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Wehave successfully synthesized imidazole-dye conjugates by linking imidazole and nitroimidazoleacetic
acids to an indocyanine green (ICG) carboxylic acid derivative, using an ethanolamine linker. These dye-
conjugates showabsorbance peaks at 754e756 nm and fluorescence peaks at 780 nm. The dye-conjugates
show a blue shift of 25 nm and 30 nm in the absorption and fluorescence spectra respectively when
compared to that of standard cardiogreen. There is no change in absorption and fluorescence spectral
profiles between the ICG derivative and imidazole conjugates. The extinction coefficients of new ICG
derivative and imidazole conjugates are 1.8 times higher than that of standard ICG. The relative quantum
yields of the new compounds are 4.5e5.5 times higher than that of the SigmaeAldrich’s ICG. The dyes are
tested for hypoxia in-vitrowith 4T1 luc cell lines and it is found that the cells treatedwith 2-nitroimidazole
ICG show a contrast of fluorescence signal of 2.5e3.0 for the cells under hypoxic to that of cells under
normoxic. However pure ICG shows no significant difference between hypoxic and normoxic cells.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Most cancerous solid tumours contain a tumour-specific
microenvironment that is characterized by low oxygen partial
pressure (PO2) and low pH [1]. The tumour microenvironment is
recognized as a critical factor that influences not only the response
to conventional anti-cancer therapies, but also helps define the
potential for malignant progression and metastasis [2]. An inade-
quate supply of nutrients and oxygen to the tumour regions causes
tumour tissue hypoxia. It is known that tumour hypoxia alters the
pattern of gene expression, leading to more aggressive behavior
with increased metastatic potential and treatment resistance.
Tumour hypoxia is an important indicator of tumour metabolism
and tumour response to various forms of therapy. Currently, the
PO2 measurements in human tumours in-vivo have been per-
formed using invasive polarographic needle electrodes. However,
the use of electrodes is only suitable for measuring PO2 in super-
ficial tumours, such as cervix [3] and head and neck [4]. Non-
: þ1 860 486 2981.
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invasive methods such as Magnetic Resonance Imaging (MRI), and
Positron emission tomography (PET) have been used to image
tumour hypoxia probes [5]. However, bothMRI and PET systems are
expensive for routine clinical use in longitudinal imaging assess-
ments over the course of neoadjuvant chemotherapy. Therefore, it
is important to develop a non-invasive, low cost method to
repeatedly monitor changes related to hypoxia.

Fluorescence imaging is an optical imaging technique that is
useful tool for diagnostic imaging without the complications that
often accompany the use of nuclear contrast agents[6]. The fluo-
rescence imaging systems are cost effective and highly portable. In
fluorescence imaging, a near-infrared (NIR) fluorescent probe
(>700 nm) is administered, and irradiation with NIR light allows
collection of the remitted fluorescence for imaging. Fluorescence
imaging has a tremendous potential for probing tumour molecular
markers associated with tumour proliferation, growth, and metas-
tasis. To the best of our knowledge, there are no hypoxia probes
capable of real-time fluorescence imaging of tumour hypoxia in the
NIR spectrum.

Indocyanine dyes are important abiotic molecules [7e10], and
useful NIR probes. An important member of this family is the
clinically approved indocyanine green (ICG, 1), which has many

mailto:michael.smith@uconn.edu
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2010.08.008
http://dx.doi.org/10.1016/j.dyepig.2010.08.008
http://dx.doi.org/10.1016/j.dyepig.2010.08.008


C. Pavlik et al. / Dyes and Pigments 89 (2011) 9e1510
applications for fluorescence imaging [11,19]. ICG is the only FDA
approved agent that can be used for human subjects, due to the
very low toxicity and high absorbance in the NIR spectrum. The use
of ICG in molecular imaging probes may be limited because it loses
its fluorescence after protein binding. However, a NIR probe is
available after cell binding and internalization, due to the fact that
ICG may be dissociated from the targeting antibody, thus activating
fluorescence [12]. It is known, for example, that ICG binds to plasma
proteins, and protein-bound ICG emits light with a peak wave-
length of about 830 nm in the NIR [13]. Based on this knowledge,
intravenous injection of ICG was used to delineate hepatocellular
carcinoma during open hepatectomy [14]. Further, laparoscopic
fluorescent imaging using preoperative injection of ICG enabled
real-time identification of hepatocellular carcinoma [15]. A final
example is the report of sentinel node mapping guided by ICG
fluorescence imaging in gastrointestinal cancer [16]. Hydrophilic
cyanine dyes have been used for tumour imaging in the NIR [17].
Despite these applications of ICG, there are several limitations,
including optical instability in body, low quantum yield, and
promiscuous leakage in blood vessels. Our approach will advance
fluorescence imaging by providing methodology to image tumour
hypoxia in addition to tumour vasculature. We now report the
preparation and testing of new synthetic contrast agents, referred
to here as dye-conjugates, to enhance the sensitivity and specificity
of near-infrared (NIR) imaging in the detection of tumour hypoxia
[13,18,19]. These novel dye-conjugates link a 2-nitroimidazole
moiety with known hypoxia marker properties to an ICG derivative.

