H), 7.15 (d, J = 8.3 Hz, 2H), 4.77 (d, J = 2.2 Hz, 2H), 3.71 (t, J = 6.6 Hz, 

2H), 3.32 (t, J = 6.8 Hz, 2H), 2.60 (t,  J = 2.2 Hz, 1H), 2.42 – 2.29 (m, 2H); 13C NMR 

(101 MHz, CDCl3) δ 175.0, 166.2, 162.0, 159.6, 149.5, 137.2, 132.1, 131.7, 130.3, 

129.6, 129.0, 127.3, 116.9, 77.4, 76.9, 56.3, 38.6, 34.4, 24.9. MS (MALDI-TOF) m/z: 

calculated for C23H19OS+: 343.12, found: m/z 343.05. HPLC analysis: retention time = 

13.442 min; peak area, 98.56%; eluent: water/acetonitrile (containing 0.1% TFA, from 

5% to 95%); over 22 min with a flow rate of 1 mL min−1 and detection at 254 nm; 

column temperature, rt.

5,6,7,8-tetrahydro-2-(4-(prop-2-yn-1-yloxy)phenyl)-4-phenyl-1-benzopyrylium 

tetrafluoroborate (4b). Boron trifluoride etherate (2 mmol, 0.25 mL) was added to a 

solution of compound 3b (2 mmol, 0.36 g) in acetic anhydride (4 mL) and refluxed for 4h. 

The mixture was allowed to cool down to room temperature and ethyl ether (50 mL) was 

added. The precipitate appeared and was filtered off, washed with diethyl ether and 

dried to get 192 mg yellow powder. Yield: 43%; mp: 152°C (decomposition). 1H NMR 
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(400 MHz, CD3CN) δ 8.27 (d, J = 9.0 Hz, 2H), 8.21 (s, 1H), 7.72 – 7.60 (m, 5H), 7.27 (d, 

J = 9.1 Hz, 2H), 4.92 (d, J = 2.5 Hz, 2H), 3.27 (t, J = 6.5 Hz, 2H), 2.92 (t, J = 2.4 Hz, 1H), 

2.82 (t, J = 6.2 Hz, 2H), 2.12 – 2.01 (m, 2H), 1.86 – 1.74 (m, 2H); 13C NMR (101 MHz, 

CD3CN) δ 177.0, 170.4, 168.9, 164.3, 135.4, 132.9, 131.6, 131.0, 130.1, 129.7, 122.5, 

119.1, 117.3, 78.5, 77.9, 57.3, 30.2, 27.1, 22.1, 21.5. MS (MALDI-TOF) m/z: calculated 

for C24H21O2+: 341.15, found: m/z 341.10. HPLC analysis: retention time = 13.722 min; 

peak area, 99.37%; eluent: water/acetonitrile (containing 0.1% TFA, from 5% to 95%); 

over 22 min with a flow rate of 1 mL min−1 and detection at 254 nm; column temperature, 

rt.

N-(3-Anilino-2-propenylidene)aniline monohydrochloride (5a). Concentrated HCl (2 

mL) was added to a solution of 1,1,3,3-tetramethoxypropane (10 mmol, 1.64 g) and 

aniline (22 mmol, 2 mL) in ethanol (25 mL) at 0°C, following stirred for 15 min. Then the 

mixture was stirred for 1 h at room temperature. After concentrated to 10 mL, the 

reaction mixture was poured into water (100 mL). A large amount of precipitate 

appeared and was filtered off, following washed with water and dried under vacuum. 

