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Three near-infrared fluorescent heptacarbocyanine dyes have been synthesized using a facile one-pot
synthetic approach. The reaction methodology afforded a mixture of three symmetric and unsymmetric
heptacyanines containing various N-indolenine substituents, a dicarbocyclic acid (DA), a monoester (ME),
and a diester (DE). These compounds were isolated, purified, characterized and biologically investigated
for tumor cell cytotoxicity and uptake selectivity. Using cell viability and in vitro proliferation assays, we
found that the esterified dyes (monoester, ME and diester, DE) were selectively cytotoxic to cancer cells
and spared normal fibroblast cells. Additionally, confocal fluorescence imaging confirmed selective
uptake of these dyes in cancer cells, thus suggesting tumor cell targeting.

� 2011 Elsevier Ltd. All rights reserved.
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Cyanine dyes display distinguishable characteristics and pos-
sess two nitrogen-containing heterocyclic groups connected by
an electron deficient conjugated methine chain, as shown by their
general structure in Figure 1.

Essentially, cyanine nomenclature directly corresponds to the
number of methine groups located in the bridge connecting the
two heterocycles. Dyes containing n = 0, 1, 2, and 3, are classified
as mono-, tri-, penta-, and heptacarbocyanines, respectively.1 Elec-
tron delocalization provides cyanine dyes with their characteristi-
cally wide range of absorption spectra in the visible and infrared
All rights reserved.
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regions; additionally, they also exhibit narrow absorption bands
and high extinction coefficients.2 These properties combined with
low tissue auto-fluorescence, the ability to deeply penetrate tissue,
and an imaging window of 650–1000 nm have made cyanine dyes
promising for use in cancer-imaging in vivo.3 Fluorescence imaging
R Rn

Figure 1. General structure of cyanine dyes.
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techniques with near-infrared dyes generally display excellent
sensitivity and selectivity. An increase in the fluorophores’ rigidity
upon binding directly induces a significant increase in fluores-
cence. Commonly, near-infrared emission agents are conjugated
with ligands to target specific tumors and to be used in optical
imaging applications.

Optical imaging is becoming increasingly recognizable as an
imaging technique that produces high-resolution imaging of fluo-
rophores in cancerous tissue.4 Employing near-infrared (NIR) dyes
as contrast agents in optical imaging is becoming popular.5 This
non-radiative technique4 is safer than current radiological tech-
niques. In addition, this imaging method is favorable due to its
low tissue absorption and minimal auto-fluorescence of NIR light.6

Conversely, NIR fluorescence may be able to provide a fast, inex-
pensive screening for breast cancer as well as other cancers.4–7

Although indocyanine green (ICG)8 has been clinically approved
for testing in fluorescence angiography and ophthalmology and
has been shown to be a potent contrast agent for the detection of
tumors in animal models and humans, the application of cyanine
dyes in cancer diagnosis and detection is yet to be fully ex-
plored.9,10 The long range goals are to synthesize cyanine dyes that
will natively target specific tumors without requiring molecular
conjugation.3,11

Two heptamethine cyanine dyes MHI-148 and MHI-25 (IR-783;
Fig. 2) containing a rigid cyclohexenyl ring within the methine
bridge were synthesized in our laboratory, and were shown to
selectively target cancer cells.11 We had reported cancer detection
properties of these dyes that were found to accumulate specifically
and selectively in cancer cells while sparing normal cells.11

Recently, our laboratory discovered that MHI-148 is a mixture
of three analogous compounds. The three dyes were carefully iso-
lated using flash chromatography and a gradient elution of dichlo-
romethane/methanol. The structure of each dye was identified, and
they were characterized as containing various N-substituted func-
tionalities including a monoester, a diester, and a diacid. Subse-
quent testing concluded that the monoester and the diester
specifically target and induce cellular death of human cervical
(HeLa) and prostate (PC-3) cancer cells. However, our trypan blue
exclusion data show that the diacid derivative and MHI-25 were
found to have no cytotoxic activity in these cells. In light of these
interesting data, further in vitro and preclinical research is war-
ranted to evaluate the antiproliferative and proapoptotic activity
of similar dyes with modified esters in order to evaluate their po-
tential usefulness as anti-cancer agents.

