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Abstract

Heptamethine cyanine dyes enable deep tissue fluorescence imaging in the near infrared (NIR) 

window. Small molecule conjugates of the benchmark dye ZW800-1 have been tested in humans. 

However, long-term imaging protocols using ZW800-1 conjugates are limited by their instability, 

primarily because the chemically labile C4’-O-aryl linker is susceptible to cleavage by biological 

nucleophiles. Here, we report a modular synthetic method that produces novel doubly strapped 

zwitterionic heptamethine cyanine dyes, including a structural analogue of ZW800-1, with greatly 

enhanced dye stability. NIR-I and NIR-II versions of these doubly strapped dyes can be conjugated 

to proteins, including monoclonal antibodies, without causing undesired fluorophore degradation 

or dye stacking on the protein surface. The fluorescent antibody conjugates show excellent 

tumor-targeting specificity in a xenograft mouse tumor model. The enhanced stability provided 

by doubly strapped molecular design will enable new classes of in vivo NIR fluorescence imaging 

experiments with possible translation to humans.

Graphical Abstract

smith.115@nd.edu . 

Supporting information for this article is given via a link at the end of the document.

HHS Public Access
Author manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 July 10.

Published in final edited form as:
Angew Chem Int Ed Engl. 2023 July 10; 62(28): e202305062. doi:10.1002/anie.202305062.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A versatile and efficient synthetic method produces conjugatable sterically shielded heptamethine 

cyanine dyes for in vivo NIR-I or NIR-II fluorescence imaging. The fluorochromes are enclosed 

by two flanking straps which enhance fluorescence brightness and chemical stability, prevent dye 

stacking on the surface of an antibody, and enable high performance fluorescence imaging of a 

mouse tumor.
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Introduction

Fluorescent near-infrared (NIR) fluorophores with absorption and emission wavelengths 

in the NIR-I (700–1000 nm) or NIR-II (1000–1700 nm) windows are very attractive for 

biomedical imaging since there is relatively deep penetration of the NIR light through skin 

and tissue.[1–3] For many decades the clinical NIR heptamethine cyanine dye, Indocyanine 

Green (ICG), with absorption/emission wavelengths around 800 nm has been used for 

optical imaging and diagnostics (Scheme 1). [4,5] While ICG is broadly applied, its 

ultimate potential is limited because it cannot be conjugated to targeting biomolecules. This 

deficiency has led to a methodical exploration of conjugatable heptamethine cyanine dyes 

that have a desirable mixture of chemical, physical and spectral properties.[6–8] A notable 

commercial NIR-I dye is IRdye800CW which has a carboxyl group for bioconjugation 

and multiple sulfonates to ensure good water solubility. Many bioconjugates have been 

prepared and evaluated for in vivo imaging performance. [9,10] In some cases, concerns 

have been noted about undesired dye or fluorescent bioconjugate accumulation in off-

target organs tissue,[11–15] which led to the development of NIR-I dye structures with a 
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geometric balance of opposing charges (so-called zwitterionic dyes) that diminishes dye 

association with biological surfaces. [16,17] A leading example is ZW800-1 which has 

been used for more than ten years for different types of bioconjugation.[17,18] The dye 

itself, or small-molecule conjugates, are very hydrophilic and they quickly clear from 

the bloodstream through the kidney.[18,19] One particularly promising conjugate, with an 

appended cyclic-RGD peptide motif that targets cancerous tissue, has progressed to clinical 

trials.[20,21] There are also a growing number of reports that use ZW800-1 or close structural 

analogues to label macromolecules for in vivo imaging and histology applications, [17,22–24] 

or biomaterials such as cell surfaces, hydrogels, nanoparticles, 3D printed biocomposites, 

or extracellular matrix biopolymers for tissue engineering applications.[25–32] A necessary 

dye performance property for most of these applications is long-term chemical stability of 

the fluorescent bioconjugate and this requirement highlights a potential chemical reactivity 

problem with ZW800-1; namely, linker cleavage due to nucleophilic substitution of the 

dye’s 4’-phenoxy group by biological nucleophiles (illustrated by the pink arrow in Scheme 