2. Materials and methods

All reagents and chemicals were used as received from Aldrich
or Acros and used without further purification. All glassware was
flame-dried under vacuum, and all reactions were performed
under a nitrogen atmosphere, unless otherwise noted. All solvents
were dried according to standard procedures. Thin-layer chroma-
tography was done on Fluka aluminum-backed TLC plates with
fluorescent indicator and 0.2 mm silica gel layer thickness, and
p-anisaldehyde in methanol was used as a developing agent.
Column chromatography was done using 60 Å porosity, 32e63 mm
silica gel and 90 Å porosity, 32e63 mm C18-reverse phase silica gel.
An HP Model 5970B GC/MSD with an HP-1 column Gas chro-
matogram/mass spectrometer was used for GC/MS spectra. The 1H,
13C, and 2D-COSY NMR were collected on a Brüker Avance 300
(300.13 MHZ 1H, 75.48 MHZ 13C). Chemical shifts are reported in
ppm (d) downfield from TMS, in CHCl3, unless otherwise noted.

2.1. 2,3,3-Trimethyl-3H-indole-5-carboxylic acid, 6

A mixture of 4-hydrazinobenzoic acid (5, 4.56 g, 30.0 mmol),
3-methylbutan-2-one (3.70 g, 42.0 mmol) and sodium acetate
(4.92 g, 60.0 mmol) was stirred in glacial acetic acid (50 mL) for 1 h
then heated at reflux overnight. After removal of the acetic acid in
vacuo,10%MeOH (80mL)was added to the residue and the resulting
precipitate was filtered and dried to yield 6 (5.36 g, 26.37 mmol,
88%) of as a tan solid [20]. 1H NMR: d 8.12 (dd,1H, 8 Hz), 8.04 (s, 1H),
7.60 (d,1H, J¼ 8Hz), 2.36 (s, 3H),1.35 (s, 6H); 13CNMR: d192.9,171.4,
156.8, 145.8, 131.0, 128.4, 123.4, 120.0, 54.3, 23.0, 15.6.

2.2. 5-Carboxy-1-(d-sulfobutyl)-2,3,3-trimethyl-3H-indolium
betaine, 7

A mixture of 6 (1.00 g, 4.92 mmol) and 1,4-butanesultone
(2.93 mL, 28.68 mmol) was heated at reflux overnight in
1,2-dichlorobenzene (20 mL). A red precipitate was formed,
filtered, rinsed with acetone and dried to give 1.54 g (4.52 mmol,
92%) of 7 as a red solid. 1H NMR (MeOD): d 8.44 (s, 1H), 8.32 (dd, 1H,
J¼ 1.4, 8.2 Hz), 8.15 (d,1H, J¼ 8.8 Hz), 4.63 (t, 2H, J¼ 7.5 Hz), 4.43 (s,
3H), 2.86 (t, 2H, J ¼ 7.1 Hz), 2.16 (m, 2H), 1.97 (m, 2H), 1.70 (s, 6H);
13C NMR (DMSO): d 197.8, 168.1, 148.3, 144.0, 127.7, 127.5, 126.8, 51.1,
49.3, 42.1, 27.3, 26.7, 9.8 [20].