1.37 g yellow solid was gained. Yield: 53%; mp: 170°C (decomposition). 1H NMR (400 
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MHz, Methanol-d4) δ 8.69 (d, J = 11.6 Hz, 2H), 7.53 – 7.42 (m, 4H), 7.38 (dd, J = 7.3, 

1.7 Hz, 4H), 7.28 (t, J = 7.3 Hz, 2H), 6.27 (t, J = 11.6 Hz, 1H). 13C NMR (101 MHz, 

Methanol-d4) δ 159.8, 139.8, 131.1, 127.7, 118.8, 99.4. HPLC analysis: retention time = 

11.692 min; peak area, 95.54%; eluent: water/acetonitrile (containing 0.1% TFA, from 

5% to 95%); over 22 min with a flow rate of 1 mL min−1 and detection at 254 nm; 

column temperature, rt.

N-[2-chloro-3-(phenylamino)-2-propenylidene]-benzenamine monohydrochloride (5b). 

A solution of aniline (22 mmol, 2 mL) in ethanol (10 mL) was added drop by drop 

through a constant pressure funnel into the solution of 2,3-Dichloro-4-oxo-butenoic acid 

(10 mmol, 1.68 g) in ethanol (10 mL).  The mixture was stirred for 5 h at room 

temperature. After concentrated to 5 mL under reduced pressure, the reaction mixture 

was then poured into ethyl ether (100 mL). A large amount of golden precipitate 

appeared and was filtered off, following washed with cold ethanol and dried under 

vacuum to afford 1.6 g golden solid. Yield: 62%; mp: 170°C (decomposition). 1H NMR 

(400 MHz, Methanol-d4) δ 8.99 (s, 2H), 7.58 – 7.46 (m, 8H), 7.39 – 7.32 (m, 2H); 13C 

NMR (101 MHz, Methanol-d4) δ 156.2, 139.7, 131.1, 128.6, 120.4, 102.3. HPLC 
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analysis: retention time = 11.592 min; peak area, 99.31%; eluent: water/acetonitrile 

(containing 0.1% TFA, from 5% to 95%); over 22 min with a flow rate of 1 mL min−1 and 

detection at 254 nm; column temperature, rt.

Compound 5L5. Compound 4a (0.02 mmol, 8.6 mg), Compound 5b (0.01 mmol, 2.9 

mg) and anhydrous sodium acetate (0.02 mmol, 1.6 mg) was dissolved in acetic 

anhydride (1 mL) and stirred for 2 h at 70 ℃. The reaction mixture was poured into ethyl 

ether (20 mL). The precipitate was filtered off, washed with ethyl ether and dried under 

reduced pressure to give crude compound 5L5. 5 mg dark brown semi-solid was 

obtained after purified by HPLC eluted with acetonitrile/water/Trifluoracetic acid 

(70/30/0.1; v/v/v). Yield: 59%; 1H NMR (400 MHz, Acetonitrile-d3) δ 7.60 (d, J = 8.8 Hz, 

4H), 7.49 (q, J = 5.3 Hz, 6H), 7.44 – 7.40 (m, 4H), 7.36 (s, 2H), 7.31 (s, 2H), 6.95 (d, J = 

8.8 Hz, 4H), 4.70 (d, J = 2.2 Hz, 4H), 3.18 (d, J = 5.9 Hz, 4H), 3.01 (d, J = 6.8 Hz, 4H), 

2.89 (t, J = 2.2 Hz, 2H); 13C NMR (101 MHz,CD3CN) δ 160.1, 160.0, 147.0, 145.7, 145.6, 

138.0, 136.3, 135.0, 129.8, 128.9, 128.2, 128.2, 127.8, 127.8, 125.9, 115.6, 78.0, 76.6, 

56.0, 30.9, 30.3. MS (MALDI-TOF) m/z: calculated for C49H36ClO2S2+: 755.18, found: 

m/z 755.10. HPLC analysis: retention time = 19.712 min; peak area, 99.83%; eluent: 
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water/acetonitrile (containing 0.1% TFA, from 5% to 95%); over 22 min with a flow rate 

of 1 mL min−1 and detection at 254 nm; column temperature, rt.