1).[33] Studies that have incubated samples of antibodies or nanoparticles labeled with 

ZW800-1 in serum for 24 hours have observed substantial loss of fluorescent signal.
[33,34] Under these near-physiological conditions there are a multitude of possibilities for 

intramolecular and intermolecular attack of the dye by various biological nucleophiles.
[35,36] The loss of fluorescence signal due to dye degradation introduces uncertainty 

into longitudinal experiments that aim to measure long-term degradation or trafficking of 

implanted biomaterials that have been labeled with the dye.[37]

As summarized in the top of Scheme 1, we have recently developed synthetic methods 

to produce NIR-I cyanine dyes that are sterically shielded by two or four flanking, linear 

arms that project over each face of the planar dye. [7,38–40] Also shown in Scheme 1 is the 

specific focus of this current report; that is, a new class of doubly strapped and conjugatable 

NIR-I and NIR-II heptamethine cyanine dyes with greatly enhanced performance properties. 

The literature on doubly strapped dyes includes several organic-soluble examples [41–46] 

and one water-soluble molecule.[47] Most do not emit in the NIR region and none have 

been designed for bioconjugation in water. As described below, we have solved the 

ZW800-1 degradation problem by making a stabilized, doubly strapped version that we 

call dsZW800-1. Moreover, the versatile synthetic methodology provided access to a doubly 

strapped NIR-II analogue called dsZW1015 with absorption/emission maxima >1000 nm 

and we generated a dsZW1015-labeled antibody conjugate for successful in vivo NIR-II 

fluorescence imaging of a mouse tumor.

Results and Discussion

Synthesis of dsZW800-1

The synthesis of dsZW800-1 is summarized in Scheme 2. The key synthetic intermediate is 

unstrapped dye 3 which was assembled under a mild condition by substituting the 4’-chloro 

atom in precursor 1 with phenol 2 whose structure bears two appended arms containing 

terminal azido groups. A subsequent saponification reaction converted 3 into unstrapped dye 

4, which was followed by a Cu-catalyzed azide-alkyne cycloaddition reaction that covalently 

connected the two flanking straps to produce dsZW800-1 in 62 % yield.
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Molecular Structure of dsZW800-1

The molecular structures of all compounds were characterized by standard spectrometric 

methods. Figure S1 contains a comparison of 1H NMR spectra in DMSO-d6 for ZW800-1, 

unstrapped dye 4, and doubly strapped dsZW800-1. The chemical shifts for ZW800-1 and 

unstrapped dye 4 closely match, suggesting similar molecular conformations. In contrast, 

the spectrum for dsZW800-1 includes specific upfield chemical shifts for the polymethine 

protons, indicating through space magnetic shielding by the triazole rings that are part 

of the two flanking straps. Support for this intramolecular shielding effect was gained 

when an X-ray crystal structure of dsZW800-1 was obtained (Figure 1).[48] The crystal 

structure of dsZW800-1 revealed several other structural features that are consistent with 

the NMR data. Notably, the embedded heptamethine fluorochrome adopts the expected low-

energy, all-trans conformation with relatively small variation in the C-C bond lengths of the 

polymethine units (i.e., little bond length alternation, see Figure S26) reflecting a high level 

of π-electron delocalization throughout the polyene. A comparison with literature crystal 

structures of unstrapped heptamethine dyes that have 4’-phenoxy substituents reveals two 

unique structural features caused by the two flanking straps in dsZW800-1. One feature is 

the orientation of the 4’-phenoxy ring relative to the heptamethine fluorochrome. Normally 

the longitudinal axis of the 4’-phenoxy ring points away from the vertical plane of the 

heptamethine,[49] but in the case of dsZW800-1 the 4’-phenoxy ring is forced by the 

flanking straps to align with the vertical heptamethine plane and rotate its face towards one 

end of the dye. The other unique feature of crystalline dsZW800-1 is the intramolecular 

lattice packing distance. Normally, heptamethine cyanine dyes exhibit slipped cofacial 

stacking of the polymethine fluorochrome and a typical intermolecular distance of ~3.5–5.0 

Å. [49,50] But in the case of dsZW800-1, the flanking straps enforce spatial isolation of each 

molecule, and the intermolecular solid-state distance between adjacent fluorochromes is ~9 

Å. Thus, even if multiple copies of dsZW800-1 are forced together under self-aggregation 

conditions, the flanking straps ensure enough spatial separation to prevent strong coupling of 

the dye transition dipoles.

