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Abstract

A modular synthetic enables two or four shielding arms to be appended strategically over 

the fluorochromes of near-infrared cyanine heptamethine dyes to create hydrophilic analogs 

of clinically approved Indocyanine Green. A key synthetic step is facile substitution of a 

heptamethine 4’-Cl atom by a phenol bearing two triethylene glycol chains. The lead compound 

is a heptamethine dye with four shielding arms, and a series of comparative spectroscopy studies 

showed that the shielding arms, (a) increased dye photostability and chemical stability, and (b) 

inhibited dye self-aggregation and association with albumin protein. In mice, the dye cleared 

from the blood primarily through the renal pathway, rather than the biliary pathway for ICG. 

This change in biodistribution reflects the much smaller hydrodynamic diameter of the shielded 

hydrophilic ICG analog compared to the 67 kDa size of the ICG/albumin complex. An attractive 

feature of the versatile synthetic chemistry is the capability to systematically alter the dye’s 

hydrodynamic diameter. The sterically shielded hydrophilic ICG dye platform is well-suited 

for immediate incorporation into Dynamic Contrast Enhanced (DCE) spectroscopy or imaging 

protocols using the same cameras and detectors that have been optimized for ICG.
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INTRODUCTION

Indocyanine green (ICG, Scheme 1) is a near-infrared (NIR) fluorescent heptamethine 

cyanine dye that has been used clinically for more than sixty years in an increasing number 

of biomedical diagnostic and imaging applications.1 In blood, ICG absorbs at ~800 nm and 

fluoresces at ~820 nm which makes it an attractive optical contrast agent due to minimal 

background absorption and autofluorescence by endogenous biomolecules. After injection 

into the bloodstream, ICG binds rapidly and strongly to blood proteins, (albumin, globulins, 

α-lipoproteins), and thus remains confined to the vascular system until blood passage 

through the liver, where the ICG is efficiently translocated, without chemical modification, 

into the bile and subsequently into the intestines. Roughly speaking, the wide range of 

clinical methods using ICG can be classified into two groups, near-infrared spectroscopy 

(NIRS), an absorption-based technique,2,3 or near-infrared fluorescence (NIRF).4 The 

expanding availability of detectors and cameras is promoting new developments in Dynamic 

Contrast Enhanced (DCE) techniques, which track time-dependent changes in the ICG 
signal to generate valuable pharmacokinetic information for a specific patient. For example, 

recent studies have used ICG for DCE spectroscopy or imaging to assess colon perfusion,5,6 

bone perfusion,7,8 cerebral perfusion,9–13 and vascular permeability.14–18 Since ICG binds 

strongly to albumin, its effective diameter as a dynamic contrast agent is the size of the 

67 kDa protein. There is emerging evidence that important additional pharmacokinetic 

insight can be gained by changing the size of the NIR contrast agent to interrogate different 

dynamic regimes.9,10,18–23

Pursuit of this appealing multiscale DCE imaging paradigm requires a new set of small, 

hydrophilic NIR dyes that do not associate with blood proteins and can be detected 

using the same cameras and detectors that have been optimized for ICG. The inherent 

hydrophobicity of ICG makes it a synthetic challenge to create hydrophilic analogs that do 

not self-aggregate or associate with biological surfaces.24,25 At present, the most common 

rational design strategy is to create highly charged NIR heptamethine cyanine dyes, usually 

with multiple sulfonate groups.26,27 A common synthetic method starts with a commercial 

dye, such as IR820 (Scheme 1), whose reactive 4’-Cl atom can be readily substituted 

by O, N, or S nucleophiles.28 One hydrophilic NIR fluorescent dye that has been used 

for DCE experiments is IRDye800CW, a commercial dye with multiple sulfonates and 

a 4’-phenoxy group.10,18 IRDye800CW is reported to not produce acute toxicity,29 but 

a chemical drawback with this family of heptamethine cyanine dyes is susceptibility to 
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covalent substitution of the 4’-phenoxy group by biological nucleophiles to give undesired 

dye degradation products that may diminish DCE imaging performance.30–32 A related 

concern is the polyanionic charge of dyes like IRDye800CW which can produce altered 

biodistribution patterns due to electrostatic interactions with blood components or biological 

surfaces.21,33–35

As part of an ongoing effort to improve the properties of NIR fluorescent dyes for 

biomedical imaging, we recently prepared a heptamethine cyanine dye with a C-C bonded 

4’-aryl ring that projected two shielding arms over both faces of the dye.36–38 The 

success of this steric protection concept motivated us to expand the scope of shielded dye 

structures and the synthetic methodology to create them. Here we describe a new class of 

heptamethine dyes that have near-identical electrostatic and spectral profiles as ICG but they 

possess different numbers of shielding arms that sterically protect the chromophore. More 

specifically, we have conducted a systematic comparison of new dyes 1, 2 and 3, each with a 

4’-phenoxy group projecting zero, two, or four shielding arms, respectively (Scheme 2). We 

find that the protecting arms block undesired dye self-aggregation or dye association with 

albumin protein and thus the new dyes have much smaller hydrodynamic diameters in blood. 

In addition, the protecting arms greatly enhance chemical and photochemical stability by 

inhibiting undesired intermolecular degradation reactions.

RESULTS AND DISCUSSION

Synthesis.

