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a b s t r a c t

The spectroscopic properties, stability, and cytotoxicity of series of cyanine labels, the dyes DY-681, DY-
731, DY-751, and DY-776, were studied to identify new tools for in vivo fluorescence imaging and to find
substitutes for DY-676 recently used by us as fluorescent label in a target-specific probe directed against
carcinoembryonic antigen (CEA). This probe enables the selective monitoring of CEA-expressing tumor
cells in mice, yet displays only a low fluorescence quantum yield and thus, a non-optimum sensitivity. All
the DY dyes revealed enhanced fluorescence quantum yields, a superior stability, and a lower cytotoxicity
in comparison to clinically approved indocyanine green (ICG). With DY-681 and far-red excitable DY-731
and DY-751, we identified three dyes with improved properties compared to DY-676 and ICG.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Optical imaging techniques, that use light to visualize the optical
characteristics of tissue via measurement of its absorption, scat-
tering or fluorescence, have matured into important tools in
biomedical research due to advances in instrumentation and label
and probe technologies [1–5]. Some applications have meanwhile
become part of clinical routine [3,6–9]. Lately, significant attention
has been dedicated to fluorescence imaging with near-infrared
(NIR) light [10]. This comparatively inexpensive and sensitive
spectroscopic technique is capable of noninvasively assessing
molecular function in vivo and is thus suited for the detection of
very early stages of diseases such as cancer and the monitoring of
drug treatment [3,11–15].
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T. Vag), ute.resch@bam.de
Hilger).

son SAS. All rights reserved.
Prerequisites for NIR fluorescence (NIRF) imaging are fluores-
cent labels that can be covalently attached to target-specific ligands
like antibodies or antibody fragments for the design of highly
specific and sensitive modular fluorescent probes [1–4,10]. Suitable
fluorophores must absorb and emit light in the so-called diagnostic
window between 650 and 900 nm, where hemoglobin and water
absorption is minimum [3], thereby providing the basis for deep
tissue penetration of up to several centimeters [2,10]. To realize the
desired high sensitivity in localizing tumors or other targets, these
fluorophores should reveal a high molar absorption coefficient at
the excitation wavelength and a high fluorescence quantum yield
[3,16,17]. Also, the concentration of the fluorophore at or in the
target should be high and the fluorescence background in the tissue
should be at a minimum. This renders especially near-infrared-
excitable chromophores intensively absorbing and emitting
between 700 and 900 nm attractive [18–20]. Other prerequisites
are minimum nonspecific binding, sufficient thermal and photo-
chemical stability, and low cytotoxicity.

Despite of the recognized potential of NIRF imaging and the
corresponding importance of rationally designed and well char-
acterized fluorescent labels and probes, until now, the only clini-
cally approved NIR fluorescent dye is indocyanine green (ICG). This
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Fig. 1. Spectroscopic characterization of bioconjugated and non-conjugated DY-676.
Normalized absorption (top) and normalized fluorescence emission (bottom) spectra
of FabAntiCEAdDY-676 in comparison to DY-676 in PBS and in PBS/BSA (5 mass-%
albumin BSA in PBS; w/v) solution.

Table 1
Spectroscopic properties of FabAntiCEAdDY-676 in PBS and PBS/BSA in comparison
to nonconjugated DY-676. Maxima of the main absorption (labs) and emission (lem)
bands and fluorescence quantum yields (Ff).

Dye Solvent labs/nm lem/nm Ff

DY-676 PBS 664 702 0.04
DY-676 PBS/BSA 676 702 0.31
FabAntiCEA-DY-676 PBS 675 702 0.01
FabAntiCEA-DY-676 PBS/BSA 680 702 0.05
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NIR emitting carbocyanine dye [21], that absorbs and emits
between approximately. 730 and 900 nm, is used e.g. for angiog-
raphy of the choroid and for the evaluation of hepatic and cardiac
circulation. However, ICG suffers from many drawbacks like a very
low fluorescence quantum yield of 0.01 in aqueous solution [22],
binding to plasma proteins [23,24], resulting in rapid elimination
through the liver, and a low stability in aqueous media [23–26].
Moreover, despite its approval, it reveals a certain cytotoxicity as
has been only recently demonstrated [27–29].