Spectral Properties and Stability of dsZW800-1

A comparison of the dye photophysical properties in Table 1 indicates that the two 

flanking straps in dsZW800-1 do not significantly change the maximum absorption and 

emission wavelengths or the fluorescence peak width compared to ZW800-1 (Figure S4). 

Interestingly, the fluorescence quantum yield in PBS for dsZW800-1 (11.0%) is measurably 

higher than the value for unstrapped 4 (8.1%) which is formally a structural isomer. This 

difference suggests that the constrained flanking straps in dsZW800-1 are more effective 

at inhibiting non-radiative energy transfer from the dye excited state to the surrounding 

hydration shell which is usually a major energy relaxation pathway for highly conjugated 

NIR dyes in water.[51–53]

The photostabilities of ZW800-1, 4, and dsZW800-1, were quantified by conducting 

simple photobleaching experiments that irradiated separate dye solutions in PBS using a 

xenon lamp with 620 nm long-pass filter and fitting the bleaching curves to a one-phase 

exponential decay (Figure 2). The measured order of photostability was 4 > dsZW800-1 > 

ZW800-1. The major photobleaching pathway for heptamethine cyanine dyes is bimolecular 
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reaction of photogenerated singlet oxygen with the polymethine fluorophore, followed by 

bond cleavage and formation of non-fluorescent carbonyl fragments.[55] The relatively poor 

photostability of ZW800-1 is consistent with the high reactivity of electrophilic singlet 

oxygen with heptamethines that have electron donating 4’phenoxy substituents.[7] The 

relatively enhanced photostabilities of 4 and dsZW800-1 are attributed to steric shielding 

provided by the proximal linear arms or straps, which may decrease the efficiency of oxygen 

photosensitization and/or inhibit the subsequent bimolecular reaction with singlet oxygen.
[56]

The chemical stability of each dye was evaluated by a set of spectroscopic experiments 

that incubated separate solutions of the dyes mixed with 1 mM glutathione (GSH) in pH 

7.4 PBS buffer. Substitution of the heptamethine 4’phenoxy group by the nucleophilic 

thiol in GSH is easily tracked since the reaction produces a noticeable red-shift in the 

heptamethine absorbance (Figure S8).[40,57,58] Shown in Figure 3a is the chemical product 

of GSH reaction with ZW800-1 as proved by NMR and mass spectrometry (Figure S9). The 

plot in Figure 3b compares the stability profiles of the three dyes in pH 7.4 PBS buffer with 

1 mM GSH. The unstrapped dyes, ZW800-1 and 4, were rapidly and completely consumed 

with half-lives (t1/2) of 7.1 and 27 minutes, respectively. In dramatic contrast, incubation of 

dsZW800-1 with 1 mM GSH for 10 hours produced no change in the absorption spectrum 

indicating no reaction (confirmed by mass spectrometry). Since glutathione levels can reach 

10 mM inside certain cells,[59] a second sample of dsZW800-1 was incubated with 10 mM 

GSH for 10 hours with still no evidence of any dsZW800-1 degradation (Figure S8). The 

protection from GSH attack is a compelling demonstration of the effectiveness of the two 

flanking straps in dsZW800-1 to completely stop substitution of the labile heptamethine 

4’phenoxy group by biological nucleophiles.