2.3. Bis-1,10-(4-sulfobutyl)indoletricarbocyanine-5,50-dicarboxylic
acid sodium salt, 9

A mixture of 7 (5 g, 14.5 mmol) and N-((1E,3E)-5-(phenylimino)
penta-1,3-dienyl)benzenamine (8, 2 g, 7 mmol) was added to acetic
anhydride (75 mL) and glacial acetic acid (45 mL). Sodium acetate
(2.05 g, 25 mmol) was added to this suspension, with vigorous
stirring, and the reaction mixture was heated at reflux for 45 min.
Upon cooling to ambient temperature the mixture was poured into
250 mL of hot anhydrous ether. Upon cooling, a precipitate formed
and was collected via vacuum filtration and then washed with
ether. The solid was recrystallized from H2O/propanol (1:4) after
standing atw5 �C overnight. The crystals were collected by vacuum
filtration and washed with cold propanol and allowed to dry for
two days under vacuum to yield 9 (4.5 g, 5.73 mmol, 85% yield) [17].
1H NMR (DMSO): d 12.98 (s, 2H) 8.08 (d, 2H, J¼ 1.2 Hz), 7.98 (dd, 2H,
J ¼ 1.1, 8.2 Hz), 7.95 (m, 5H), 7.51 (d, 2H, J ¼ 8.7 Hz), 6.65 (t, 2H,
J¼ 12.4 Hz), 6.54 (d, 2H, J¼ 13.6 Hz), 4.11 (m, 4H), 3.09 (m, 4H), 1.75
(m, 8H), 1.67 (m, 12H). 13C NMR (DMSO): d 206.5, 172.2, 166.9,
148.9e145.9, 145.8, 141.1, 130.6, 126.7, 123.2, 110.9, 105.0, 50.7, 48.4,
43.7, 40.1, 30.7, 27.0, 26.0, 22.4.

2.4. Methyl 2-(1H-imidazol-1-yl)acetate, 10a

Imidazole (0.60 g, 8.85 mmol) was added to a mixture of methyl
bromoacetate (0.84 mL, 8.85 mmol), potassium carbonate (1.8 g,
13.27 mmol), and tetrabutylammonium iodide (TBAI) (0.070 g,
0.185 mmol) in 10 mL of acetonitrile. The mixture was heated to
80 �C and stirred vigorously at this temperature for 40 min. After
cooling to ambient temperature, the inorganic salts were removed
by vacuum filtration and washed with acetonitrile. The filtrate and
washings were combined and the solvents evaporated in vacuo to
yield a residue that was recrystallized from ethyl acetate and
petroleum either (50:1) to give 10a [21,22] (1.14 g, 8.05 mmol, 91%).
Mp, 55e56 �C. 1H NMR (DMSO): d 7.38 (s, 1H), 7.19(s, 1H) 7.1 (s, 1H),
5.18 (s, 2H); 3.73 (s, 3H); 13C NMR (DMSO): d 170.0, 137.8, 126.7,
120.3, 54.7, 46.8.

2.5. Methyl 2-(4-nitro-1H-imidazol-1-yl)acetate, 10b

4-Nitroimidazole (1 g, 8.85 mmol) was added to a mixture of
methyl bromoacetate (0.84 mL, 8.85 mmol), potassium carbonate
(1.8 g, 13.27 mmol), and TBAI (0.070 g, 0.185 mmol) in 10 mL of
acetonitrile. The mixture was heated to 80 �C, and stirred vigor-
ously at this temperature for 40 min. After cooling the ambient
temperature, the inorganic salts were removed by vacuum filtra-
tion and washed with acetonitrile. The filtrate and washings were
combined and the solvents evaporated in vacuo to give a residue
that was recrystallized from ethyl acetate to yield 10b [23] (1.46 g,
7.87 mmol, 89%). Mp, 129e130 �C. 1H NMR (DMSO): d 8.37 (s, 1H),
7.82 (s, 1H), 5.10 (s, 1H); 13C NMR (DMSO): d 168.5, 147.3, 138.8,
123.0, 53.0, 48.7.

2.6. Methyl 2-(2-nitro-1H-imidazol-1-yl)acetate, 10c

2-Nitroimidazole (1 g, 8.85 mmol) was added to a mixture of
methyl bromoacetate (0.84 mL, 8.85 mmol), potassium carbonate
(1.8 g, 13.27 mmol), and TBAI (0.070 g, 0.185 mmol) in 10 mL of
acetonitrile. The mixturewas heated to 80 �C and stirred vigorously
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at this temperature for 40 min. After cooling the to room temper-
ature, the inorganic salts were removed by vacuum filtration and
washed with acetonitrile. The filtrate and washings were combined
and the solvents were evaporated in vacuo to give a residue that
was recrystallized from ethyl acetate to yield 10c [24,25] (1.32 g,
7.16 mmol, 81%). Mp, 95e96 �C. 1H NMR: d 7.11 (s, 1H), 7.05 (s, 1H),
5.09 (s, 2H), 3.77 (s, 3H); 13C NMR: d 166.5, 126.5, 127.3, 53.2, 50.7.