The search for new diagnostic tools recently encouraged us to
use DY-676, a substitute for Cy5 tailored to match the line of the
680-nm diode laser of the whole body NIRF imaging set up, for the
design of a new target-specific probe directed against carcinoem-
bryonic antigen (CEA), a glycoprotein expressed on the cell surface
of certain cancer types [30]. This probe revealed an excellent
specificity for CEA-expressing tumors cells in in vitro experiments
and in vivo in mice [30], yet only a comparatively small fluores-
cence quantum yield. To improve the sensitivity of this otherwise
high potential modular probe, we are currently investigating
possible fluorescence quenching pathways and are looking for
alternative labels. In the present work, we have studied systemat-
ically the spectroscopic and pharmacological properties of a series
of recently introduced, commercial asymmetric cyanines, the dyes
DY-681, DY-731, DY-751, and DY-776, in comparison to DY-676 and
clinically approved ICG. The aim was here to identify better suitable
fluorophores with red shifted absorption and emission bands and
high fluorescence quantum yields in aqueous solution and in
a model body fluid, low unspecific binding as well as high stability
and low cytotoxicity.

2. Results and discussion

2.1. Absorption and fluorescence study of the target-specific model
bioconjugate of DY-676

Electronic absorption and fluorescence spectroscopy are
universally employed to characterize fluorescent labels and probes.
Application-relevant parameters determined with these tech-
niques include the spectral position of the absorption (abs) and
emission (em) bands, the band widths (FWHM: full width at half-
height of the maximum) that can e.g. provide a hint for dye
aggregation in the case of absorption [11,31,32], the Stokes shift
[10], that determines the ease of separating separation of excitation
from emission and the signal collection efficiency, the molar
absorption coefficient 3 and the fluorescence quantum yield Ff. The
product of 3 (at the excitation wavelength) and Ff, that is often
termed brightness, determines the sensitivity from the dye-side
[10]. A maximized sensitivity is relevant e.g. for applications such as
detecting metastatic spread of a tumor [18]. FabAntiCEAdDY-676
and, less pronounced also DY-676, reveal an enhanced absorption
blue-shifted from the dye’s main absorption band and apparent
spectral broadening in phosphate buffered saline (PBS) [33] in
comparison to PBS with 5% (w/v) bovine serum albumin (BSA; PBS/
BSA) modeling body fluid (Fig. 1, top and Table 1), whereas the
corresponding fluorescence emission spectra (Fig. 1, bottom) and
excitation spectra in PBS and PBS/BSA (not shown) match. The
fluorescence quantum yield of the nonconjugated dye always
considerably exceeds that of FabAntiCEAdDY-676 (Table 1). Similar
effects have been observed for other DY-676 bioconjugates, e.g.
FabIgGdDY-676. The presence of BSA results in a fluorescence
enhancement of 7.8 and 5 for DY-676 and FabAntiCEAdDY-676,
respectively (Table 1), yet the Ff value of the free dye considerably
exceeds that of bioconjugated DY-676.

The appearance of this enhanced absorption band blue-shifted
from the main dye absorption maximum, in conjunction with the
unaffected fluorescence spectra, suggests the formation of dye
aggregates, most likely nonfluorescent H-type dimers [11,34–37].
This can most likely explain the only moderate fluorescence
quantum yields of DY-676 and especially of FabAntiCEAdDY-676 in
PBS. A similar reduction in fluorescence has been reported e.g. for
Cy5 upon covalent linkage to antibodies like IgG, [38,39]. The
strong enhancement in emission in conjunction with the red shift
in the absorption maximum in the presence of BSA observed for DY-
676 points to dye–BSA interactions. Dye–protein interactions have
been reported also for other cyanine dyes [40], that are, however,
often accompanied by stronger spectral shifts in absorption and in
emission [40,41]. Dye–protein interactions may also account for the
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increase of Ff of FabAntiCEAdDY-676 in PBS/BSA. The smaller
enhancement factor (FEF) of bioconjugated DY-676 as compared to
unbound DY-676 suggests either weakened dye–BSA interactions
or that not all the antibody-attached DY-676 fluorophores are
accessible to BSA.

2.2. Absorption and fluorescence study of the new DY dyes in
comparison to ICG and DY-676

The search for a substitute for DY-676 revealed distinct spec-
troscopic properties of the recently developed DY dyes shown in
Fig. 2 in comparison to DY-676 and ICG. These dyes, which all carry
the same indole end group, equipped with two negatively charged
sulfonate groups to promote water solubility, were chosen to differ
in the chemical nature of the aromatic benzopyrylium-type end
group (acceptor strength, planarity, rigidity) and in the length of
the polymethine chain. DY-681 differs from the other DY dyes with
respect to the position of the oxygen atom of the benzopyrylium
end group and the polymethine chain. DY-681 reveals ortho
attachment and the other dyes attachment at the para position.