The three dyes (1, 2 and 3) were prepared in modular fashion using synthetic pathways in 

Scheme 3. The first key building block, phenol 6, was prepared in two straightforward steps 

from starting material 4. A second important building block, the Vilsmeier reagent 10, was 

prepared in three steps from the known intermediate 7 which in turn was prepared in four 

literature steps.39 Reaction of 10 with two equivalents of benzoindole 12 afforded the 4’-Cl 

bisalkyne heptamethine 13 in 73% yield. The 4’-Cl atom in 13 was smoothly substituted by 

phenol 6 under mild conditions to give bisalkyne heptamethine 14 in 93% yield which was 

subsequently converted into dye 3 with four shielding arms. The 4’-Cl atom on commercial 

IR820 was substituted with phenol 6 or p-cresol to give dye 2 with two shielding arms or 

unshielded control dye 1. Interestingly, the 4’-Cl of IR820 could not be displaced by the 

less sterically hindered p-cresol under the same mild conditions used for shielded 6. Instead, 

forcing conditions (higher temperature, a large excess of p-cresol and strong base) were 

needed to react IR820 with p-cresol and generate dye 1. There is evidence that the 4’-Cl 

substitution reaction in room temperature, organic solvent proceeds by an SRN1 mechanism 

with radical intermediates;40 thus, we tentatively attribute the enhanced reactivity of phenol 

6 with IR820 to through space stabilization of radical structures by the two triazole rings 

on 6. The expediency of the high yielding, single-step, substitution reaction using phenol 

6 compares favorably with the three step process developed by Schnermann and coworkers 

that installed an 4’-alkoxy substituent to create a stabilized heptamethine cyanine dye.30
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Photophysical Properties.

The spectral properties of the three shielded dyes (1, 2 and 3) and two control heptamethine 

cyanine dyes (IR820 and CW800-SO3) are listed in Table 1 (additional data in Table S1 

and Figures S7 and S17). Shown in Figure 1a are absorption spectra of dyes 1, 2 and 3 
in PBS at the same concentration with additional spectra at multiple concentrations in PBS 

and DMSO in Figure S2–S6. Inspection of the spectra reveals the following trends for the 

dyes in PBS: the absorption spectrum for unshielded dye 1 exhibits a major non-fluorescent 

H-aggregate band at 680 nm and a small monomer band at 805 nm; most of dye 2 with two 

shielding arms is in a monomeric state, but there is a minor H-aggregate absorption peak at 

738 nm; dye 3 with four appended shielding arms exists completely in the monomeric state. 

A computational molecular model of 3 (Figure 2) shows that the plane of the 4’-phenoxy 

ring is essentially orthogonal to the plane of the heptamethine chain and strong experimental 

support for this conformation is provided by the 1H NMR spectra for the different dyes 

(Figure S1).

A property that is related to dye-self aggregation in water is dye association with albumin 

protein in water. The expectation that the shielding arms of 3 would reduce affinity for 

albumin was confirmed by measuring the association with bovine serum albumin (BSA). 

Standard titration experiments measured quenching of the protein’s tryptophan fluorescence 

caused by incremental addition of dye.26 The titration data in Figure S18 produced Ka = 7.0 

× 105 M−1 at 37 °C for ICG which matches the literature,26 and an 11-fold lower value of 

6.0 × 104 M−1 for shielded dye 3 under the same condition. Thus, the four shielding arms 

in dye 3 are quite effective at blocking dye self-aggregation and association with albumin 

protein and by extension other blood proteins and related biological surfaces.

Photochemical stability is highly desired for NIR spectroscopy and fluorescence imaging 

but electron-rich polymethine fluorochromes react readily with photogenerated singlet 

oxygen.41 The relative photostability of dyes 1, 2 and 3 was assessed with a set of 

comparative photobleaching experiments that monitored the decrease in the dye absorption 

maxima signal (Figures S8–S11). The observed photostability trend of 3 > 2 > 1 (Figure 

1b, Table S2) correlates with the number of shielding arms which suggests that the 

shielding arms sterically hinder the bimolecular reaction of photogenerated singlet oxygen 

with the polymethine fluorochrome. A second major reactivity question with dyes 1, 2 
and 3 was susceptibility of the 4’-phenoxy group to covalent substitution by biological 

nucleophiles such as glutathione (GSH). Substitution of the 4’-phenoxy group by GSH is 

easily tracked by absorption spectroscopy since the 4’-thiol substitution product exhibits a 

characteristic red-shifted absorbance band.28,40,42 Shown in Figure S12–S15 are the changes 

in absorbance spectra for four separate dye solutions in the presence of 1 mM GSH (pH 7.4 

PBS, room temperature).43 The spectra for unshielded dye 1 and control dye CW800-SO3 

revealed time-dependent appearance of red-shifted absorption bands caused by GSH thiol 

substitution of the 4’-phenoxy group. In the case of CW800-SO3 this conclusion was 

confirmed by isolating and characterizing the GSH substitution product (Scheme 4) by 
1H NMR, mass spectrometry, absorption, and fluorescence spectroscopy (Figure S16). The 

absorption spectra for shielded dyes 2 and 3 showed no change in dye absorbance after 

10 hours (Figure S12 and S13), strongly suggesting no reaction with the GSH. The results 
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indicate that the shielding arms in dyes 2 and 3 sterically inhibit nucleophilic attack of the 

thiol group of GSH at the 4’-position of the dye. Combined, the broadly reduced reactivity 

of shielded dyes 2 and 3 with electrophiles and nucleophiles is a compelling chemical 

demonstration of the significant steric protection provided by the shielding arms.