Antibody Labeling using dsZW800-1

The dye degradation caused by GSH suggests that unstrapped ZW800-1 and 4 are not good 

choices for protein labeling because the labile heptamethine 4’phenoxy linker can be cleaved 

over time by nucleophilic side-chains on the protein surface, such as the ε-amino groups 

of surface lysine residues. This prediction was borne out by experiments that assessed 

the suitability of ZW800-1 and dsZW800-1 for protein conjugation. Standard amide bond 

formation chemistry was used to attach ZW800-1 or dsZW800-1 to goat IgG antibody 

or bovine serum albumin (BSA) (Scheme S1 and Figure S10). Shown in Figures S11 

and S12 are the absorption and fluorescence spectra for the purified bioconjugates. In 

short, protein conjugation with dsZW800-1 produced a higher Degree of Labeling (DOL) 

compared to protein conjugation with ZW800-1 and the fluorescence intensities of the 

proteins labeled with dsZW800-1 were 3–4 times higher. Focusing on the stability of the 

IgG conjugates, the NIR signal for IgG-dsZW800-1 was observed to be substantially more 

stable than IgG-ZW800-1, as proved by experiments that tracked the loss of dye absorption 

over time for samples in PBS or serum (Figure S13). The known chemical degradation of 

IgG-ZW800-1 is a significant technical limitation,[33] and the greatly enhanced stability 

of IgG-dsZW800-1 is very welcome. dsZW800-1 will be especially useful as a stable 

NIR fluorescent label for use within longitudinal experiments that measure degradation or 

trafficking of implanted dye-labeled cells or biomaterials.[25–28,30,32,60]
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In Vivo Imaging using dsZW800-1

The in vivo imaging performance of a dsZW800-1-labeled antibody was assessed by 

attaching dsZW800-1 to Panitumumab (Pan), a clinical monoclonal antibody that targets 

EGFR-positive tumors. Fluorescent versions of Pan are highly desired as cancer imaging 

agents for pathology and clinical procedures such as fluorescence guided surgery; however, 

it is known that in vivo imaging performance of a Pan-dye conjugate depends greatly 

on the structure of the appended dye.[13] In this regard, it is notable that the absorption 

spectrum of Pan-dsZW800-1 (DOL = 3.1) in Figure 4a exhibits a relatively narrow peak 

at 772 nm whose excitation produces the same fluorescence spectrum as free dye. There 

is no evidence of a blue-shifted absorption peak corresponding to H-stacking of adjacent 

appended dsZW800-1 dyes on the surface of the antibody which would be undesired 

because dye H-stacking quenches dye fluorescence and can potentially alter antibody 

biodistribution. Furthermore, the absorption spectrum of Pan-dsZW800-1 was unchanged 

after 15 days at 4 °C (Figure S15a) suggesting that it has a very similar storage lifetime as 

the reconstituted Pan that is used clinically. The in vivo imaging performance was tested 

by intravenous injection of Pan-dsZW800-1 into EGFR+ JIMT-1 (triple-negative breast 

cancer) tumor-bearing mice (Figure S16). Specific and high tumor uptake was observed 

using a commercial In Vivo Imaging Station (IVIS) with NIR-I fluorescence imaging 

settings, and the average tumor-to-background ratio (TBR) reached ~ 8 at 72 h post-injection 

with negligible liver signal (Figure 4b, 4c, S17, S18). The mice were sacrificed at 72 h 

post-injection and NIR-I fluorescence imaging of the excised organs confirmed the very high 

tumor specificity of Pan-dsZW800-1 (Figure 4d, 4e, S19 and S20).

Synthesis of dsZW1015

The next step in the project was to expand the spectral scope of doubly strapped 

heptamethine dyes to fluorochromes that absorb and emit in the NIR-II region (1000–1700 

nm) which improves in vivo imaging.[61] The recent availability of commercial InGaAs 

cameras has greatly facilitated fluorescent NIR-II imaging, but a current limitation to further 

advancement is the lack of relatively small (MW < 2000 Da) hydrophilic and zwitterionic 

NIR-II dyes that can be attached to targeting biomolecules, such as an antibody or affibody, 

without forming non-fluorescent dye H-stacks or altering the targeting specificity of the 

biomacromolecule. [62–65] The extensive hydrophobic surface area of NIR-II dyes makes it 

very challenging to produce water-soluble bioconjugates for targeted bioimaging.[62] A well-

known NIR-II cyanine dye is FD-1080 (Scheme 1) whose structure includes hydrophobic 

benzo[c,d]indole heterocycles as the terminal units.[66,67] In PBS solution, FD-1080 (and 

close structural analogues)[68] forms non-fluorescent H-aggregates and thus it has to be 

formulated as a non-covalent complex with serum blood proteins, or packaged inside self-

assembled micelles or liposomes for in vivo imaging studies.[50,69–71] A second functional 

drawback with FD-1080 is the lack of a suitable protein conjugation site.[72] To address both 

concerns, we employed the modular synthetic sequence shown in Scheme 3 to prepare the 

doubly strapped, charged balanced NIR-II dye dsZW1015. The key synthetic precursor 

was heptamethine dye 5 which was prepared in a four-step sequence (see Supporting 