The DY dyes display absorption bands between 660 nm and
780 nm in PBS and PBS/BSA matching typical laser diodes and
emission maxima between 700 nm and 800 nm, respectively
(Fig. 3), due to cyanine-type optical transitions delocalized over the
whole p-conjugated system. DY-681 and DY-751 are potential
substitutes for the common fluorescent labels Cy5.5 and Cy7. The
molar absorption coefficients (at the dyes’ main absorption
maximum) of the DY dyes are in the order of 80,000–
170,000 L mol�1 cm�1 in PBS/BSA. The spectral position of their
absorption and emission bands following the order of DY-676<DY-
681<DY-731<DY-751<DY-776< ICG (Fig. 3 and Table 2) is
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Fig. 2. Chemical structures of the studied cyanines. Asymmetric trimethine dyes DY-676 an
and clinically approved symmetric heptamethine dye ICG (bottom).
determined by the length of the polymethine chain and the elec-
tron density at the benzopyrylium-type end group, that increases in
the order of DY-731<DY-751<DY-776 for the pentamethine dyes
[21,42]. Intriguingly with respect to the desired application are the
red absorption and emission bands of the trimethine dyes DY-676
and DY-681 and the pentamethine DY dyes in comparison to
known symmetric cyanine dyes of similar polymethine chain
length and to the heptamethine ICG. This underlines the great
effective length of the benzopyrylium-type end groups of the DY
dyes [21,43]. The realization of long wavelength absorption and
emission bands with a minimum number of conjugated double
bonds can be advantageous for the design of NIR-excitable fluo-
rophores with high fluorescence quantum yields and high stability,
as for cyanine dyes, rotations around single bonds in the poly-
methine chain and excited state cis–trans isomerization of flexible
double bonds are common pathways for the nonradiative deacti-
vation of the excited singlet state[18,21,44]. These processes, that
become increasingly likely with increasing number of flexible
double bonds, can also hamper the photochemical stability of
cyanine dyes. As follows from Fig. 4, the fluorescence quantum
yields of the DY dyes in PBS and PBS/BSA exceed considerably that
of ICG except for DY-676 and DY-776 in PBS. In addition, all the DY
dyes reveal a larger Stokes shift than ICG with the highest values of
804 cm�1 and 570 cm�1 found for DY-676 in PBS and for DY-731 in
PBS/BSA (Table 2), respectively.

Relevant information determining the suitability of the DY dyes
for the desired application follows from the size of the dyes’ fluo-
rescence quantum yields in PBS and the observation of spectral
broadening in absorption or the appearance of extra absorption
bands in PBS as well as from the influence of BSA on the spectro-
scopic properties of the DY dyes. Particularly the spectral position
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Fig. 3. Spectroscopic characterization of the studied cyanines. Normalized absorption
(top) and normalized emission (bottom) spectra of the DY-dyes DY-681, DY-731, DY-
751, and DY-776 in PBS/BSA in comparison to DY-676 and ICG.

Table 2
Spectroscopic properties of the DY dyes in PBS and PBS/BSA in comparison to DY-676
and ICG. Maxima of the main absorption (labs) and emission (lem) bands, bandwidth
(FWHMabs, FWHM: full width at half-height of the maximum), for a better
comparison of the dyes given on an energy scale (cm�1), Stokes shift, fluorescence
quantum yields (Ff), and BSA-induced fluorescence enhancement factor (FEF). The
Stokes shift is the energetic difference between the spectral position of the lowest
energy (that is, the longest wavelength) absorption maximum and the spectral
position of the lowest energy emission band and is accordingly typically provided on
an energy scale. The differences between the absorption maximum in PBS and the
absorption maximum in PBS/BSA on a better comparable energy scale are: DY-676:
300 cm�1, DY-681: 224 cm�1, DY-731: 68 cm�1, DY-751: 211 cm�1, DY-776:
287 cm�1, ICG: 376 cm�1.