Compound 5H5. Compound 4a (0.2 mmol, 86 mg), Compound 5a (0.1 mmol, 25.9 mg) 

and anhydrous sodium acetate (0.2 mmol, 16.4 mg) was dissolved in acetic anhydride 

(10 mL) and stirred for 2 h at 70 ℃. The reaction mixture was poured into ethyl ether 

(100 mL). The precipitate was filtered off, washed with ethyl ether and dried under 

reduced pressure to give crude compound 5H5. 34 mg dark brown semi-solid was 

obtained after purified by HPLC eluted with acetonitrile/water/Trifluoracetic acid 

(70/30/0.1; v/v/v). Yield: 42%; 1H NMR (400 MHz, Acetonitrile-d3) δ 7.29 (d, J = 8.6 Hz, 

4H), 7.20 (2H), 7.13 (6H), 7.07 (2H), 7.02 (1H), 7.00 (2H), 6.70 (d, J = 8.6 Hz, 4H), 4.43 

(d, J = 2.2 Hz, 4H), 2.68 (t, J = 6.8 Hz, 4H), 2.53 (t, J = 2.2 Hz, 2H), 2.50 (t, J = 6.8 Hz, 

4H). MS (MALDI-TOF) m/z: calculated for C49H37O2S2+: 721.22, found: m/z 721.42. 

HPLC analysis: retention time = 13.612 min; peak area, 99.94%; eluent: 

water/acetonitrile (containing 0.1% TFA, from 5% to 95%); over 22 min with a flow rate 

of 1 mL min−1 and detection at 254 nm; column temperature, rt. HPLC analysis: 

retention time = 20.435 min; peak area, 98.82%; eluent: water/acetonitrile (containing 

Page 34 of 59

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



35

0.1% TFA, from 5% to 95%); over 22 min with a flow rate of 1 mL min−1 and detection at 

254 nm; column temperature, rt.

Compound 6L6. Compound 4b (0.02 mmol, 8.6 mg), Compound 5b (0.01 mmol, 2.9 

mg) and anhydrous sodium acetate (0.02 mmol, 1.6 mg) was dissolved in acetic 

anhydride (1 mL) and stirred for 2 h at room temperature. The reaction mixture was 

poured into ethyl ether (20 mL). The precipitate was filtered off, washed with ethyl ether 

and dried under reduced pressure to give the crude product. 3 mg dark green semi-solid 

was obtained after purified by HPLC eluted with acetonitrile/water/Trifluoracetic acid 

(70/30/0.1; v/v/v). Yield: 36%; 1H NMR (400 MHz, Acetonitrile-d3) δ 8.07 (d, J = 8.8 Hz, 

4H), 7.76 (s, 2H), 7.60 – 7.48 (m, 10H), 7.19 (s, 2H), 7.10 (d, J = 8.9 Hz, 4H), 4.83 (d, J 

= 2.2 Hz, 4H), 2.84 (t, J = 2.3 Hz, 2H), 2.84 – 2.76 (m, 4H), 2.70 – 2.61 (m, 4H), 1.80 – 

1.71 (m, 4H). HPLC analysis: retention time = 18.874 min; peak area, 96.81%; eluent: 

water/acetonitrile (containing 0.1% TFA, from 5% to 95%); over 22 min with a flow rate 

of 1 mL min−1 and detection at 254 nm; column temperature, rt.

Compound 6H6. Compound 4b (0.1 mmol, 42.8 mg), Compound 5a (0.05 mmol, 13.0 

mg) and Anhydrous Sodium acetate (0.1 mmol, 8.2 mg) was dissolved in acetic 

Page 35 of 59

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



36

anhydride (5 mL) and stirred for 2 h at 70 ℃. The reaction mixture was poured into ethyl 

ether (80 mL). The precipitate was filtered off, washed with ethyl ether and dried under 

reduced pressure to give the crude product. 31 mg dark green semi-solid was obtained 

after purified by HPLC eluted with acetonitrile/water/Trifluoracetic acid (70/30/0.1; v/v/v). 