Mouse Biodistribution.

The very similar absorption/emission wavelengths of shielded dye 3 and ICG in fetal bovine 

serum (FBS) (Figure S7 and S17) prompted a preliminary set of biological studies that 

measured cytotoxicity and compared in vivo biodistribution profiles. Standard MTT assays 

determined the metabolic activity of four different cell-lines in the presence and absence of 

added dye and detected no evidence for cytotoxicity (Figure S19). A preliminary comparison 

of dye biodistribution in living mice used a protocol that was approved by the Institutional 

Animal Care and Use Committee. Healthy female BALB/c mice (N = 4) were injected 

(retro-orbital) with either dye 3 or ICG (100 μL, 10 nmol/mouse) and sacrificed 2 hours 

later. The major organs were harvested and NIR fluorescence images were acquired using 

a commercial in vivo imaging station(Figure 3a). Standard region-of-interest analysis of 

the ex vivo NIR fluorescence images provided quantitative bar graph plots of normalized 

mean pixel intensity for each organ and tissue sample (Figure 3b). As expected, there 

was extensive accumulation of ICG in the intestines consistent with its biliary clearance 

pathway. In contrast, shielded dye 3 (MW = 1.9 kDa) cleared primarily through the kidneys 

as indicated by the green color of the mouse urine, with some concurrent clearance through 

the biliary pathway. As indicated by the images in Figure S20, the amount of ICG in the 

intestines was more than three times dye 3. The large difference in the mouse biodistribution 

of dye 3 and ICG shows that the shielding arms in dye 3 greatly alter the pharmacokinetics 

and clearance pathways.25 The biological data supports the feasibility of this molecular 

probe platform for future next-generation NIR fluorescence DCE imaging and spectroscopy 

paradigms.21–23

CONCLUSION

A modular synthetic process enables attachment of two or four shielding arms strategically 

over the fluorochromes of near-infrared cyanine heptamethine dyes that are electrostatic and 

spectral analogs of clinically approved ICG. The key synthetic step is a facile substitution 

reaction that reacts 4’-Cl heptamethine precursors with phenol 6 to give sterically shielded 

dyes in good yield under mild conditions. A tangible outcome of this work is NIR dye 

3 with four shielding arms that greatly enhance chemical and photochemical stability 

by inhibiting undesired intermolecular reactions with electrophiles (singlet oxygen) or 

nucleophiles (glutathione). In addition, the shielding arms inhibit dye self-aggregation or 

dye association with albumin protein which means dye 3 has a much smaller hydrodynamic 

diameter in blood than the 67 kDa complex of ICG and albumin. Importantly, dye 3 and 

ICG have essentially the same absorption and fluorescence maxima wavelengths in serum 

(Table 1, Figures S7 and S17). Thus, dye 3 can be detected using the same cameras and 

detectors that have been optimized for ICG, and it has great promise as a relatively small, 

hydrophilic ICG analog for immediate incorporation within Dynamic Contrast Enhanced 

(DCE) spectroscopy or fluorescence imaging protocols that generate helpful hemodynamic 
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information for a specific patient. Furthermore, the modular synthetic process can be 

exploited to systematically alter the dye hydrodynamic diameter by changing the number 

of ethylene glycol units within the appended shielding arms.43,44 Another possibility is to 

decorate the dye structure with chelators that can strongly bind appropriate metal cations 

for nuclear imaging or magnetic resonance imaging. Specifically, it should be possible to 

convert NIR dye 14 into a range of dual modality DCE imaging and spectroscopy agents 

for characterizing hemodynamics.21 A separate future goal is to develop structural analogs 

of these shielded NIR dyes with reactive sites for bioconjugation and creation of functional 

NIR constructs that have very high optical stability.

EXPERIMENTAL SECTION

General.

Column chromatography was performed using Biotage SNAP or Sfär columns. 1H and 
13C{1H} NMR spectra were recorded on a Bruker 500 NMR spectrometer. Chemical 

shifts are presented in ppm and referenced by residual solvent peak. High-resolution 

mass spectrometry (HRMS) was performed using a time-of-flight (TOF) analyzer with 

electrospray ionization (ESI). Absorption spectra were recorded on an Evolution 201 UV/vis 

spectrometer with Thermo Insight software. Fluorescence spectra were collected on a 

Horiba Fluoromax Plus fluorometer with InGaAs detector and FluoroEssence software. All 

absorption and fluorescence spectra were collected using quartz cuvettes (1 mL, 1 cm path 

length).

Synthesis and Characterization.

2,6-Bisazidomethyl-p-cresol 5.—A mixture of 2,6-bisbromomethyl-p-cresol 446 (500 

mg, 1.70 mmol, 1 eq) and sodium azide (553 mg, 8.50 mmol, 5 eq) in acetone (10 mL) 

was stirred under reflux overnight. The reaction was diluted with diethyl ether (30 mL) 

and filtered through a celite pad. Solvent was removed under reduced pressure and the 

residue was purified by flash chromatography (SiO2, 0 – 20% DCM in hexanes) to afford 

the product as a yellow oil (350 mg, 94%, Rf = 0.7 in hexane/ethyl acetate = 4/1) which 

was stored at – 20 °C. 1H NMR (500 MHz, CDCl3, 25 °C) δ (ppm): 6.99 (s, 2H), 6.15 (s, 

1H), 4.42 (s, 4H), 2.29 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ (ppm): 151.4, 

130.9, 130.2, 122.5, 51.7, 20.6. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C9H10N6NaO+ 

241.0808, found 241.0800.