Dye Solvent labs/nm FWHMabs/cm�1 lem/nm Stokes
shift/cm�1

Ff FEF

DY-676 PBS 664 1505 702 804 0.04
DY-676 PBS/BSA 678 1009 702 504 0.31 7.8
DY-681 PBS 679 1603 712 700 0.11
DY-681 PBS/BSA 690 1627 710 397 0.40 3.6
DY-731 PBS 718 1527 752 630 0.10
DY-731 PBS/BSA 722 1491 755 570 0.30 3.0
DY-751 PBS 734 1473 770 622 0.10
DY-751 PBS/BSA 744 1315 775 512 0.24 2.4
DY-776 PBS 756 1946 796 538 0.01
DY-776 PBS/BSA 776 1025 799 376 0.10 10
ICG PBS 780 1011 810 514 0.04
ICG PBS/BSA 807 973 822 258 0.08 2.0

0
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Fig. 4. Comparison of the fluorescence efficiency of the studied cyanines. Fluorescence
quantum yields (Ff) of the evaluated DY dyes in PBS and in PBS/BSA in comparison to
DY-676 and ICG and to FabAntiCEAdDY-676.
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of the absorption maximum, the molar absorption coefficient, the
width of the absorption band, and the fluorescence quantum yields
of the DY dyes and ICG are affected by BSA (Table 2 and Fig. 4). In all
cases, the absorption maxima are red shifted in the presence of BSA
as compared to PBS, with the smallest shift of 4 nm (equaling
68 cm�1 on an energy scale, that provides a better comparability of
spectral data covering a broader wavelength range, see also Table 2)
being displayed by DY-731. A sizeable shift in emission occurs only
for ICG. Such bathochromic shifts in the absorption maxima of
cyanine dyes are observed frequently in conjunction with
a decrease in polarity of the fluorophore local environment
[11,40,41]. Assuming that the size of the BSA-induced spectral
changes is mainly determined by dye hydrophilicity, this points to
ICG as the least hydrophilic dye among the series of fluorophores
studied followed by DY-676 and DY-776 (Table 2).

The fluorescence quantum yields of the DY dyes and ICG in PBS
and PBS/BSA, see Table 2, are determined by the interplay of
different effects: i.) rotations around single bonds in the
polymethine chain and excited state cis–trans isomerization of
flexible double bonds that typically presents the main nonradiative
deactivation pathway of this class of chromophores [21,44–46] and
ii.) the formation of (nonfluorescent) aggregates [21], that is signif-
icantly affected by dye charge and hydrophilicity [45–48]. For the red
emitting dyes of the series studied, also iii.) the so-called energy gap
rule can play a role [21,49,50]. This rule predicts an increase of the
nonradiative rate constant (enhanced internal conversion), and thus
reduced fluorescence quantum yields with a narrowing of the S1–S0

energy gap. For the fluorophores compared, a considerable influence
of solvent viscosity rigidizing flexible molecules and thereby
influencing i.) [21,44] seems not very likely in the case of PBS/BSA, as
this should similarly affect all the dyes studied. The formation of
nonfluorescent aggregates seems to be mainly responsible for the
low fluorescence quantum yields of DY-676 and DY-776 in PBS as
suggested by the enhanced short-wavelength absorption and
pronounced spectral broadening found especially in PBS (Fig. 1 and
Table 2). Both dyes are equipped with the same N-bridged
benzopyrylium entity that, among the DY dyes studied, seems to
favor p–p-interactions between adjacent dye molecules [42].
Replacement of the phenyl group of the N-bridged benzopyrylium
entity by a tert-butyl group (DY-751) or incorporation of a smaller
benzopyrylium moiety with tert-butyl and diethylamino substitu-
ents (DY-681, DY-731) results in comparatively high fluorescence
quantum yields of ca. 0.1 in PBS. The Ff values of DY-681, DY-731, and
DY-751 reach e.g. the Ff values reported for certain hydrophilic
glucamine- and glucosamine-substituted cyanines in aqueous solu-
tion [3,8,21,48,51–53]. One factor contributing to the improved
fluorescence quantum yields of these three dyes in aqueous solution
could be a reduced aggregation tendency.



Table 3
Photometrically determined thermal stability of the DY dyes in PBS and PBS/BSA
after 3 days (d) of storage at 4 �C and 37 �C in comparison to DY-676 and ICG. The dye
concentration was always 1�10�6 mol/L.