2.7. N-(2-Hydroxyethyl)-2-(1H-imidazol-1-yl)acetamide, 11a

Methyl 2-(1H-imidazol-1-yl)acetate,10a (0.48 g, 3.39mmol), was
added to 6mL of absolute MeOH. The solutionwas vigorously stirred
while freshly distilled aminoethanol (0.90 mL, 13.59 mmol) was
added slowly, and the reaction was stirred overnight at ambient
temperature [26]. The reaction mixture was then concentrated and
the remaining solid was dissolved in dry acetone and passed through
a plug of silica. The resulting residue was recrystallized from ethyl
acetate to yield 11a (0.396 g, 2.34mmol, 69%).Mp,132.8e134.0 �C.1H
NMR (MeOD): d 7.70 (s, 1H) 7.14 (s, 1H), 7.01 (s, 1H), 4.74 (s, 2H), 3.63
(t, 2H, J ¼ 5.7 Hz), 3.43 (t, 2H, J ¼ 5.7 Hz, MeOD overlap); 13C NMR
(MeOD): d 168.1, 138.1, 127.6, 120.3 59.9, 41.8. HR-TOF MS. Calcd for
C7H11N3O2Na (M þ Naþ), m/z 192.0649. Found, m/z 192.0673.

2.8. N-(2-Hydroxyethyl)-2-(4-nitro-1H-imidazol-
1-yl)acetamide, 11b

Methyl 2-(4-nitro-1H-imidazol-1-yl)acetate, 10b (0.636 g,
3.39 mmol), was added to 6mL of absolute MeOH. The solutionwas
vigorously stirred while freshly distilled aminoethanol (0.90 mL,
13.59 mmol) was added slowly, and the reaction was stirred over-
night at ambient temperature [26]. The reaction mixture was
concentrated and the resulting solid was recrystallized from ethyl
acetate to yield 11b (0.587 g, 2.74 mmol, 81%). Mp, 136e137 �C. 1H
NMR (MeOD): d 8.32 (s, 1H) 8.17 (s, 1H), 7.74 (s, 1H), 4.90 (s, 2H),
4.71 (s, 1H,), 3.62 (t, 2H, J¼ 5.7 Hz), 3.38 (t, 2H, J¼ 5.7 Hz); 13C NMR
(MeOD): d 172.1, 137.8, 121.33, 59.9, 49.4, 41.8. HR-TOF MS. Calcd for
C7H10N4O4Na (M þ Naþ), m/z 1237.0600. Found, m/z 237.0636.

2.9. N-(2-Hydroxyethyl)-2-(2-nitro-1H-imidazol-
1-yl)acetamide, 11c

Methyl 2-(2-nitro-1H-imidazol-1-yl)acetate, 10c (0.636 g,
3.39 mmol), was added to 6mL of absolute MeOH. The solutionwas
vigorously stirred while freshly distilled aminoethanol (0.90 mL,
13.59 mmol) was added slowly, and the reaction was stirred over-
night at ambient temperature [26]. The reaction mixture was
concentrated and the remaining solid was dissolved in dry acetone
and passed through a plug of silica. The resulting residue was
recrystallized fromethyl acetate to give 11c [27] (0.587 g, 2.74mmol,
81%).Mp,163.5e164.7 �C. 1HNMR (MeOD): d 7.52 (s,1H), 7.37 (d,1H,
J¼ 0.9 Hz), 5.36 (s, 2H), 3.85 (t, 2H, J¼ 5.4Hz), 3.58 (t, 2H, J¼ 5.6 Hz);
13C NMR (MeOD): d 166.1, 156.3127.5, 127.3, 60.1, 51.4, 41.8.

