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ABSTRACT: The rational design of bright optical probes and
dye−biomolecule conjugates in the NIR-region requires
fluorescent labels that retain their high fluorescence quantum
yields when bound to a recognition unit or upon interaction
with a target. Because hydrophilicity-controlled dye aggrega-
tion in conjunction with homo-FRET presents one of the
major fluorescence deactivation pathways in dye−protein
conjugates, fluorescent labels are required that enable higher
labeling degrees with minimum dye aggregation. Aiming at a
better understanding of the factors governing dye−dye
interactions, we systematically studied the signal-relevant
spectroscopic properties, hydrophilicity, and aggregation behavior of the novel xS-IDCC series of symmetric pentamethines
equipped with two, four, and six sulfonic acid groups and selected conjugates of these dyes with IgG and the antibody cetuximab
(ctx) directed against the cancer-related epidermal growth factor (EGF) receptor in comparison to the gold standard Cy5.5. With
6S-IDCC, which displays a molar absorption coefficient of 190 000 M−1 cm−1 and a fluorescence quantum yield (Φf) of 0.18 in
aqueous media like PBS and nearly no aggregation, we could identify a fluorophore with a similarly good performance as Cy5.5.
Bioconjugation of 6S-IDCC and Cy5.5 yielded highly emissive targeted probes with comparable Φf values of 0.29 for a dye-to-
protein (D/P) ratio <1 and a reduced number of protein-bound dye aggregates in the case of 6S-IDCC. Binding studies of the
ctx conjugates of both dyes performed by fluorescence microscopy and FACS revealed that the binding strength between the
targeted probes and the EGF receptor at the cell membrane is independent of D/P ratio. These results underline the importance
of an application-specific tuning of dye hydrophilicity for the design of bright fluorescent reporters and efficient optical probes.
Moreover, we could demonstrate the potential of fluorescence spectroscopy to predict the size of fluorescence signals resulting
for other fluorescence techniques such as FACS.

■ INTRODUCTION

Fluorescence measurements in the near-infrared (NIR) present
a powerful tool to investigate biological materials due to the
high sensitivity of fluorescence and the low autofluorescence in
this spectral region.1,2 This enables, for example, the direct
investigation of diseases on a molecular level in vitro and in vivo
with nonionizing radiation and comparatively simple and
inexpensive instrumentation.3 At the core of such measure-
ments are bright fluorescent reporters with NIR absorption and
emission,4−8 suitable reporter−biomolecule conjugation chem-
istries9,10 and signaling schemes,4,11−14 analytical techniques for
the characterization of the resulting bioconjugates,15,16 and
novel instrumentation and detection techniques.17,18 Although
exciting fluorescent nanomaterials such as semiconductor
quantum dots and dye-labeled or doped nanoparticles reveal
superior optical properties compared with conventional small
organic dyes4,7 and enable the straightforward combination of
different imaging modalities or multiplexed detection strat-
egies,11,19 their use is still hampered by unresolved issues of
toxicology. Moreover, the reproducible production of these

materials still presents a challenge. This is similarly true for
their analytical characterization.4,20 This renders small organic
dyes the presently most widely used fluorescent reporters
because methods for their bioconjugation and the character-
ization of the resulting bioconjugates are meanwhile estab-
lished.
The vast majority of NIR chromophores utilized until now

for the design of optical imaging agents are cyanine
dyes,17,21−26 typically symmetric indocarbocyanines such as
the Cy dyes Cy5, 5.5, 7, and 7.5. Increasingly, also
asymmetrically substituted polymethines like the Dy dyes are
employed that are available with different substitution patterns
and varying degrees of hydrophilicity. Searching for bright
fluorescent labels that retain their favorable fluorescence
properties also in dye−biomolecule conjugates, we spectro-
scopically investigated many of these fluorophores and utilized
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them for the synthesis of targeted optical probes for in vitro and
in vivo biomarker imaging.27−31 Other alternatives include
squaraine dyes32,33 and porphyrins (free base dyes and
metalloporphyrins). Depending on the central metal ion,
metalloporphyrins can be also employed for the design of
stimuli-responsive probes, for example, for oxygen sensing.34,35