Compound 6.—A mixture of 5 (500 mg, 2.29 mmol, 1 eq), triethylene glocol monomethyl 

monopropargyl ether (1.39 g, 6.87 mmol, 3 eq), Cu(MeCN)4PF6 (42.7 mg, 115 μmol, 0.05 

eq) and one drop of 2,6-lutidine in DCM (20 mL) was refluxed under argon atmosphere for 

24 h. Slovent was removed and the residue was purified by column chromatography (SiO2, 

0–5% MeOH in DCM) to afford the product as a yellow oil (1.21 g, 85%, Rf = 0.4 in 

DCM/MeOH = 20/1). 1H NMR (500 MHz, DMSO-d6, 25 °C) δ (ppm): 9.28 (s, 1H), 7.98 

(s, 2H), 6.84 (s, 2H), 5.53 (s, 4H), 4.49 (s, 4H), 3.54 – 3.36 (m, 24H), 3.20 (s, 6H), 2.12 (s, 

3H). 13C{1H} NMR (126 MHz, methanol-d4, 25 °C) δ (ppm): 150.9, 131.3, 130.7, 124.0, 

71.7, 70.3, 70.1, 69.6, 63.8, 57.9, 49.2, 19.3. HRMS (ESI-TOF) m/z: [M + H]+ calcd for 

C29H47N6O9
+ 623.3399, found 623.3403.
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Compound 8.—A mixture of 739 (3.00 g, 14.8 mmol, 1 eq), propargyl bromide (80 wt% 

in toluene, 9.88 mL, 89.0 mmol, 6 eq), powdered potassium hydroxide (3.33 g, 59.3 mmol, 

4 eq) and tetrabutylammonium iodide (548 mg, 1.48 mmol, 0.1 eq) was stirred vigorously 

at room temperature for 24 h. The mixture was diluted by DCM (20 mL) and filtered 

through a celite pad. The filtrate was evaporated and the residue was purified by column 

chromatography (SiO2, 5 – 15% EA in Hexane) to afford 8 as a yellow oil (3.3 g, 80%, Rf 

= 0.6 in Hexane/ethyl acetate = 4/1). 1H NMR (500 MHz, CDCl3, 25 °C) δ (ppm): 4.13 (d, 

J = 2.3 Hz, 4H), 3.94 (s, 4H), 3.41 (s, 4H), 2.40 (t, J = 2.3 Hz, 2H), 1.66 – 1.61 (m, 4H), 

1.60 – 1.55 (m, 4H). 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ (ppm): 109.1, 80.4, 74.3, 

72.5, 64.3, 58.7, 37.6, 30.5, 27.6. HRMS (ESI-TOF) m/z: [M + H]+ calcd for C16H23O4
+ 

279.1591, found 279.1570.

Compound 9.—A mixture of 8 (1.00 g, 359 μmol, 1 eq) and TsOH (247 mg, 144 μmol, 

0.4 eq) in acetone/water (4/1, 20 mL) was stirred at room temperature for 72 h (the reaction 

progress was monitored by TLC). The mixture was poured onto saturated sodium hydrogen 

carbonate solution (50 mL) and extracted with DCM (3 × 50 mL). The organic extracts 

were dried over anhydrous sodium sulfate, filtered, and then concentrated to give 9 (840 mg, 

100%, Rf = 0.4 in Hexane/ethyl acetate = 4/1) as a yellow oil. 1H NMR (500 MHz, CDCl3, 

25 °C) δ (ppm): 4.17 (d, J = 2.4 Hz, 4H), 3.51 (s, 4H), 2.43 (t, J = 2.3 Hz, 2H), 2.37 (t, J 
= 7.0 Hz, 4H), 1.81 (t, J = 7.0 Hz, 4H). 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ (ppm): 

212.7, 80.0, 74.7, 72.6, 58.8, 37.8, 37.1, 29.1. HRMS (ESI-TOF) m/z: [M + H]+ calcd for 

C14H19O3
+ 235.1329, found 235.1322.

Compound 10.—A 100 mL round bottom flask contains DMF (0.397 mL, 5.12 mmol, 

4 eq) and DCM (2 mL) was chilled in an ice bath. POCl3 (0.359 mL, 3.84 mmol, 3 eq) 

was added dropwise. The mixture was stirred vigorously at room temperature for 30 min 

to afford Vilsmeier intermediate. Compound 9 (300 mg, 1.28 mmol, 1 eq) in DCM (2 mL) 

was added to the Vilsmeier intermediate. The mixture was stirred at 60 °C for 3 h. DCM 

was evaporated under reduced pressure then ice-water mixture (~ 50 mL) was added. The 

mixture was sonicated to suspend the orange oil and kept in fridge (~4 °C) overnight. During 

this time yellow crystalline needles formed. The solid was collected by filtration, washed 

with cold water (10 mL) and vacuum dried for 1 h at room temperature to give 10 (300 

mg, 76%) which was stored at – 20 °C with hexane. 1H NMR (500 MHz, CDCl3, 25 °C) δ 
(ppm): 10.24 (s, 1H), 7.56 (br s, 1H), 5.34 (br s, 1 H), 4.11 (d, J = 2.4 Hz, 4H), 3.36 (s, 4H), 

2.43 (s, 4H), 2.40 (t, J = 2.4 Hz, 2H). 13C{1H} NMR and MS spectra were not collected due 

to the poor stability of 10.