2.10. N-(2-Hydroxyethyl)-2-(1H-imidazol-1-yl)acetamido-ICG, 12a

ICG derivative 9 (0.162 g, 0.216 mmol) was dissolved in 2.49 mL
of DMF. This solution was treated with a catalytic amount of DMAP,
and the solutionwas cooled to 0 �C. DCC (0.094 g, 0.454 mmol) was
added, and the mixture was stirred for 30 min [17,28]. Addition of
11a (0.167 g, 0.990 mmol) was followed by stirring for 2 h at 0 �C,
warming to ambient temperature and then stirring overnight. The
reaction mixture was concentrate and poured into 25 mL of anhy-
drous ether, and the resulting precipitate was collected. Column
chromatography on C18-reverse phase silica using H2O/MeOH
(1:1.1e1:1) gave 12a (0.102 g, 0.0864 mmol, 40%). NMR (DMSO):
d 7.81 (d, J¼ 1.3 Hz,1H), 7.75e7.41 (m,12H), 7.09 (s,1H), 6.88 (s,1H),
6.7 (t, J ¼ 12.2 Hz, 2H), 6.60 (d, J ¼ 13.2 Hz, 2H), 4.7 (s, 2H), 4.52 (t,
J¼ 5.4 Hz, 2H), 4.2e4.01 (m, 4H), 3.61 (t, J¼ 5.3 Hz, 2H), 3.0 (m, 4H),
1.91e1.70 (m, 8H), 1.70e1.57 (m, 12H); 13C NMR (DMSO): d 206.8,
172.1,168.0,167.6,166.3,159.7,148.9e144.9,144.8,141.0,138.1,130.8,
129.7, 128.3, 127.7, 123.4, 120.2, 110.5, 105.1, 49.8, 44.0, 30.4, 29.8,
27.9, 26.8, 22.4. HR-TOF MS. Calcd for C51H61N8O12S2Na2 (Mþ Naþ),
m/z 1087.3646. Found, m/z 1087.3641.

2.11. N-(2-Hydroxyethyl)-2-(4-nitro-1H-imidazol-
1-yl)acetamido-ICG, 12b

ICG derivative 9 (0.162 g, 0.216mmol) was dissolved in 2.49mL of
DMF. This solutionwas treatedwith a catalytic amount of DMAP, and
the solutionwas cooled to 0 �C.DCC (0.094g, 0.454mmol)wasadded,
and the mixture was stirred for 30 min [17,28]. Addition of 11b
(0.212 g, 0.990 mmol) was followed by stirring for 2 h at 0 �C,
warming to ambient temperature and then stirring overnight. The
reaction mixture was concentrate and poured into 25 mL of anhy-
drous ether, and the resulting precipitate was collected. Column
chromatography on C18-reverse phase silica using H2O/MeOH
(1:1.1e1:1) gave 12b (0.142 g, 0.121 mmol, 56%). 1H NMR (DMSO):
d 8.13 (s, 1H), 7.82 (d, J ¼ 1.3 Hz, 2H), 7.79e7.30 (m, 1H), 6.64 (t,
J¼12.3Hz, 2H), 6.53 (d, J¼13.2Hz, 2H), 4.68 (s, 2H), 4.07 (t, J¼ 5.7Hz,
2H), 4.10 (m, 4H), 3.64 (t, J ¼ 5.7 Hz, 2H), 3.05 (m, 4H), 1.87e1.70 (m,
8H),1.70e1.56 (m,12H); 13C NMR (DMSO): d 204.4,172.8,172.1,168.3,
166.7, 164.8, 152.5, 149.3e146.1, 146.0, 140.9, 138.1, 130.7, 137.9, 136.8,
133.2, 121.0, 110.6, 114.9, 62.7, 49.2, 47.0, 44.3, 34.5, 30.2, 28.3, 27.1,
22.4. HR-TOF MS. Calcd for C51H59N10O16S2Na2 (M þ Naþ), m/z
1177.3347. Found, m/z 1117.3341.