Despite the large toolbox of fluorescent labels to choose
from, there is still extensive research dedicated to the rational
design of new fluorescent labels with improved performance.
Of special interest are stable and nontoxic NIR-emissive
fluorophores with an enhanced brightness, that is, a high
fluorescence quantum yield (Φf) and a high molar absorption
coefficient under application-relevant conditions in aqueous
media and attached to a biomolecule. The latter is closely
linked to the minimization of fluorescence-diminishing dye
aggregation in water and for targeted optical probes, also on the
biomolecule. Dye aggregation leads to considerable changes in
the absorption spectrum including the appearance of new
absorption bands. The spectral position and shape of these new
bands depend on the orientation of the interacting transition
dipole moments of the dye molecules,36−38 with blue-shifted
absorption bands being typical for so-called H-aggregates and
red-shifted narrowed bands for so-called J-aggregates. H-
aggregates that typically absorb in a region where the monomer
itself absorbs, are non- or barely emissive, whereas J-aggregates
show an intense and narrow resonant emission. Minimization
of dye aggregation in bioconjugates presents still a considerable
challenge as underlined by spectroscopic studies of many
currently used fluorescent reporters that all form nonemissive
aggregates even at moderate dye-to-protein ratios even when
equipped with up to four sulfonic acid groups or with sterically
demanding substituents like tert-butyl groups.31,39−43 To the
best of our knowledge, the only example where all biomolecule-
bound fluorophores equally contribute to the measured optical
signal has been obtained with lanthanide chelates.44 These
fluorophores with their largely Stokes-shifted emission do not
form aggregates and cannot undergo homo-FRET (FRET,
Förster resonance energy transfer) yet require short wavelength
excitation and display only very small molar absorption
coefficients due to the forbidden nature of the optical
transitions involved.
To overcome these challenges, we designed a new family of

NIR dyes closely related to the Cy dyes, the xS-IDCC series
shown in Figure 1. These dyes can be substituted at their
benzoindole end groups with up to six sulfonate groups.
Moreover, in contrast to the Cy and Dy dyes, subsequent
bioconjugation occurs not via a substituent like a NHS ester
group attached to one of the aromatic end groups of the
polymethine chain but via a phenyl substituent in the middle of
the polymethine chain. This straightforward and synthetically
not very demanding design concept can be easily extended to
longer wavelength absorbing and emitting dyes and to stimuli-
responsive molecules.
Here, we present a systematic study of the spectroscopic

properties of these new fluorophores in different solvents and
conjugated to two antibodies in comparison to the spectrally
matching gold standard Cy5.5 containing four sulfonate groups
and to the asymmetric polymethine Dy682 previously
investigated by us that is equipped with three sulfonate
groups.43 For the bioconjugation studies, we used IgG as a
model system to enable the comparison with other literature
systems,25,45,46 and the monoclonal antibody cetuximab (ctx)
directed against the cancer-related EGF receptor. In addition to

spectroscopic studies, the performance of these targeted optical
probes was also assessed in cellular binding studies using
fluorescence microscopy and flow cytometry. The overall goals
were here to identify new bright dyes for protein labeling and
molecular imaging that preserve their favorable optical
properties upon bioconjugation and to gain a deeper
understanding of the relationship between dye hydrophilicity,
the formation of dye aggregates in bioconjugates, and dye-
induced protein aggregation for the rational design of the next
generation of labeling reagents with an integrated sensor
function, for example, for pH or reactive oxygen species (ROS).

■ EXPERIMENTAL PROCEDURES
Materials. The three dyes from the xS-IDCC series, 2S-

IDCC, 4S-IDCC, and 6S-IDCC, with x referring to the number
of sulfonate groups attached to both indocarbocyanine end
groups of these symmetric cyanines were provided by mivenion
GmbH (Berlin, Germany). Dye purity was determined to
99.9% for 2S-IDCC, 94% for 4S-IDCC, and 90% for 6S-IDCC
using high-performance liquid chromatography (HPLC) as
described in the following section. Cy5.5 Mono NHS ester,
which was hydrolyzed to yield the corresponding acid used for
the spectroscopic studies, and Cy5.5 monomaleimide employed
for IgG and ctx labeling were purchased from GE Healthcare
(Amersham, United Kingdom). 6S-IDCC monomaleimide was
synthesized by mivenion GmbH (Berlin, Germany). 2-
Iminothiolane47 was obtained from Sigma Aldrich. Oxazine 1
employed as fluorescence quantum yield standard was
purchased from Lambda Physik GmbH (Goettingen, Ger-
many).48 IgG from human serum (reagent grade, salt free,
lyophilizate) and ethanol (spectroscopic grade) were purchased
from Sigma Aldrich. Cetuximab was isolated from the market
solution (Erbitux solution for injection 5 mg/mL, Merck
KGaA) by ultrafiltration and lyophilization. Phosphate buffer
solution (PBS, stock solution: 1.37 M NaCl, 27 mM KCl, 100
mM Na2HPO4, 20 mM KH2PO4) was obtained from Carl Roth
+ co. KG (Karlsruhe, Germany). Typically, this stock solution