Yield: 77%; 1H NMR (400 MHz, Acetonitrile-d3) δ 7.98 (d, J = 9.0 Hz, 4H), 7.94 (d, J = 

13.2 Hz, 2H), 7.57 – 7.51 (m, 6H), 7.49 – 7.44 (m, 4H), 7.10 (d, J = 9.0 Hz, 4H), 7.06 (s, 

2H), 6.60 (t, J = 13.1 Hz, 1H), 4.83 (d, J = 2.4 Hz, 4H), 2.90 (t, J = 2.4 Hz, 2H), 2.64 (dt, 

J = 16.4, 5.9 Hz, 8H), 1.78 – 1.71 (m, 4H); 13C NMR (101 MHz, CD3CN) δ 162.8, 160.5, 

159.0, 150.0, 144.6, 144.5, 136.4, 133.0, 129.9, 128.8, 128.6, 128.1, 127.2, 123.8, 

115.5, 109.4, 78.0, 76.7, 56.1, 27.0, 24.6, 20.3. MS (MALDI-TOF) m/z: calculated for 

C51H41O4+: 717.30, found: m/z 717.20. HPLC analysis: retention time = 13.612 min; 

peak area, 99.94%; eluent: water/acetonitrile (containing 0.1% TFA, from 5% to 95%); 

over 22 min with a flow rate of 1 mL min−1 and detection at 254 nm; column temperature, 

rt. HPLC analysis: retention time = 19.526 min; peak area, 93.99%; eluent: 

water/acetonitrile (containing 0.1% TFA, from 5% to 95%); over 22 min with a flow rate 

of 1 mL min−1 and detection at 254 nm; column temperature, rt.
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N3-PEG8-c(RGD)fk. In a flask, c(RGD)fk (0.01 mmol, 6 mg) and DIPEA (0.2 mmol, 30 

μL)was dissolved in DMSO (1 mL) and stirred at room temperature. Then N3-PEG8-NHS 

(0.012 mmol, 6.8 mg) was added to the mixture and stirred for 4 h at room temperature. 

After purified by HPLC eluted with acetonitrile/water a total of 7.5 mg white semi-solid 

was obtained. Yield: 71%; MS (MALDI-TOF) m/z: [M+H]+ calculated for C46H77N12O16+: 

1053.6, found: m/z 1054.2. HPLC analysis: retention time = 11.232 min; peak area, 

99.07%; eluent: water/acetonitrile (containing 0.1% TFA, from 5% to 95%); over 22 min 

with a flow rate of 1 mL min−1 and detection at 220 nm; column temperature, rt.

5H5-PEG8-c(RGD)fk. A mixture of 5H5 (0.001 mmol, 0.81 mg), N3-PEG8-c(RGD)fk 

(0.002 mmol, 1.05 mg), TBTA (0.0002 mmol, 0.10 mg ), sodium ascorbate (0.001 mmol, 

0.2 mg) and CuSO₄·5H₂O (0.001 mmol, 0.25 mg) was dissolved in DMF (0.2 mL) and 

stirred for 1 h at room temperature under argon atmosphere. The reaction mixture was 

then purified by HPLC eluted with acetonitrile/water to give 1.3 mg 5H5-PEG8-c(RGD)fk 

as brown solid. Yield: 46%; MS (MALDI-TOF) m/z: [M-BF4]+ calculated for 

C141H189N24O34S2+: 2826.3, found: m/z 2826.1. HPLC analysis: retention time = 15.294 

min; peak area, 98.30%; eluent: water/acetonitrile (containing 0.1% TFA, from 5% to 
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95%); over 22 min with a flow rate of 1 mL min−1 and detection at 254 nm; column 

temperature, rt.