Compound 13.—A mixture of 10 (300 mg, 0.972 mmol, 1 eq), 1247 (739 mg, 2.14 mmol, 

2.2 eq) and sodium acetate (199 mg, 2.43 mmol, 2.5 eq) in acetic anhydride (2 mL) and 

ethanol (10 mL) was stirred at 75 °C under argon atmosphere for 5 h. After cooling to 

room temperature, diethyl ether (100 mL) was added. The solid was collected by filtration 

and further purified by reverse phase column chromatography (C18, 50 – 75% methanol in 

water) to afford 13 as a green solid (700 mg, 73%). 1H NMR (500 MHz, methanol-d4, 25 

°C) δ (ppm): 8.60 (d, J = 14.2 Hz, 2H), 8.27 (d, J = 8.5 Hz, 2H), 8.03 (d, J = 8.8 Hz, 2H), 

8.00 (d, J = 8.5z Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.65 (dd, J = 8.5, 8.5 Hz, 2H), 7.50 (dd, 
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J = 8.5, 8.5 Hz, 2H), 6.37 (d, J = 14.2 Hz, 2H), 4.36 (t, J = 7.5 Hz, 4H), 4.20 (d, J = 2.4 Hz, 

4H), 3.55 (s, 4H), 2.92 (t, J = 7.3 Hz, 4H), 2.87 (t, J = 2.4 Hz, 2H), 2.74 (s, 4H), 2.09 (m, 

4H), 2.04 (s, 12H), 1.99 (m, 4H). 13C{1H} NMR (126 MHz, methanol-d4, 25 °C) δ (ppm): 

174.4, 174.4, 144.3, 144.2, 144.2, 139.9, 134.1, 132.3, 130.7, 129.9, 128.2, 127.6, 125.0, 

122.3, 111.2, 79.8, 75.0, 72.4, 58.4, 51.3, 50.7, 44.1, 37.6, 30.0, 26.7, 26.5, 22.4. HRMS 

(ESI-TOF) m/z: [M]− calcd for C54H58ClN2O8S2
− 961.3329, found 961.3303.

Compound 14.—A solution of the 13 (100 mg, 102 μmol, 1 eq), 6 (75.8 mg, 122 μmol, 

1.2 eq) and triethylamine (20.8 μL, 152 μmol, 1.5 eq) in anhydrous DMF (5 mL) was stirred 

at room temperature under argon atmosphere in the dark for 16 h. After reaction completion, 

the mixture was directly purified by reverse phase column chromatography (C18, 40 – 55% 

methanol in water) to afford the product as a green solid (148 mg, 93%). 1H NMR (500 

MHz, methanol-d4, 25 °C) δ (ppm): 8.15 (d, J = 8.6 Hz, 2H), 8.05 (d, J = 14.1 Hz, 2H), 8.04 

(s, 2H), 7.97 (m, 4H), 7.62 (m, 4H), 7.46 (dd, J = 8.6, 8.6 Hz, 2H), 7.32 (s, 2H), 6.18 (d, J = 

14.1 Hz, 2H), 5.79 (s, 4H), 4.60 (s, 4H), 4.27 (t, J = 7.5 Hz, 4H), 4.21 (d, J = 2.3 Hz, 4H), 

3.62 – 3.40 (m, 28H), 3.28 (s, 6H), 2.92 – 2.86 (m, 6H), 2.72 (s, 4H), 2.34 (s, 3H), 2.03 (tt, 

J = 7.5, 7.5 Hz, 4H), 1.93 (tt, J = 7.5, 7.5 Hz, 4H), 1.60 (s, 12H). 13C{1H} NMR (126 MHz, 

methanol-d4, 25 °C) δ (ppm): 173.8, 163.5, 152.5, 144.9, 141.1, 139.9, 134.9, 134.0, 133.6, 

132.2, 130.6, 129.9, 128.2, 127.5, 124.9, 124.8, 124.4, 122.2, 116.9, 111.1, 99.8, 79.8, 75.0, 

72.7, 71.6, 70.2, 70.1, 70.1, 70.0, 69.7, 63.9, 58.4, 57.9, 50.9, 50.7, 49.0, 43.9, 37.9, 28.6, 

26.9, 26.3, 22.4, 19.4. HRMS (ESI-TOF) m/z: [M]− calcd for C83H103N8O17S2
− 1547.6888, 

found 1547.6851.

Compound 3.—Solutions of copper(II) sulfate (0.5 M in water, 7.63 μL, 3.82 μmol, 

0.2 eq), sodium ascorbate (0.5 M in water, 11.5 μL, 5.73 μmol, 0.3 eq) and tris(3-

hydroxypropyltriazolylmethyl)amine (0.05 M in water, 76.3 μL, 3.82 μmol, 0.2 eq) were 

mixed together. The mixture was added to a solution of 14 (30 mg, 19.1 μmol, 1 eq) and 

1-azido-2-(2-(2-methoxyethoxy)ethoxy)ethane (14.4 mg, 76.3 μmol, 4 eq) in DMSO (2 mL). 