Figure 1. Chemical structures of the cyanine dyes 2S-, 4S-, and 6S-
IDCC: top, xS-IDCC series with x denoting the number of sulfonate
groups; bottom, Cy5.5.
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was diluted 10 times. Bovine serum albumin (BSA; fraction V)
was purchased from Merck KgaA (Darmstadt, Germany).
Preparation of 6S-IDCC and Cy5.5 Dye−Antibody

Conjugates (IgG−Dye and ctx−Dye). For antibody labeling
via preactivation with iminothiolane, 6S-IDCC was modified
with 1-(2-aminoethyl)maleimide to yield 6S-IDCC maleimide,
and in the case of Cy 5.5, the commercialized maleimide was
used. Generally, 8 mg of the antibody was dissolved in 1100 μL
of PBS (pH 7.4) followed by addition of a solution of 2-
iminothiolane in PBS (1.5−3.0 mg/mL). After 30 min of gentle
shaking, 6S-IDCC maleimide or Cy5.5 maleimide was added
from a stock solution of the respective dye in PBS
(concentration of 3−8 mg/mL). The ratio of 2-iminothiolane
and the reactive dye used equaled 2, 5, and 10 molecular
equivalents (mol equiv) for 2-iminothiolane/6S-IDCC and 3
and 5 mol equiv for 2-iminothiolane/Cy5.5 maleimide. The
reaction mixtures were shaken for 3 h at room temperature.
Purification was performed with column chromatography using
Sephadex columns (NAP10, Amersham) and PBS as eluent.
The absence of unbound dye in the conjugate solutions was
confirmed by size exclusion HPLC (MAbPac SEC-1 column,
eluent PBS pH 6.6) and by thin layer chromatography (RP-C18
TLC). The resulting solutions of the dye−biomolecule
conjugates were then analyzed with respect to their dye-to-
protein (D/P) ratio.
HPLC Measurements. Dye purity and dye hydrophilicity

were determined with high-performance liquid chromatography
(HPLC). The measurements were performed at T = 296 K and
a pressure of 200 bar with a HPLC system 1200 from Agilent
equipped with a diode array detector (detection at 674 nm)
and a fluorescence detector and Ultrasep ESPHEN 250 mm ×
3 mm column from SEPSERV, Germany. As solvent, we used a
mixture of water and acetonitrile containing ammonium acetate
(10 mM) (linear gradient from polar (90% water) to less polar
(90% CH3CN) in a time range of 22 min) and a flow rate of 0.4
mL/min.
For purity analysis of xS-IDCCs, we used the absorbances

measured at 674 nm and a 100% method. Moreover, the
retention times of xS-IDCC series, Cy5.5, and Dy682
previously studied by us43 were determined as a measure for
the (relative) hydrophilicity of these dyes. Under these
conditions, short retention times imply a high hydrophilicity
of the eluted species.
Absorption and Fluorescence Measurements. The

absorption spectra were recorded on a CARY 5000
spectrophotometer (Varian Inc., Palo Alto, USA) using 1 cm
quartz cells. The absorption spectra of the xS-IDCC dyes and
Cy5.5 and their antibody conjugates were determined in
duplicate in ethanol (dyes only), in PBS (1 × 10−6 mol/L, pH
7.8), and in PBS containing 5% (w/w) BSA (PBS/BSA). For
selected samples, measurements were also performed in water
(aqua dest). The molar absorption coefficients of each dye at
the dye’s absorption maximum, ε(λmax), was determined from
three independent measurements of the absorption spectra of
single diluted stock solutions in ethanol, PBS, and BSA/PBS.
For the aggregation studies, quartz cells with optical
pathlengths varying from 0.001 to 1 cm were employed.
Measurements with these microcuvettes were carried out with
an OMEGA spectrophotometer (Bruins Instruments). Fluo-
rescence measurements were performed with a calibrated
Spectronics Instruments 8100 (Westbury, USA) spectrofluor-
ometer (T-type design; solely use of NIR emission channel
here) equipped with Glan Thompson polarizers in the