2.12. N-(2-Hydroxyethyl)-2-(2-nitro-1H-imidazol-1-
yl)acetamido-ICG, 12c

ICG derivative 9 (0.162 g, 0.216 mmol) was dissolved in 2.49 mL
of DMF. To this solution was added a catalytic amount of DMAP and
the solution was cooled to 0 �C. DCC (0.094 g, 0.454 mmol) was
added, and the mixture was allowed to stir for 30 min [17,28].
Addition of 11c (0.212 g, 0.990 mmol) was followed by stirring for
2 h at 0 �C, warming to ambient temperature and then stirring
overnight. The reaction mixture was concentrate and poured into
25 mL of anhydrous ether, and the resulting precipitate was
collected. Column chromatography on C18-reverse phase silica
using H2O/MeOH (1:1.1e1:1) gave 12c (0.112 g, 0.095 mmol, 44%).
1H NMR (DMSO): d 7.83 (d, J ¼ 1.2 Hz, 2H), 7.8e7.5 (m, 7H), 7.45 (d,
J ¼ 8.5 Hz, 2H), 7.36 (s, 1H), 6.65 (t, J ¼ 12.5 Hz, 2H), 6.53 (d,
J¼ 13.3 Hz, 2H), 4.69 (s, 2H), 4.51 (t, J¼ 5.3 Hz, 2H), 4.2e4.0 (m, 4H),
3.65 (t, J ¼ 5.6 Hz, 2H), 3.04 (m, 4H), 1.92e1.70 (m, 8H), 1.70e1.55
(m, 12H); 13C NMR (DMSO): d 202.3, 171.4, 167.5, 166.8, 166.0, 146.7,
144.0, 143.9e140.8, 140.7, 140.5, 130.8, 129.8, 128.0, 127.7, 127.2,
121.1, 110.6, 105.2, 63.1, 50.8, 49.7, 49.0, 43.0, 30.5, 27.6, 27.0, 22.4.
HR-TOFMS. Calcd for C51H59N10O16S2Na2 (MþNaþ), m/z 1177.3307.
Found, m/z 1177.3321.

3. Results and discussion

The bioreductive properties of 2-nitroimidazoles lead to selec-
tive cytotoxicity toward hypoxic cells within tumours [29]. Nitro-
imidazoles serve as hypoxic cell radiosensitizers, via a free-radical
mechanism, increasing the sensitivity to radiation of normally
radiation-resistant hypoxic cells [30]. Many nitroimidazole deriv-
atives are known [31,32], and their anti-cancer applications have
been studied. Misonidazole (2) [33], etanidazole (3) [34], and san-
azole (4) [35,36] are important examples, as shown in Scheme 1.



Scheme 1. ICG, misonidazole, etanidazole and sanazole.
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Within the tumour, anaerobic enzymatic reduction of the nitro-
imidazole derivatives generates cytotoxic metabolites.

Our initial goals were to verify that (a) a nitroimidazole moiety
can be incorporated into an ICG derivative and (b) verify that the
new dye-conjugates retain useful fluorescent properties and
stability. These studies are essential before the ultimate goal of
developing a hypoxia tumour probe could be examined. We
therefore chose a bis(carboxylic acid) derivative of ICG as the
prototype dye, specifically 9. The choice is dictated by the need to
attach a nitroimidazole unit, and suggested by previous work that
functionalized indocyanine carboxylic acid derivatives. It is noted
Scheme 2. Synthesis of ICG ca

Scheme 3. Synthesis of imida
that the increased fluorescence quantum yield of 9 is probably due
to the observation that formation of fluorescence-quenched
aggregates is suppressed because dyeedye interaction and aggre-
gation is reduced by hydrophilic, non-charged but sterically
demanding substituents [17,37].

A straightforward synthesis of 9 was reported by Lindsey and
co-workers [38], in which the reaction of p-hydrazinobenzoic acid
(5) with 3-methyl-2-butanone gave a 71% yield of 6, via a Fischer
indole synthesis. Subsequent treatment with butanesultone gave
a 32% yield of 7. Southwick and Grzywinski reported a modified
procedure [39]. Ozinskas and co-workers prepared 6 by a similar
rboxylic acid derivative 9.

zoleeICG conjugates 12.



Table 1
List of optical and photophysical properties of the ICG and imidazole conjugate
in PBS.

Dye labs
(nm)

lem
(nm)

Extinction Coefficient,
3 (M�1 cm�1)

Quantum
Yield (F)

ICG (SigmaeAldrich) 779 807 11,5000 0.012
ICG 754 778 21,1000 0.066
Imidazole ICG 754 778 20,4100 0.061
2-Nitroimidazole ICG 756 779 20,5222 0.066
4-Nitroimidazole ICG 755 779 20,7519 0.054
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route, in 98% yield [20]. In this later case, treatment of 6 with ethyl
iodide at 120 �C in a sealed tube gave 7 in 26% yield, and heating
with butanesultone at 180 �C gave 9 in 82% yield [20]. Licha et al.
prepared 9 by a similar route [17]. In all cases the dyes were
assembled by condensation of 7 with the commercially available
glutaconic aldehyde dianilide$HCl (8) [17,28,38,39]. This synthesis
is shown in Scheme 2.