In this Letter, we describe a simple methodology for synthesiz-
ing symmetrical and unsymmetrical heptamethine cyanine dyes as
potential precursors for developing functionalized near-infrared
labels for proteins and peptides. We discovered that MHI-148 con-
tains three separate dyes. The dyes 4, 5, and 6 were isolated from
the previously tested MHI-148 sample.11 They were identified
and characterized as the diester (4, DE), monoester (5, ME) and
diacid (6, DA) as depicted in Scheme 1. The cell viability and
N

O3S

N

Cl

SO3Na

Figure 2. Structure of MHI-25 (IR-783).
anti-proliferative activity of these dyes were evaluated and com-
pared with MHI-25 using the trypan blue and MTT assays, respec-
tively (Figs. 3 and 4).12–15 As shown in Scheme 1, the indolenine 1
was reacted with 6-bromohexanoic acid in boiling acetonitrile for
18 h under a nitrogen atmosphere to afford quaternary salt 2.
Compound 2 was allowed to react with Vilsmeier–Haack reagent16

in acetic anhydride for 3 h in the presence of sodium acetate.
Subsequently, when the reaction mixture was quenched with
methanol, it furnished a mixture of three heptamethine cyanine
dyes 4, 5, and 6 which were isolated by column chromatography.17

It should be noted that the reaction of salt 2 with Vilsmeier–Haack
reagent in boiling ethanol under basic conditions yielded only
dye 6.

We have previously reported the unique tumor imaging and tar-
geting properties of the heptamethine cyanine dyes MHI-25 and
MHI-148. It has been shown that these NIR dyes are actively taken
up by and accumulate within cancer cells but not normal cells.11

They were found to be superior for cancer detection compared to
other cyanine dyes, such as indocyanine green7 and noncyanine
dyes, such as rhodamine 123. This was particularly significant
because imaging with NIR dyes can yield much higher signal/noise
ratios with minimal interfering background fluorescence.

Since MHI-148 was found to be a mixture, we optimized the
purification process that yielded the diacid (DA), diester (DE),
monoester (ME).17 Although these heptamethine dyes show selec-
tive tumor targeting attributes, some of them have been reported
to be cytotoxic with specificity to cancer cells without affecting
normal cells. Thus, we first asked if these dyes killed cancer cells
while sparing normal cells. We employed two representative can-
cer cell lines viz., HeLa (cervical) and prostate (PC-3).18 Primary hu-
man dermal fibroblast (HDF) cells were used as non-cancerous
normal cells. Our trypan blue exclusion data demonstrated that
the esterified dyes (both monoester, ME and diester, DE) were
cytotoxic to cancer cells but spared normal cells (Fig. 3).13,14 The
DE at concentrations ranging from 5-20 lM killed >90% of Hela
and PC-3 cells at 24 h whereas HDF cells were unaffected at the
same dose levels. This demonstrated remarkably significant selec-
tivity of DE for cancer cells while normal cells showed 100% cell
viability. Along similar lines, ME was cytotoxic to cancer cells, with
HeLa cells showing enhanced sensitivity compared to PC-3 at the
concentrations studied. ME treatment however compromised cell
viability of HDFs. Lower concentrations (5–10 lM) resulted in
10–15% cell death, whereas 20 lM affected viability of �80% HDF
cells, indicating cytotoxicity at this concentration. On the other
hand, ME at 5 and 10 lM concentrations displayed significant tu-
mor cell selectivity with only �20% cell survival in HeLa and PC-
3 cells. This was in stark contrast to HDF cells which were �85%
viable at the same concentration. The diacid (DA) and the disulph-
onate MHI-25, did not exert any cytotoxic effects in cancer or nor-
mal cells under the concentration conditions used in our
experiments.

We next performed an in vitro cellular proliferation assay to
determine the IC50 of these dye forms in cancer (HeLa and PC-3)
and normal (HDF) cells as shown in Figure 4.15 Essentially, the
IC50 value represents the concentration at which 50% of cell prolif-
eration is inhibited. Our MTT data show that the IC50 of DE and ME
were 0.8 and 1.0 lM, respectively, in HeLa cells (Fig. 4). The IC50

values for DE and ME were higher in PC-3 cells (3 and 2 lM,
respectively) indicating lower sensitivity of prostate cancer cells
compared to cervical cancer cells (Fig. 4). The IC50 of DE in normal
HDF was 10 lM, indicating a wide ‘therapeutic window’ (Fig. 4).15