Dye Absorption intensities relative to starting value in %

PBS PBS PBS/BSA PBS/BSA

3 d, 4 �C 3 d, 37 �C 3 d, 4 �C 3 d, 37 �C

DY-676 96 91 98 100
DY-681 95 93 94 96
DY-731 90 80 87 93
DY-751 94 82 86 82
DY-776 95 90 101 97
ICG 66 31 96 84
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Mainly responsible for the generally observed fluorescence
enhancement in the presence of BSA seems to be a BSA-binding-
induced rigidization of the dye molecules, reducing rotations
around single bonds in the polymethine chain and excited state cis–
trans isomerization, most likely in combination with the preven-
tion of dye aggregation in the case of DY-676 and DY-776, that
display the strongest enhancement factors, see Table 2. The size of
these dye–BSA interactions is dye-dependent. Among the dyes
studied, DY-681 and especially the red emitting fluorophores DY-
731 and DY-751, that reveal the highest quantum yields in PBS and
the smallest BSA-induced changes in absorption and emission, are
the best suited candidates for the application as fluorescent labels
in target-specific probes for NIRF imaging.
2.3. Thermal stability

In order to cover the systemic interrelations of contrast agents,
in vivo NIRF imaging studies are commonly performed over one to
two days. Accordingly, imaging reagents must be sufficiently stable.
This has to be clarified under conditions modeling the in vivo
situation prior to use in an animal model. As follows from Table 3,
Fig. 5. Comparison of the cytotoxicity of the studied cyanines. Cytotoxicity of the DY dyes
endothelial (SVEC4-10; panels C and D) cell line after 72 h of incubation with each dye. Cell cu
to the eye.
all the DY dyes show a considerably improved thermal stability in
PBS after 72 h of storage at 4 �C and 37 �C as compared to ICG with
relative intensities between 90% and 96% for 4 �C (ICG: 66%) and
80% and 93% for 37 �C (ICG: 31%), respectively, in comparison to the
situation immediately after dissolution (100%). In PBS/BSA, the
stability of the DY dyes is also very high with values between 86%
and 100% for 4 �C in comparison to ICG (96%). In PBS/BSA at 37 �C,
which approximates the in vivo situation by the presence of
albumin and the use of body temperature, DY-676, DY-681, DY-776,
and DY-731 display an improved stability (93–100%) with respect to
ICG (84%). Only the stability of DY-751 (82%) is similar to that of ICG.
In all cases, comparable results followed from the corresponding
emission studies not shown here.

The increased stability of ICG in protein-containing solutions
has been previously described [25,27] and is attributed to a protein-
binding-induced stabilization [25,26]. In contrast, for the DY dyes
showing a high stability both in PBS and BSA/PBS, the presence of
the protein plays only a minor role. The most important factor
governing dye stability seems to be the generally shorter poly-
methine chains of the DY dyes. This improved stability of the DY
dyes DY-676, DY-681, DY-776 and DY-731 under in vivo approxi-
mating conditions is advantageous for the applicability as in vivo
diagnostic agents.
2.4. Cytotoxicity

A stringent requirement for the application of fluorophores in
vivo experiments is a low cytotoxicity. Cytotoxicity studies were
therefore performed on a macrophage and an endothelial cell line
measuring the cell vitality after incubation with the fluorescent
label to be tested e.g. via a so-called dead-or-alive assay. Cell lines
suitable for modeling the in vivo NIRF situation in the vascular
system are macrophage cells and murine endothelial cells because
of the extensive contact of these cells with intravenously applied
substances. Despite the relevance for the choice of suitable fluo-
rescent reporters for in vivo fluorescence imaging and their strong
and ICG determined for a mouse macrophage cell line (J774; panels A and B) and an
ltures without any dye treatment exhibit a cell vitality of 100%. The lines are only guide
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impact on the cytotoxicity of targeted probes and contrast agents,
to the best of our knowledge, aside from clinically approved ICG
[27–29], data on the cytotoxicity of fluorescent dyes are scarcely
available [54].