Preparation of 5H5 NPs. An amount of 0.5 mg 5H5 in 0.5 mL THF was added into 5 

mL ddwater (containing 1.1 mg/mL DSPE-mPEG 2K) and sonicated with an ultrasonic 

processor for 2 min on an ice bath. Then it was warmed up to 50 ℃ and treated with 

nitrogen flow to remove extra THF solvent. After filtered with 0.22 μm filter, the solution 

was purified and concentrated through 30k Millipore centrifugal filter units for 3 times to 

get 500 μL stoke solution. The concentration is 1 mg/mL (based on the mass of 5H5 in 

liposomes).

Quantum yield test. The fluorescence quantum yield of the dyes was measured in a 

similar way to previous method using IR-26 (QY = 0.5%) as a reference. A home built 

setup was used to measure the fluorescence spectrum using an InGaAs camera 

(Princeton 640) and a spectrometer (Princeton) under an 808-nm diode laser excitation. 

Absorbance at 808 nm and fluorescence from 900 to 1600 nm of each dye (5 different 

concentrations at OD < 0.1) were measured. The integrated fluorescence was plotted 

against absorbance, and the plots were fitted to a linear function. Comparison of the 
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slopes (Kx for testing dye, Ks for the reference dye) between each dye and the reference 

led to the QY. The QY was calculated using following formula:

= 

: Quantum yield of the testing dye; : Quantum yield of IR-26

Photostability. Dyes or probes dissolved in acetonitrile, water, PBS or FBS was 

exposed under continuous 808-nm laser at power density of ~0.1 W cm-2. The 

fluorescence signal was measured for a period of 120 minutes. The average of the 

fluorescence intensity was plotted as a function of time.

Cell line and animal management. U87MG human glioma cell line and NIH 3T3 

mouse embryo fibroblast cell line were obtained from the American Type Culture 

Collection (ATCC) and cultured in high glucose Dulbecco’s Modified Eagle Medium 

(DMEM) containing 10% fetal bovine serum, 100 IU/mL penicilin and 100 μg/mL 

streptomycin at 37 °C with 5% CO2 atmosphere. The C57BL/6j (female, n = 3) and 

BALB/c (female, n = 9) nude mice were purchased form SPF ( Beijing ) Biotechnology 

Co.,Ltd. All animal experiments were performed according to the Chinese Regulations for 
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the Administration of Affairs Concerning Experimental Animals. About 2 ⅹ 106 U87MG cells 

in DMEM media (no FBS) were hypodermic injected on the right leg of the nude mice.

In vivo NIR-II fluorescence imaging. An InGaAs array was used for the NIR-II 

fluorescence imaging. The excitation laser was provided by a fiber-coupled 808 nm (or 

1064 nm) diode laser system at a power density of 0.1 W/cm2 (or 0.4 W cm-2). The 

emission light was filtered through a 1000 nm (or 1320 nm) long pass filter. 

MTT cytotoxicity assay34-35. The MTT solution is prepared at 5 mg/mL in PBS and 

filter sterilized. A number of 7.5 ⅹ 103 NIH 3T3 cells per well were seeded in a 96-well 

plate with DMEM media (100 µL per well) overnight. To each well, 100 µL solution of 

5H5 NPs at concentration of 3, 6, 12, 26, 50 and 100 µg/mL (or 5H5-PEG8-cRGDfk at 8, 

16, 32, 60 and120 μM; 6 wells for each concentration) in DMEM media was added and 

incubated for 48 h. Then 20 µL MTT solution (5 mg/mL in PBS) was added and 

incubated the plate for 4 h at 37°C. The media was removed, and the wells were 

carefully washed with PBS. 150 µL DMSO per well was added to dissolve the 

intracellular purple formazan crystals. At last, Absorbance at 490 nm was measured to 

calculate the viability of cell growth.
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Density functional theory calculations. All the calculations were performed using the 