The targeted 2-nitroimidazole-dye conjugate combines the
known compound 4 with the known compound 9. We prepared
three derivatives, however, based on conjugating the dye with
imidazole, 4-nitroimidazole and 2-nitroimidazole. Initial experi-
ments attempted to link the ethanolamine unit to the arylhydrazine
5, but all attempts gave little or no yield of the desired compounds.
The actual synthesis started with the reaction of the imidazoles and
methyl bromoacetate to give the corresponding imidazole acetate,10.
Subsequent reaction with ethanolamine would generate key inter-
mediate 11. Using this methodology, we prepared imidazole inter-
mediate 10a in 91% yield,10b in 89% and 10c in 81%. Reaction of these
imidazole acetate ethanolamine gave imidazole derivative 11a in 62%
yield, the 4-nitroimidazole derivative 11b in 79% yield, and the 2-
nitroimidazole derivative 11c in 62% yield. Simple DCC coupling of
the alcohol 11aec and 9 and the amide gave the targeted dye-
conjugates 12aec. We prepared imidazole-dye conjugate 12a in 40%
yield, the 4-nitroimidazole-dye conjugate 12b in 56% yield, and the
2-nitroimidazole-dye conjugate 12c in 44% yield. The synthetic steps
for the preparation of 12 are shown in Scheme 3.
4. Photophysical characterization and hypoxia evaluation

4.1. Absorption and fluorescence properties

The indocyanine green derivative 9 and imidazole conjugates
12aec were spectrally characterized by using an UVeVis spectro-
photometer and a fluorescence spectrophotometer (Varian
Analytical Instruments, Walnut Creek, CA). The wavelength range
of both spectrophotometers is 250 nme1100 nm. The dyes were
suspended in Phosphate Buffer Saline (PBS) and the absorption and
fluorescence spectra were recorded. The normalized absorption
and fluorescence spectra of 1 mM of 9 are shown in Fig. 1. The
photophysical properties of 9 and 12aec, in Phosphate Buffer Saline
(PBS), are shown in Table 1, with absorbance peaks at 754e756 nm
and fluorescence peaks at 778e779 nm. Both 9 and 12aec show
a blue shift of 25 nm and 30 nm in the absorption and fluorescence
Fig. 1. Normalized absorption and fluorescence spectra of 1 mM ICG in PBS.
spectra, respectively. There is no change in absorption and fluo-
rescence spectral profiles between 9 and 12aec. The extinction
coefficients are 1.8 times higher than that of standard ICG, 1. The
relative quantum yields are calculated using SigmaeAldrich’s 1 as
standard [17]. The relative quantum yields of the new compounds
are 4.5e5.5 times higher than that of 1. Among all the imidazole
conjugates, 2-nitroimidazole ICG 12c gives highest quantum yield.
The specificity of the projected nitroimidazole imaging will depend
on the oxygen concentration at which bioreductive trapping occurs,
and the enzyme activity of bioreductive activation [40]. As noted
earlier, nitroimidazoles are selectively reduced by nitroreductase
enzymes under hypoxic conditions to form reactive products that
can bind to cellular nucleophiles [2]. Because 12c has a higher
reduction potential and a highest quantumyield, it was selected for
the in-vitro hypoxia evaluation in 4.3.

4.2. Optical stability of compounds

The optical stability of 12aec was tested in a cell culture
medium, at 37 �C. The sample holder was connected to a Fisher
Isotemp� Waterbath (Fisher Scientific) allowing a constant
temperature to be maintained throughout the measurement. The
effect of protein on molecular stability was assessed by adding
12aec to a cell culture medium (90% DMEM: Dulbecco’s Modified
Eagle Medium 1� and 10% FBS: Fetal Bovine Serum). For spectro-
scopic measurements, 12aec were suspended in a cell culture
medium (90% DMEM: Dulbecco’s Modified Eagle Medium 1� and
10% FBS: Fetal Bovine Serum). FBS was added to the DMEM and the
dyes were kept in a spectroscopic grade cuvette for measurement
at 1-h intervals, to mimic the stability of the compounds inside the
Fig. 2. Optical Stability of standard ICG, ICG carboxylic acid derivative and Imidazole
conjugates in the cell culture medium at 37 �C.