Information) that started with commercial benzo[c,d]indol-2(1H)-one. Two subsequent steps 

introduced the conjugatable carboxyl group and produced unstrapped heptamethine 7, which 
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was converted to the desired doubly strapped version, dsZW1015.[73] It is worth noting 

that the non-planar structures of all the compounds listed in Scheme 3 greatly facilitated 

purification by column chromatography.

Spectral Properties of dsZW1015

NIR-II dyes have inherently low fluorescence quantum yields and the measured values 

in DMSO of 0.10 % for dsZW1015 and 0.11 % for unstrapped isomer 7 (Table 1) 

are comparable to literature NIR-II dyes in nonpolar organic solvents.[74] In water, NIR-

II fluorescence quantum yields are even lower, [51–53] but we were pleased to find 

that the fluorescence quantum yield in PBS for dsZW1015-1 (0.014%) is more than 

double the value for unstrapped isomer 7 (0.006%). There are two likely reasons for the 

increased brightness. One is enhanced steric shielding of the NIR-II fluorochrome from the 

surrounding hydration sphere (analogous to the above comparison of ZW800-1 and 4), and 

the second is a noticeable difference in dye self-aggregation. Evidence for the latter factor 

was gained by inspecting the absorption spectra in Figure S6 which show that unstrapped 7 
in PBS exhibits a second, blue-shifted and non-fluorescent, H-aggregate absorption band at 

~850 nm, whereas doubly strapped dsZW1015 only exists as an emissive monomer band at 

980 nm.

In Vivo Imaging using dsZW1015

The NHS ester of dsZW1015 was used to produce Pan-dsZW1015 conjugate with DOL = 

1.2. The absorption spectrum for Pan-dsZW1015 only exhibits an emissive monomeric dye 

peak at 1000 nm (Figure 5a) with no evidence for H-stacking of multiple appended dyes 

and no change in spectral properties after 15 days at 4 °C (Figure S15b). To the best of our 

knowledge dsZW1015 is the first zwitterionic heptamethine NIR-II dye to be conjugated 

to a biomacromolecule.[61,75] The imaging performance of Pan-dsZW1015 was evaluated 

in the JIMT-1 mouse tumor model. The in vivo whole-body NIR-II fluorescent images 

(Figure S22 and S23) showed a strong initial hepatic signal (4 h and 24 h) attributed to 

the influence of the appended hydrophobic benzo[c,d]indole-based dye. Nonetheless, clear 

tumor targeting was observed at 72 h post-injection with very low off-target signal (Figure 

5b and 5c). The imaging results demonstrate that dsZW1015 with its favorable structural 

combination of steric shielding and balanced charge enables the production of a labeled 

antibody with specific targeting properties for effective NIR-II imaging of living subjects.

Conclusion

In summary, we have validated doubly strapped heptamethine cyanine dyes as a new 

class of high performance, conjugatable NIR fluorophores. Compared to the benchmark 

NIR-I dye ZW800-1, the doubly strapped analogue dsZW800-1 exhibits slightly higher 

fluorescence brightness, substantially greater chemical stability and twice the photostability. 