However, the therapeutic window for ME was much narrower
compared to DE. Since DA and MHI-25 did not affect the prolifera-
tion of cancer or normal cells, we were unable to deduce the IC50 of
these two dye forms over a wide range of concentration in the cell
lines included in our study (data not shown).
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Scheme 1. Synthetic route for the one pot preparation of symmetrical and unsymmetrical heptacyanine dyes 4–6.17

Figure 3. HeLa, PC-3 and HDF cells were treated with three different dose-levels (5, 10 and 20 lM) each of DA, DE, ME and MHI-25 for 24 h. The percentage of dead cells upon
various treatments was measured using trypan blue staining. The corresponding bar-graphs show percentage cell viability determined by cell counting upon each treatment.
The values and error bars shown in all the graphs represent average and standard deviations, respectively, of three independent experiments (p <0.05). Note: Nearly 100% of
cell death was observed with 10 and 20 lM ME in PC-3 cells. Thus, the bars are not visible for percent cell viability at indicated concentrations of ME.13,14

Figure 4. HeLa, PC-3 and HDF cells were treated for 48 h with increasing concentrations (0, 0.75, 1, 2, 5, 10, 15, 20 lM) of DA, DE, ME, MHI25 and cell proliferation was
measured using MTT assay. A (i, ii, iii) Line-graph depicting percentage cell survival versus concentration representing the sensitivity profile of corresponding cell lines to
each dye. B (i, ii, iii) Bar-graphical representation of IC50 values of DE and ME in the corresponding cell lines. The values and error bars shown in all the graphs represent
average and standard deviations, respectively, of three independent experiments (p <0.05).15
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The inability of DA and MHI-25 to inhibit cell proliferation
could be attributed to their limited cellular uptake, thus rendering
them ineffective. It is also likely that they are taken up by cancer
cells but are not cytotoxic. To confirm the intracellular localization
of these dyes, we performed fluorescence confocal imaging in PC-3
and HDF cells upon 8 h of dye exposure (Fig. 5).19,20 Both the
esterified dyes (DE and ME) showed considerable cytoplasmic
localization in PC-3 cells; however, neither DE nor ME showed
accumulation in HDF cells. PC-3 cells demonstrated enhanced up-
take of ME as compared to DE, perhaps explaining its lower IC50.
DA and MHI-25 however, exhibited negligible intracellular locali-
zation in both PC-3 and HDF cells. It is reported that esters are



Figure 5. (A) Confocal micrographs showing PC-3 cells treated with DE, ME, DA and MHI-25 (20 lM) for 8 h and stained for actin (green) and DNA with DAPI (blue). Cellular
localization of the corresponding dyes is visible in red. (B) Merged micrographs showing HDF cells treated with the corresponding dyes (20 lM) for 8 h, stained with actin
(green) and DNA with DAPI (blue). Any intracellular dye localization should appear in red. Scale bar = 10 lm.19,20
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more readily transported across cellular membranes.21 This might
explain the enhanced cellular uptake of the esterified dyes (ME and
DE) compared to the diacid and MHI-25. It is also likely that the
partition coefficient (logP) values of the mono- and diesterified
dyes is optimal to facilitate cellular uptake. Our data thus under-
score the usefulness of DE and ME as potential tumor-specific
imaging as well as tumor targeting dye candidates. Although the
accumulation properties of MHI-25 have previously reported11 in
different cancer cell lines including prostate (LNCaP, C4-2, C4-2B,
ARCaPE, ARCaPM, and PC-3), lung (H358), breast (MCF-7), cervical
(HeLa), leukemia (K562), renal (SN12C, ACHN), bladder (T24), and
pancreatic (MIA PaCa-2), our data show minimal cellular uptake of
MHI-25 in HeLa and PC-3 cells under our experimental conditions.

In conclusion, a unique synthesis of asymmetric carbocyanine
dyes has been presented that is important for the preparation of
NIR dyes containing monofunctional groups for biomolecule conju-
gation. Furthermore, this one-pot synthesis appears feasible with a
variety of carboxylic acid alkylated salts. Interestingly, the synthe-
sized mono- and diester dyes were selectivity taken up and accu-
mulated in tumor cells but not normal cells, providing the
advantage of tumor-specific targeting that does not require recep-
tor conjugation of the imaging dyes.

Supplementary data

Supplementary data associated with this Letter can be found, in
the online version, at doi:10.1016/j.bmcl.2011.11.070.
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