The reaction was stirred at room temperature under argon atmosphere in the dark for 8 

h. After reaction completion, the mixture was directly purified by column chromatography 

(C18, 40 – 60% methanol in water) to afford 3 as a green solid (32 mg, 86%). 1H NMR 

(500 MHz, methanol-d4, 25 °C) δ (ppm): 8.15 (d, J = 8.6 Hz, 2H), 8.12 – 7.95 (m, 10H), 

7.66 – 7.59 (m, 4H), 7.47 (dd, J = 8.5, 8.5 Hz, 2H), 7.30 (s, 2H), 6.15 (d, J = 14.1 Hz, 2H), 

5.78 (s, 4H), 4.62 (s, 4H), 4.60 – 4.55 (m, 8H), 4.25 (t, J = 7.4 Hz, 4H), 3.86 (t, J = 5.1 

Hz, 4H), 3.63 – 3.38 (m, 44H), 3.29 (s, 6H), 3.28 (s, 6H), 2.87 (t, J = 7.5 Hz, 4H), 2.69 (s, 

4H), 2.33 (s, 3H), 1.99 (tt, J = 7.5, 7.5 Hz, 4H), 1.92 (tt, J = 7.5, 7.5 Hz, 4H), 1.60 (s, 12H). 
13C{1H} NMR (126 MHz, methanol-d4, 25 °C) δ (ppm): 173.8, 163.5, 152.5, 144.9, 144.7, 

141.0, 139.9, 134.8, 134.0, 133.6, 132.2, 130.6, 129.9, 128.2, 127.5, 124.9, 124.8, 124.8, 

124.4, 122.3, 117.1, 111.2, 99.8, 73.0, 71.7, 71.6, 70.2, 70.1, 70.1, 70.1, 70.0, 69.7, 69.2, 

64.2, 63.9, 58.1, 57.9, 57.9, 50.9, 50.7, 50.2, 48.9, 43.9, 38.2, 28.6, 26.9, 26.4, 22.4, 19.4. 

HRMS (ESI-TOF) m/z: [M]− calcd for C97H133N14O23S2
− 1925.9115, found 1925.9105.

IR820.: A mixture of 1141 (145 mg, 0.835 mmol, 1 eq), 1247 (635 mg, 1.84 mmol, 2.2 eq) 

and sodium acetate (206 mg, 2.50 mmol, 3 eq) in ethanol (10 mL) was stirred at 75 °C under 

argon atmosphere in the dark for 3 h. The reaction was treated with diethyl ether (100 mL) 
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and filtered. The solid was purified by reverse phase column chromatography (C18, 50 – 

70% methanol in water) to afford IR820 as a green solid (620 mg, 87%). 1H NMR (500 

MHz, DMSO-d6, 25 °C) δ (ppm): 8.36 (d, J = 14.2 Hz, 2H), 8.29 (d, J = 8.6 Hz, 2H), 8.08 

(d, J = 8.6 Hz, 2H), 8.05 (d, J = 8.8 Hz, 2H), 7.81 (d, J = 8.8 Hz, 2H), 7.64 (dd, J = 8.8, 8.8 

Hz, 2H), 7.50 (dd, J = 8.6, 8.6 Hz, 2H), 6.40 (d, J = 14.2 Hz, 2H), 4.34 (t, J = 7.7 Hz, 4H), 

2.76 (br s, 4H), 2.51 (m, 4H), 1.94 (s, 12H), 1.86 (m, 5H), 1.76 (m, 4H).

Compound 2.: Synthesized from IR820 using the same procedure as 14. Green solid (100 

mg of IR820 produced156 mg of 2, i.e., 92% yield). Column chromatography: C18, 40 – 

55% methanol in water. 1H NMR (500 MHz, methanol-d4, 25 °C) δ (ppm): 8.16 (d, J = 8.6 

Hz, 2H), 8.04 – 7.94 (m, 8H), 7.64 – 7.59 (m, 4H), 7.47 (dd, J = 8.6, 8.6 Hz, 2H), 7.34 (s, 

2H), 6.17 (d, J = 14.1 Hz, 2H), 5.81 (s, 4H), 4.59 (s, 4H), 4.26 (t, J = 7.3 Hz, 4H), 3.61 

– 3.34 (m, 24H), 3.28 (s, 6H), 2.89 (t, J = 7.3 Hz, 4H), 2.76 (t, J = 6.2 Hz, 4H), 2.35 (s, 

3H), 2.09 – 1.89 (m, 10H), 1.60 (s, 12H). 13C{1H} NMR (126 MHz, methanol-d4, 25 °C) 

δ (ppm): 173.6, 164.4, 152.9, 144.9, 140.0, 139.9, 134.6, 134.0, 133.9, 132.2, 130.6, 129.9, 

128.2, 127.5, 124.8, 124.4, 124.3, 122.2, 120.4, 111.1, 99.7, 71.7, 70.2, 70.1, 70.1, 70.0, 

69.7, 64.0, 57.9, 50.9, 50.6, 49.1, 43.8, 26.8, 26.3, 24.6, 22.4, 21.0, 19.4. HRMS (ESI-TOF) 

m/z: [M]− calcd for C75H95N8O15S2
− 1411.6364, found 1411.6373.