excitation and the emission channel (set to 0° and 54.7°).49

Typically, the emission spectra of the solutions of the free
fluorophores were determined in 1 cm-quartz cells in duplicate.
Typically, the samples were excited at the vibronic shoulder of
the dye’s longest wavelength absorption band using absorban-
ces of 0.02 to 0.06 (equaling dye concentrations between 1 ×
10−6 and 1 × 10−7 mol/L) to minimize inner filter effects and
reabsorption. The fluorescence spectra of the dye−antibody
conjugates in PBS solutions were measured in duplicate in 4
mm cuvettes (Hellma, type 108F-QS) using an excitation
wavelength of 665 nm and absorbances of the samples of 0.02
to 0.06. For each sample, also the excitation spectra were
recorded that represent the absorption spectra of the emitting
species.
For each compound−solvent pair, the fluorescence quantum

yields (Φf) were determined in duplicate using dye and
standard solutions freshly prepared by dilution of stock
solutions (typically, dye concentration of 100 × 10−6 mol/L,
stored in the refrigerator at 4 °C in the dark). The Φf values of
the nonconjugated and the antibody-bound dyes were
calculated from integrated, blank, and spectrally corrected
emission spectra (wavelength scale; prior to integration
multiplication with λ)1,49 relative to the standard oxazine 1
dissolved in ethanol (Φf = 0.143) using the following formula:

λ
λ

Φ = Φ
F
F

f

f
n
n

( )

( )x
x

x

x
f, f,st

st

st ex

ex

2

st
2

(1)

Here, f(λex) is the absorption factor at the excitation wavelength
λex, F is the integral emission intensity, that is, the area under
the blank and spectrally corrected emission spectrum on a
wavelength scale, and n is the refractive index of the solvent(s)
used. The subscripts x and st denote sample and standard.
Typical instrument-related relative measurement uncertainties
as derived from previous experiments are less than ±6% (for
0.9 > Φf > 0.1).48,50

Determination of the Dimerization Constants and the
Amount of Monomeric Dyes in the Dye Bioconjugates.
The dimerization constants and the amount of monomeric dyes
in the bioconjugates resulting in varying dye-to-protein ratios in
the reaction mixtures were determined as previously described
by us for the dyes Dy676, Dy678, Dy681, and Dy682,
respectively.43

Dye-to-Protein (D/P) Ratio of the Dye Bioconjugates.
The D/P ratio was calculated according to eq 2.51,52
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The molar absorption coefficients of the proteins at 280 nm
(εP,280) were determined to be 190 000 L mol−1 cm−1 for IgG
and 170 000 L mol−1 cm−1 for cetuximab in PBS. The molar
absorption coefficients of the dyes used were 197 000 L mol−1

cm−1 (6S-IDCC; 680 nm) and 178 000 L mol−1 cm−1 (Cy5.5;
680 nm) in PBS. The absorbance of the dye at 280 nm is
considered by the factor k that equals the ratio of the dye
absorbances at 280 and 680 nm; k was calculated to be 0.10 for
6S-IDCC and 0.11 for Cy5.5, respectively.

Cell Studies. The epithelial human cancer cell lines A549
and A431 were routinely propagated as follows: DEMEM
medium with 10% fetal calf serum, 2% glutamine, and
penicillin/streptomycin (all from PAN Biotech) was added to
the culture dish. The cells were seeded into the medium at a
concentration of 1 × 105 cells/mL, cultured at 37 °C with 5%
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CO2, and divided 1:10 twice a week. The cells were seeded at a
concentration of 5 × 104 cells/mL in a 24-well culture plate on
glass coverslips (Sigma), and cultured for 24 h at 37 °C. Then,
the cells were incubated with a medium containing 5 μg/mL
antibody conjugates for 45 min at 37 °C. Afterward, the cells
were fixed with cold acetone, rinsed, and covered with Alexa
Fluor 488 Phalloidin (1:300, Molecular Probes) or a rabbit
polyclonal anti-ZO-1 antibody (abcam) and a Cy2-labeled anti-
rabbit secondary antibody (Dianova). 4,6-Diamidino-2-phenyl-
indole (DAPI, abcam) was used for nuclear counterstaining.
Image acquisition of cellular fluorescence was performed using
a confocal microscope LSM 5 Exiter (Zeiss) equipped with a
laser diode (excitation at 405−425 nm), an Ar+-laser (excitation
at 456, 488, and 514 nm), and a HeNe-laser (excitation at 633
nm). All images were taken at the same exposure time of 200
ms to enable the comparison of the measured fluorescence
signals. For fluorescence activated cell sorting (FACS), 2 × 105

viable cells/mL were cultured in 24-well plates for 24 h at 37
°C. Subsequently, the cells were incubated with normal culture
medium or medium containing 5 μg/mL antibody conjugate
for 45 min. The cells were washed with PBS, detached with 200
μL/well of accutase (PAA), and washed twice with PBS. The
cells were fixed with 500 μL of 3% paraformaldehyde for 10
min at 4 °C, stopped with 2 mL of PBS, and centrifuged at 250g
for 10 min at 4 °C. The supernatants were removed, and the
cells were suspended in 200 μL of PBS with 0.5% bovine serum
albumin (Roth). The fixed cells were kept at 4 °C until analysis
with a FACS Calibur instrument SL4 (Becton-Dickinson). For
the FACS analysis, excitation was at 633 nm and a bandpass
filter of 661 ± 8 nm for the emission channel was used.