As follows from Fig. 5, the DY dyes generally show very low
cytotoxic effects on both macrophages (Fig. 5, panels A and B) and
endothelial cells (Fig. 5, panels C and D). For an incubation time of
72 h at the maximum tested dye concentration of 100�10�6 mol/L,
the macrophage cell vitality is 93% in the case of DY-681 and DY-676
and 96% in the case of DY-731 compared to untreated cells (100%).
DY-751 and DY-776 demonstrate no cytotoxicity at all with cell
vitality values slightly over 100%. When incubating endothelial cells
with DY dyes, the strongest cytotoxic effects result for DY-731 (cell
vitality of 75%) and the smallest for DY-676 (cell vitality over 100%)
and DY-681 (cell vitality of 96%). For the DY fluorophores, dye
concentration and cytotoxicity do not correlate. Surprisingly, for
both cell types, the strongest cytotoxic effects are found for clini-
cally approved ICG. A considerable reduction of the macrophage
cell vitality is observed already at an ICG concentration of
10�10�6 mol/L after 72 h. The vitality decreases steadily with
increasing dye concentration and reached a value of 12% at the
maximum tested dye concentration of 100�10�6 mol/L (Fig. 5,
panel A). Compared to macrophages, ICG cytotoxicity on endothe-
lial cells is lower, with a remaining cell vitality of 60% after 72 h
resulting in an ICG concentration of 100�10�6 mol/L (Fig. 5, panel
C).

The very advantageous fact that the DY dyes studied generally
exhibit significantly lower cytotoxic effects for both macrophage
and endothelial cells, but especially for macrophage cells at high
dye concentration, could be related to their reduced lipophilicity/
increased hydrophilicity as compared to ICG. A straightforward
relationship between lipophilicity and cytotoxic effects has been
revealed previously [55,56]. For example, Cascorbi et al. found
a direct correlation between lipophilicity and cytotoxicity for yeast
cells [56]. The cytotoxic effects observed by us for ICG particularly
on macrophage cells and, less pronounced, for endothelial cells,
agree with the results from other groups that also reported
a considerable cytotoxicity of ICG in vitro [27,28,57] and in vivo
[27–29]. Enaida et al. for example demonstrated with rat eyes, that
after intravitreous ICG application, the retinal function was
impaired even by low doses of ICG (0.025 g/L) [57]. Higher doses of
ICG (25 g/L) completely destroyed the normal structure of the
retina. The most probable mechanism for cell damage by ICG is an
effect on mitochondrial enzyme activity leading to apoptosis [28].
However, other mechanisms could be involved as well [28]. The
stronger cytotoxic effects on macrophage cells in comparison to
endothelial cells are ascribed to differences in uptake as has been
previously discussed for the dye Nile blue A [54].

3. Conclusion

In summary, all the tested trimethine and pentamethine DY dyes
exhibit comparatively red shifted absorption and emission bands,
enhanced fluorescence quantum yields, a better thermal stability,
and a clearly reduced cytotoxicity in comparison to clinically
established ICG. The size of the fluorescence quantum yield of the
DY dyes in aqueous solution is primarily dependent on the substi-
tution pattern of the benzopyrylium-type end group which notably
determines the aggregation tendency. With DY-681 and especially
with the NIR-excitable, red emitting dyes DY-731 and DY-751, we
identified new attractive diagnostic tools for in vitro and in vivo
fluorescence applications. In the case of the DY-676 bioconjugates
targeted against carcinoembryonic antigen (CEA)-expressing tumor
cells, dye aggregation was identified as a major source for the only
moderate fluorescence quantum yields in PBS and BSA/PBS.
Substitution of DY-676 for DY-681, DY-731 and DY-751 is expected
to yield similarly selective, yet considerably more fluorescent
probes and thus improved limits of detection in conjunction with an
increased depth of penetration in the case of DY-731 and DY-751
due to the red shifted absorption and emission bands. These find-
ings present an important advance toward new and comparatively
less expensive tools of known stability and cytotoxicity for NIRF
imaging. In addition, these results clearly reveal the importance of
known structure–property relationships for the choice of optimum
fluorophores.

4. Experimental

4.1. Apparatus and reagents

The absorption spectra were recorded on a CARY 5000
spectrometer (Varian Inc., Palo Alto, USA). The fluorescence emis-
sion and fluorescence excitation spectra were measured with
a Spectronics Instruments 8100 (Westbury, USA). For the cytotox-
icity studies, a microplate reader from Molecular Devices, CA, USA
was used.