Fig. 3. (a) Fluorescence emission from 1 million cells treated with 5 mM ICG and 2-nitroimidazole ICG in hypoxia and normoxia conditions, (b) Fluorescence emission from dishes
with different density of cells (M stands for millions in figure legend) at fixed 2-nitroimidazole ICG concentration of 1 mM.
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body during future in-vivo imaging. The fluorescence spectra were
collected for 60 min at intervals of 10 min. The integrated fluo-
rescence intensities of different compounds at different incubation
times are shown in Fig. 2. There was no change in the spectral
profile during the 1 h measurement time, and the fluorescence
intensity was diminished by 11% for 1, 6% for 9 and less than 1% for
the imidazole conjugates 12aec. These results confirm that there
will be no significant bleaching or spectral fluctuations of the dye-
conjugates during real-time in-vivo imaging, where the conjugate
binding to the hypoxic cells will be the main focus.

4.3. In-vitro hypoxia evaluation

For in-vitro cell hypoxic studies, the 4T1 luc cells were passed 10
times in a T75 flask (BD Biosciences, Bedford, MA) prior to this study
and the confluence was 70e80%. The cells were harvested and
cultured in 60 � 15 mm surface-modified polystyrene tissue culture
dishes (BD Falcon, Franklin Lakes, NJ, USA) 15 h prior to the dye
treatment. After incubation for 15 h, the dishes were treated with
5 mM 9 and 2-nitroimidazole ICG, 12c, and placed inside hypoxic
chamber (Billups-Rothenberg, Inc., Del Mar, CA, USA). A customized
mixture (95% N2 and 5% Co2) of gases (Airgas East, Cheshire, CT) was
passed into the hypoxic chamber for 5 min and the chamber was
incubated at 37 �C for 4 h [41]. The gas pressurewas 2 psi throughout
the 5min passage. The dishes were washed twice in PBS, trypsinized
and loaded with 2 mL of cell culture media prior to measurements.
The cells were transferred to a spectroscopic grade cuvette and
fluorescence measurements were done within a minute. There were
around 1.5 millions of cells in each cuvette in 2 mL of media. Several
measurementswere done to check the consistency of our results. The
fluorescence spectra of the cells treated with the 9 and with 12c
under normoxia and hypoxia conditions are shown in Fig. 3(a). The
ratio of integrated fluorescence intensities of hypoxia to that of nor-
moxia is 2.5 for 12c treated cells and, there is no significant difference
for cells reactedwith9. This 2.5 factor forhypoxic compoundsmaybe
suitable for in-vivo hypoxia imaging. Testing was also done with
dishes having different density of cells and all were treated with 12c
and incubated under hypoxia. This testing mimics the amount of
binding to different size hypoxic tumours. The fluorescence emis-
sions from all the three dishes are shown in Fig. 3(b) and a linear
increase in fluorescence emission with cell density was observed.

5. Summary

We have successfully synthesized a new conjugate of the known
ICG carboxylic acid derivative 9 and a 2-nitroimidazole moiety that
is a well-known hypoxia marker. Our work generated three dye-
conjugates, 12aec. The spectral characteristics of dyes 9 and 12aec
are reported, including their absorption and fluorescence proper-
ties. All compounds are optically stable in protein medium, at body
temperature. The quantum yields are around 5 times higher, hence
higher the detection sensitivity in compared to that of cardiogreen.
An in-vitro hypoxic evaluation has been done with 4T1 luc breast
cancer cell lines. The cells treated with 12c show 2e3 times
improvement in contrast in the fluorescence signal between
hypoxic and normoxic conditions. More tests will be done to vali-
date the contrast and sensitivity of the conjugates at different
concentrations of conjugates and different density of cells in both
hypoxic and normoxic conditions. Our preliminary in-vitro data
provide sufficient encouragement for continued pursuit of our
hypothesis that dye-conjugate 12cwill provide the means to image
tumour hypoxia in tumour-bearing mice using near-infrared tech-
niques. The ultimate goal of this research is to develop an in-vivo
molecular probe as well as associated imaging hardware that can
directly image tumour hypoxia of breast cancer patients who may
be resistant to traditional therapies and can benefit from hypoxia-
targeted therapies. Based on this preliminary work, future studies
will involve in-vivo hypoxic testing with mice having tumours at
themammary pad. The hypoxiawill be evaluated at different stages
of tumour growth.
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