Compound 1.: Sodium hydroxide (23.5 mg, 589 μmol, 10 eq) and p-cresol (63.6 mg, 589 

μmol, 10 eq) were dissolved in water (10 mL). IR820 (50.0 mg, 58.9 μmol, 1 eq) was added 

and the mixture was stirred at 60 °C under argon atmosphere in the dark. The reaction 

progress was monitored by absorption spectroscopy. After 2 h, IR820 was totally consumed 

and the reaction was completed. The mixture was extracted with ethyl acetate (3 × 20 mL), 

the aqueous phase was concentrated and purified by reverse phase column chromatography 

(C18, 50 – 70% methanol in water) to afford 1 as a green solid (42 mg, 78%). 1H NMR 

(500 MHz, methanol-d4, 25 °C) δ (ppm): 8.16 – 8.08 (m, 4H), 7.98 – 7.91 (m, 4H), 7.61 – 

7.55 (m, 4H), 7.44 (dd, J = 8.3, 8.3 Hz, 2H), 7.24 (d, J = 8.3 Hz, 2H), 7.08 (d, J = 8.3 Hz, 

2H), 6.21 (d, J = 14.3 Hz, 2H), 4.24 (t, J = 7.3 Hz, 4H), 2.89 (t, J = 7.2 Hz, 4H), 2.79 (t, J 
= 6.2 Hz, 4H), 2.28 (s, 3H), 2.06 (p, J = 6.2 Hz, 2H), 2.03 – 1.89 (m, 8H), 1.66 (s, 12H). 
13C{1H} NMR (126 MHz, methanol-d4, 25 °C) δ (ppm): 173.6, 164.2, 158.3, 141.4, 139.9, 

133.7, 132.1, 131.9, 130.6, 130.5, 129.9, 128.2, 127.4, 124.7, 122.4, 122.1, 114.6, 110.9, 

99.4, 50.9, 50.6, 43.8, 26.6, 26.3, 24.1, 22.4, 21.4, 19.4. HRMS (ESI-TOF) m/z: [M]− calcd 

for C53H57N2O7S2
− 897.3613, found 897.3618.

Fluorescence Quantum Yield Measurements.

Absolute quantum were measured on a Horiba Fluoromax Plus spectrometer with an 

integrating sphere. Samples were excited at 750 nm with optical density ≤ 0.05. First, 

all of the photons were recorded with an integrating sphere after the excitation of a blank 

solvent reference, then the reference was replaced by a sample solution, and the spectrum 

(740–900 nm) was acquired again. The fluorescence quantum yield (ΦF) was calculated in 

the FluoroEssence software using the equation below:
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ΦF =
Pem
Pabs

=
∫760

900 Fsample − Fblank dλ

∫740
760 Eblank − Esample dλ

where P is the number of photons, F is the fluorescence intensity and E is the intensity at the 

excitation wavelength, λ is the wavelength. Experiments were conducted in triplicate, with 

the reported absolute quantum yields corresponding to the mean value ± standard deviation.

Photobleaching Studies.

A solution of dye (2 μM) in PBS buffer, pH 7.4, was placed in a 1 mL (1 cm path length) 

cuvette that was exposed to air and irradiated, at a distance of 5 cm, by a 150 W Xenon lamp 

with a 620 nm long-pass filter (0.5 mW/cm2). An absorbance spectrum was recorded every 

2 min (Figure S8 – S11). The normalized maximum absorbance of dye was plotted against 

time and fitted to a non-linear regression, one-phase exponential decay (Table S2).

Chemical Stability Studies.

Monitoring thiol substitution by absorption.—A solution of dye (5 μM) and 

glutathione (1 mM) in pH 7.4 PBS buffer, pH 7.4, was placed in a 1 mL (1 cm path length) 

cuvette and capped at room temperature. Absorbance spectrum was recorded every 20 min 

(Figure S12 – S15).

Characterization of glutathione substitution product.—A solution of CW800-SO3 

(20 μM) and GSH (2 mM) in pH 7.4 PBS (20 mL) was stirred at room temperature in the 

dark. The maxmium absorbance changed from 775 nm to 790 nm after 12 h, indicating 

reaction completion. The mixture was purified by reverse phase column chromatography 

(C18, 0 – 10 % MeOH in water) to afford the GSH substitution product of CW800-SO3, 

whose spectral data are shown in Figure S16.

Albumin Binding Measurements.

The titration experiments measured quenching of bovine serum albumin (BSA) tryptophan 

fluorescence as dye was added incrementally.26 A fluorescence spectrum (ex: 280 nm, slit 

width: 3 nm) was acquired after each dye aliquot was added (4 μL of a 1 mM stock solution 

of ICG or 3). After each aliquot addition, the solution was mixed and allowed to equilibrate 

for 5 min before spectral acquisition. The relative fluorescence intensity at 335 nm was 

determined using the following equation, where F0 is the initial fluorescence intensity, F is 

the fluorescence intensity after each aliquot addition of dye, and the slope of the trend line 

(m) corresponds to Ka ± SD (Figure S18).

Relative Fluorescence Intensity =
F0 − F

F

Cell Viability Experiments.