Indocyanine green (ICG) was purchased from Pulsion Medical
Systems AG (München, Germany). The DY dyes DY-676, DY-681,
DY-731, DY-751, and DY-776 were provided by Dyomics GmbH
(Jena, Germany). The purity of the fluorescent dyes was at least 90%
according to the specification of the manufacturer. The dyes IR 125
and Oxazine 1 used as fluorescence quantum yield standards were
obtained from Lambda Physik GmbH (Goettingen, Germany). All
the organic solvents used, i.e., DMSO, DMF, and ethanol, were of
spectroscopic grade and purchased from Sigma Aldrich. Phosphate
buffered saline solution (PBS, 7.7�10�4 mol/L, pH 7.4) was
obtained from GIBCO Life Sciences (Paisley, Scotland) and bovine
serum albumin (BSA; fraction V) from Merck KgaA (Darmstadt,
Germany). Dulbecco’s Modified Eagle’s Medium (DMEM) and heat
inactivated fetal calf serum (FCS) used for the preparation of the
cell culture medium were both purchased from Gibco/Invitrogen
(Karlsruhe, Germany) and from Gibco BRL Life Technologies
(Paisley, Scotland). The murine endothelial cells (SVEC4-10) and
the macrophage cells (J774) used for the cytotoxicity studies were
obtained from DSMZ (Braunschweig, Germany) and ATCC Bioma-
terials (Wesel, Germany). The tetrazolium salt MTS (CellTiter96�)
employed for the determination of the cell vitality was obtained
from Promega GmbH (Mannheim, Germany). The microtiter plates
used were from Greiner Bio-One GmbH (Frickenhausen, Germany).

DY-676 conjugates of a specific Fab antibody fragment directed
against the carcinoembryonic antigen CEA (arcitumomab�) [58]
available from CEA-Scan, Immunomedics (Darmstadt, Germany)
and DY-676 conjugates of a nonspecific Fab antibody fragment
generated from mouse IgG by Dianova (Hamburg, Germany)
referred to as FabAntiCEAdDY-676, were obtained as previously
described [30] in accordance to the manufacturer’s protocol,
incubating DY-676 N-hydroxysuccinimidyl (NHS) esters with the
respective protein in phosphate buffered saline (PBS, 1�10�1 mol/
L, pH 9.3). The dye-labeled protein was separated from unbound
fluorophore by sephadex gel filtration (Amersham Biosciences,
Uppsala, Sweden). The dye-to-protein ratio of the FabAnti-
CEAdDY-676 shown here was determined to 4:1 from measure-
ments of the absorbances at 280 nm and 660 nm according to
Mujumdar et al. [59].

4.2. Absorption measurements

The absorption spectra of the DY dyes, their bioconjugates, and
ICG were determined in duplicate in a PBS solution (7.7�10�4 mol/
L, pH 7.4) and in PBS containing 5 mass-% (w/v) BSA (PBS/BSA) at
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a dye (or species) concentration of 1�10�6 mol/L. The molar
absorption coefficients of each dye at the dye’s absorption
maximum 3(lmax) were determined from three independent
measurements of the absorption spectra of single diluted stock
solutions in PBS and BSA/PBS, yet not from a concentration series.
The bandwidth of the absorption bands (FWHMabs: full width at
half-height of the absorption maximum) was determined on an
energy scale for a better comparison of the dyes differing in the
spectral position of their absorption bands.

4.3. Fluorescence measurements

The fluorescence experiments were performed with a Spectronics
Instruments 8100 (Westbury, USA) spectrofluorometer (T-type
design with UV/vis and vis/NIR detection channels with the NIR
emission channel used here consisting of a single monochromator
and a silicon avalanche photodiode) equipped with Glan Thompson
polarizers and calibrated with physical transfer standards according
to previously described procedures [60]. Typically, the emission was
excited at the blue vibronic shoulder of the longest wavelength
absorption band (absorbances of 0.02–0.06 to minimize inner filter
effects and reabsorption). The emission spectra of the DY dyes, their
bioconjugates, and ICG were determined in duplicate in PBS and in
PBS/BSA at a dye (or species) concentration of 1�10�6 mol/L. For
selected samples, also the excitation spectra were measured that
represent the absorption spectra of the emitting species.

For the measurement of the fluorescence quantum yields (ff) of
the dyes employing the laser dye IR 125 in DMSO and Oxazine 1 in
ethanol as fluorescence standards, Glan Thompson polarizers
placed in the excitation and the emission channels were set to
0� and 54.7�, respectively. For each compound–solvent pair, the
quantum yields were determined in duplicate using dye and
standard solutions freshly prepared upon dilution of stock solu-
tions (typical dye concentration of 100�10�6 mol/L, solvent DMF,
stored in the refrigerator at 4 �C in the dark).