Notably, dsZW800-1 is superior to ZW800-1 for fluorescence imaging using a dye-labeled 

antibody and will be much better suited for longitudinal experiments that measure long-term 

degradation or trafficking of implanted dye-labeled biomaterials. It is worth noting that 

there is a growing family of fluorescent probes that utilize NIR-I heptamethine cyanine 

dyes with structures that are closely related to ZW800-1 and each is likely to have stability 
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limitations due to the presence of a reactive 4’-phenoxy group. [35,36,76–80] In each case, 

it should be straightforward to prepare doubly strapped versions of these NIR-I dyes with 

an expectation of improved stability and imaging performance. An attractive feature of the 

modular synthetic method is the straightforward manner that the terminal heterocycles can 

be varied, as highlighted by the preparation of the doubly strapped heptamethine cyanine 

dye, dsZW1015, with terminal benzo[c,d]indole heterocycles that extend the absorption/

emission wavelengths into the NIR-II region.[73] The structural combination of steric 

shielding and balanced charge counters the enhanced hydrophobicity of the fluorochrome 

within dsZW1015 and produces dye-labeled antibodies for effective NIR-II fluorescence 

imaging of tumor in living mice. Future design iterations can incorporate suitable functional 

groups within the terminal heterocycles to produce bioresponsive versions of these doubly 

strapped cyanine dyes for bioconjugation and deployment as next-generation “turn on” or 

“ratiometric” near-infrared fluorescent probes.[81,82]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Side and end views of X-ray crystal structure of dsZW800-1. (b) Lattice packing of four 

copies of dsZW800-1; the distance between adjacent heptamethine fluorochromes is ~9 Å. 

CCDC No.: 2236818.
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Figure 2. 
Lamp irradiation: Three separate cuvettes, each containing 2 μM dye in PBS buffer, pH 7.4, 

were irradiated by a 150 W Xenon lamp with a 620 nm long-pass filter (0.5 mW/cm2). The 

errors bars indicate standard deviation for the triplicate measurements. Each plot was fit to 

a one-phase exponential decay and the rate constants were obtained by fitting to a linear 

pseudo-first order reaction model.
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Figure 3. 
(a) Reaction of ZW800-1 with glutathione (GSH) to give product with red-shifted 

absorption maxima band. (b) Comparison of dye stabilities in pH 7.4 PBS buffer with 1 

mM GSH, room temperature. Each plot was fit to a one-phase exponential decay and the 

half-lives were obtained by fitting to a linear pseudo-first order reaction model.
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Figure 4. 
(a) Normalized absorption spectrum of Pan-dsZW800-1 (Degree of labeling, DOL = 3.1) 

in pH 7.2 PBS at room temperature. (b) Tumor-to-background ratio (TBR) from in vivo 
NIR-I imaging (ex: 745 ± 15 nm, em: 800 ± 10 nm) of JIMT-1 tumor-bearing mice (N = 

5) after intravenous injection of Pan-dsZW800-1 (50 μg dose) and imaging at 4, 24, 48, 

and 72 h post-injection. (c) Representative in vivo NIR-I fluorescence images of the JIMT-1 

tumor-bearing mice. (d) Representative overlaid brightfield and NIR-I fluorescence images 

of excised organs, and (e) Biodistribution of Pan-dsZW800-1 determined by quantifying the 

NIR-I fluorescence of excised organs (N = 5). Tu: tumor, Li: liver, Lu: lung, Ki: kidneys, Pa: 

pancreas, Mu: muscle, Bl: bladder, In: small intestines, Sp: spleen.
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Figure 5. 
(a) Normalized absorption spectrum of Pan-dsZW1015 (DOL = 1.2) in pH 7.2 PBS at room 

temperature. (b) Tumor-to-background ratio (TBR) from in vivo NIR-II imaging of JIMT-1 

tumor-bearing mice (N = 3) after intravenous injection of Pan-dsZW1015 (250 μg dose) 

and imaging at 4, 24, 48, and 72 h post-injection. (c) Representative in vivo brightfield and 

NIR-II fluorescence images of a Pan-dsZW1015 treated or untreated JIMT-1 tumor-bearing 

mouse (ex: 890 nm, em: >1150 nm LP filters).
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Scheme 1. 
(top) Underlying molecular concepts. (bottom) Chemical structures of NIR-I and NIR-II 

dyes. Nu: Nucleophile.
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Scheme 2. 
Synthesis of intermediate 4 and dsZW800-1
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Scheme 3. 
Synthesis of doubly strapped, conjugatable NIR-II dye dsZW1015.
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