Gaussian 09 software. The ground-state (S0) geometries of 5H5, 5L5, 6H6 and 6L6 

were optimized using B3LYP/6-31G(d) scrf=solvent=acetonitrile method. The max 

absorption wavelengths of these molecules were calculated using TD B3LYP/6-31G(d) 

scrf=solvent=acetonitrile level based on their optimized S0 geometries and then 

obtained using Multiwfn software at scale factor36 of 0.952. The max emission 

wavelengths of these molecules were calculated using OPT TD B3LYP/6-31G(d) 

scrf=solvent=acetonitrile method and then obtained using Multiwfn software.
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Molecular formula strings (CSV)
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The NIR-IIa imaging under 1064 nm excitation was achieved based on a newly 

developed small-molecule organic dye, 5H5, whose absorption and emission both 

located in the NIR-II window. Blood pool imaging and targeted tumor imaging using 

modified probes showed the great improvement of NIR-II excited NIR-IIa imaging over 

NIR-I excited NIR-II imaging.
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a) The design strategy of small-molecule fluorophores with both excitation and emission in NIR-II window. 
b) Chemical structures of 5L5, 5H5, 6L6 and 6H6. 
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a) Fluorescence of 5H5, 5L5, 6H6, 6L6 using different filters under 808nm excitation. b) Photostabilities of 
5H5 and 6H6 in acetonitrile compared to IR26. c) Photostabilities of 5H5 NPs in water, PBS, and FBS. d) 
Photostabilities of 5H5 NPs in water, PBS, and FBS compared to ICG. e) Absorbance (left) and emission 

(right) spectra in acetonitrile. 
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Optimized ground-state geometries, highest occupied molecular orbitals (HOMOs) and lowest unoccupied 
molecular orbitals (LUMOs) of 5L5, 5H5, 6L6 and 6H6 using Gaussian 09 time-dependent density functional 

theory (TD-DFT) calculations at B3LYP/6-31G(d) scrf = solvent = acetonitrile level. 
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a) NIR-II imaging of abdominal vessels in C57BL/6J mice using ~100 mW cm2 808 nm laser excitation and 
1000LP filter (left, 50 ms exposure time), 808 nm laser excitation and 1320LP filter (middle, 1000 ms 
exposure time) and 1064 nm laser excitation and 1320LP filter (right, 500 ms exposure time); b) The 
fluorescence intensity profiles across the blue dotted lines marked in a; c) The corresponding signal 
background ratio analysis with intensity of the hindlimb main vessels and normal muscles. d) High-

resolution enlarged image of small blood vessels at lower abdomen region (1064 nm laser and 1320LP filter, 
500 ms exposure time). 
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a) The NIR-II and NIR-IIa imaging of blood vessels around and within the nude mouse tumors under ~100 
mW cm-2 808 nm laser irradiation and 1000LP filter (middle, 100 ms exposure time), or ~100 mW cm-2 
1064 nm laser irradiation and 1320LP filter (right, 500 ms exposure time); b) The diameter of tumorous 

vessel 1; c) The diameter of tumorous vessel 2; d) The abilities to distinguish microvascular under different 
laser; e,f) Non-specific tumor imaging using 5H5 NPs at 48 h p.i. under ~100 mW cm-2 808 nm laser 

irradiation and 1000LP filter (left, 200 ms exposure time),or ~400 mW cm-2 1064 nm laser irradiation and 
1320LP filter (right, 1000 ms exposure time). 
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a) NIR-II and b) NIR-IIa Integrin αvβ3 targeted U87 glioma tumor imaging; c) NIR-II and d) NIR-IIa Tumor 
imaging with excessive c(RGD)fk blocking. 
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The NIR-IIa imaging under 1064 nm excitation was achieved based on a newly developed small molecule 
organic dye, 5H5, whose absorption and emission both located in the NIR-II window. Blood pool imaging 

and targeted tumor imaging using modified probes showed the great improvement of NIR-II excited NIR-IIa 
imaging over NIR-I excited NIR-II imaging. 

Page 59 of 59

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