To remove instrument-specific distortions from the measured
fluorescence data, the fluorescence emission spectra were cor-
rected for the wavelength- and polarization-dependent spectral
responsivity of the detection system traceable to the spectral
radiance scale [60]. The emission spectra on a wavenumber or
energy scale were obtained by multiplying the measured and cor-
rected emission spectra on a wavelength scale with l2 [61]. The ff

values of the DY series, ICG, and FabAntiCEAdDY-676 were calcu-
lated from integrated, blank, and spectrally corrected emission
spectra (wavelength scale; prior to integration multiplication with
l) relative to the standards IR 125 and Oxazine 1 using the following
formula [62,63]:

ff ;x ¼ ff ;st �
Fx

Fst
� fstðlexÞ

fxðlexÞ
� n2

x

n2
st

(1)

Here, f(lex) is the absorption factor at the excitation wavelength lex

that is equivalent to the formerly used absorptance a(lex) [64].
f(lex) is nonlinearly linked to the absorbance A(lex)
f ðlexÞ ¼ 1� 10�AðlexÞ ¼ 1� 10�3ðlexÞcl with 3 equaling the molar
decadic absorption coefficient, c the chromophore concentration,
and l the optical pathlength) [60]. F is the integral emission
intensity, i.e., the area under the blank and spectrally corrected
emission spectrum on a wavelength scale, and n the refractive
index of the solvent(s) used. The subscripts x and st denote sample
and standard (IR 125 in DMSO: ff,st ¼ 0.22; Oxazine 1 in ethanol:
ff,st ¼ 0.15). No attempts were made to correct the measured
absorption intensities for contributions from nonfluorescent
species. In these cases (e.g. DY-676, DY-776, and FabAntiCEAdDY-
676 in PBS), the given ff values equal only the fluorescence
quantum yield of the solution and not the fluorescence quantum
yield of the emitting species. Typical uncertainties (standard
deviations) of fluorescence quantum yield measurements as
derived from previous experiments (six replicates) are �5% (for
ff> 0.4), �10% (for 0.2> ff> 0.02), �20% (for 0.02> ff> 0.005),
and �30% (for 0.005> ff), respectively [65].

4.4. Thermal stability

The thermal stability of the NIR chromophores was determined
from the absorption spectra of the dyes in PBS and in BSA/PBS (dye
concentration 1�10�6 mol/L) at 4 �C and at 37 �C, respectively, for
a diagnostically relevant time domain of up to 72 h. For the data
evaluation, the absorption intensities were taken from the main
absorption maximum with the values for the fresh solutions (0 h)
being set to 100%. To ensure that changes in absorption intensity
correlate with changes in dye concentration, all the samples were
controlled gravimetrically to account for loss of solvent. Typical
uncertainties (standard deviation from six replicates) of absorption
measurements with transparent dilute solutions in this intensity
range are �2% [66]. The thermal stabilities of FabAntiCEAdDY-676
and DY-676 conjugated to a nonspecific IgG antibody fragment
have been previously reported [30].

4.5. Cytotoxicity

Dye cytotoxicity was determined for both murine endothelial
cells (SVEC4-10) and macrophage cells (J774) in culture. These
particular cell lines were chosen because of the extensive contact of
endothelial cells and macrophages with intravenously applied
substances. The cells were grown in DMEM containing 10% (v/v) of
heat inactivated fetal calf serum at 37 �C, 10% CO2, and a relative
humidity of 95%. The cell cultures were routinely assessed for
contamination with mycoplasms. For the determination of the
cytotoxicity, the cells were seeded in microtiter plates and incu-
bated with different concentrations of the DY dyes or ICG
(concentrations: 0.5�10�6 mol/L, 1�10�6 mol/L, 10�10�6 mol/L,
20�10�6 mol/L, 50�10�6 mol/L, 100�10�6 mol/L) between 24
and 72 h. The cell vitality was obtained from measurements of the
activity of cellular dehydrogenase in dye-treated and nontreated
cells after addition of the tetrazolium salt MTS (20�10�6 L per well,
1.9 g/L MTS). Living cells turned MTS into a blue formazan product,
the concentration of which was determined photometrically from
the absorption at 492 nm after an incubation time of 1 h using
a microplate reader. The formazan concentration is directly
proportional to the number of living cells in the respective cell
culture. The cell viability was expressed in relative numbers in
relation to untreated controls. Values lower than 100% indicate
cytotoxicity, higher values cell proliferation. The test was performed
six times for each dye concentration and cell line. The cytotoxicity of
FabAntiCEAdDY-676 and DY-676 conjugated to a nonspecific
FabIgG antibody fragment have been previously reported [30].
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