CHO-K1 (Chinese hamster ovary), A549 (lung carcinoma epithelial), U-87 (human 

glioblastoma) and HT-1080 cells (human fibrosarcoma) were cultured in EMEM medium 
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(supplemented with 10% fetal bovine serum, 0.1 mM non-essential amino acids, 1.5 g/L 

sodium bicarbonate, 1 mM sodium pyruvate, and 1% penicillin/streptomycin) at 37 °C 

and 5% CO2 in a humidified incubator. CHO-K1 (Chinese hamster ovary) and A549 

(human lung adenocarcinoma) were cultured in F-12K medium (supplemented with 10% 

fetal bovine serum, and 1% penicillin/streptomycin) at 37 °C and 5% CO2 in a humidified 

incubator. Cells were then seeded into 96-microwell plates and grown to 80% confluency. 

The medium was then removed and replaced with either ICG or 3 at various micromolar 

concentrations (N=3) in their respective medium for 24 h at 37 °C and 5% CO2 in a 

humidified incubator. After 24 h, the dye was removed and replaced with growth medium 

containing [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT,1.1mM). 

After a 4-hour incubation at 37 °C and 5% CO2, SDS-DMSO detergent solution was added 

to the MTT-growth medium. The samples were incubated overnight, and the absorbance of 

each well was measured at 590 nm. The readings were then normalized to untreated cells for 

each dye. All data are the average of triplicate measurements.

Mouse Biodistribution Experiments.

In-vivo experiments were conducted under the approved protocol by the Notre Dame 

Institutional Animal Care and Use Committee. Three months old healthy female BALB/c 

mice (N=4) were given a retro-orbital injection of either ICG or 3 (N=2, 100 μL, 10 nmol/

mouse). Before the injections, fur covering the abdomen was removed, using a standard 

Nair procedure, to minimize background fluorescence by the skin. At 2 h, the mice were 

anesthetized and sacrificed by cervical dislocation followed by the immediate collection of 

blood from the heart. The skin covering the lower abdomen was removed to expose the 

abdominal cavity and mice were imaged using a commercial in-vivo imaging station (Ami 

HT Spectral Imaging). Imaging settings. - ex: 745/20 nm, em: 850/20 nm, exposure: 3 s, 

percent power: 50%, F-stop: 2, FOV:20, binning: low. For image processing, the mouse 

body images were pseudo-colored “fire” using ImageJ2 software. After obtaining abdominal 

cavity images, the major organs were harvested and imaged on a transparent plastic tray 

using the in-vivo imaging station. Imaging settings. - ex: 745/20 nm, em: 850/20 nm, 

exposure: 3 s, percent power: 50%, F-stop: 2, FOV:20, binning: low. For the biodistribution 

analysis of each excised organ, images were imported to ImageJ2, and a manually drawn 

region of interest was created around each organ. Mean Pixel Intensity (MPI) of each organ 

was divided by the MPI of the thigh muscle from the same mouse to give a normalized MPI 

for each dye to compare the fate of the dye post 2 h.

Molecular Modeling.

Molecular modeling employed the semi-empirical method within the MOPAC (2016) 

program.48 The dielectric constant of the solvent was set at 78.4 for water and 25 °C. 

The model was generated at the PM7 level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Absorption spectra (3 μM in PBS, pH 7.4). (b) Photobleaching of ICG and its analogs (2 

μM in pH 7.4 PBS irradiated by a 0.5 mW/cm2 Xenon lamp with a 620 nm long-pass filter).
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Figure 2. 
Energy-minimized molecular model of shielded dye 3, red bonds for shielding arms, blue 

bonds for heptamethine fluorochrome; H: white atoms; O: red atoms; N: deep blue atoms; S: 

yellow atoms.
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Figure 3. 
(a) Representative overlaid brightfield and fluorescence ex vivo images of major organs of 

BALB/c mice sacrificed 2 h after retro-orbital injection of either ICG (top) or 3 (bottom). 

Scale is in arbitrary fluorescence units. (b) Biodistribution of ICG and 3 in BALB/c mice. 

Note that this data does not include the large fraction of probe 3 excreted as urine. *p < 0.1, 

**p < 0.05, otherwise no statistically significant difference.

Li et al. Page 17

J Org Chem. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Chemical Structures of ICG, IR820, IRDye800CW, and CW800-SO3
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Scheme 2. 
Chemical Structures and Cartoon Representations of ICG Analogs in This Study
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Scheme 3. 
Synthesis of ICG Analogs
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Scheme 4. 
Substitution of the 4’-phenoxy group of CW800-SO3 by GSH
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Table 1.

Photophysical properties at room temperature

Dye Solvent
a λmax

abs  (nm) λmax
em  (nm) ε (M−1cm−1) ΦF (%)

b Stable to thiol

ICG

PBS 780 805 64,180 2.9

YesFBS 800 819 159,000 9.7

DMSO 794 825 159,000 19.0

CW800-SO 3 PBS 774 791 190,870 10.5 No

1
PBS 805 813 19,790 1.0

No
DMSO 818 840 160,310 15.4

2
PBS 809 827 172,980 2.3

Yes
DMSO 817 841 214,800 11.9

3

PBS 803 823 180,540 2.3

YesFBS 804 826 179,000 -

DMSO 809 837 191,320 10.8

a
PBS = pH 7.4 1X phosphate buffered saline; FBS = fetal bovine serum; DMSO = dimethyl sulfoxide.

b
Absolute fluorescence quantum yield measured by photon counting.
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