■ RESULTS AND DISCUSSION

Spectroscopic Properties of xS-IDCC. The signal-
relevant spectroscopic properties of the xS-IDCC dyes
obtained in ethanol, PBS, and 5% (w/w) BSA (PBS/BSA)
modeling body fluid are summarized in Table 1. As to be
expected from the similar structure of the xS-IDCC dyes and
Cy5.5, their absorption and emission spectra closely match in
ethanol and PBS and, hence, also their Stokes shifts. Only in
PBS/BSA, the spectral position of the absorption and emission
bands of the xS-IDCC dyes are clearly affected by the number
of the sulfonate groups, with an increase in x resulting in a
continuous blue shift in absorption and emission and thus, in a
closer match between the corresponding spectra in PBS/BSA,
PBS, and ethanol. The size of these spectral shifts in the

presence of BSA seems to correlate with the expected binding
strength between the dye and BSA that typically increases with
decreasing hydrophilicity,53 see also next section. As follows
from Table 1, the molar absorption coefficients ε and the Φf
values of the xS-IDCC fluorophores depend on solvent and on
the number of the sulfonate groups. The highest ε values are
observed in ethanol, followed by PBS, and PBS/BSA. We did
not attempt to determine the molar absorption coefficient of
2S-IDCC in PBS because of its pronounced aggregation
tendency in this solvent. With values of 0.35 to 0.39, the
fluorescence quantum yields of 6S-IDCC and 4S-IDCC are
comparable in ethanol and PBS/BSA and exceed the Φf values
found for these dyes in PBS by a factor of ca. 2, as well as the Φf
values obtained for 2S-IDCC in ethanol and in PBS. The Φf
values measured in PBS always match the Φf values in
bidistilled water (data not shown), thereby excluding a possible
influence of ionic strength and dissolved salts.
The molar absorption coefficients of the xS-IDCC

fluorophores exceed those of Cy5.5 in all solvents studied
(see Table 1), whereas their Φf values fall below the Φf values
of Cy5.5 in PBS and PBS/BSA. In ethanol, however, the Φf
values of 6S-IDCC, 4S-IDCC, and Cy5.5 are comparable. As a
measure for dye performance, we determined the brightness
values, B, from the molar absorption coefficients, ε, at the dye’s
absorption maximum, λmax, and the fluorescence quantum yield
(B = ε(λmax) × Φf). For spectrally matching dyes like the xS-
IDCC dyes, Cy5.5, and Dy682, this should reflect the desired
correlation with the observable signals, although we did not use
the ε value at the excitation wavelength. Moreover, most dye
manufacturers and researchers use a similar approach.54 Despite
its higher molar absorption coefficient, the brightness of the
most favorable dye of the xS-IDCC serie, 6S-IDCC, is still
inferior to that of Cy5.5 in PBS, yet it exceeds the brightness of
this gold standard in PBS/BSA and in ethanol. Nevertheless,
6S-IDCC clearly outperforms, for example, the most efficient
dye from the Dy68x series, Dy682 (ε = 110 000 L mol−1 cm−1;
Φf = 0.2; B = 22 000 L mol−1 cm−1) and other fluorescent
labels frequently used for molecular imaging.

Dye Hydrophilicity. The hydrophilicity of the xS-IDCC
dyes and Cy5.5 (four SO3

− groups), as well as Dy682 (three
SO3

− groups) previously studied by us together with other Dy
dyes 43 were compared based upon the retention times
obtained by HPLC measurements under identical conditions
(same column, eluent gradient, flow rate, temperature, and
pressure). With this procedure, retention times of 10.4, 11.6,

Table 1. Spectroscopic Properties of the xS-IDCC Serie in Ethanol, PBS, and PBS/BSA in Comparison to Cy5.5a

dye solvent λabs, nm λem, nm Stokes shift, nm (cm−1) ε, L mol−1 cm−1 Φf B, L mol−1 cm−1

2S-IDCC ethanol 686 710 24 (493) 180 000 0.26 49 000
2S-IDCC PBS 679 702 23 (483) b 0.10 b
2S-IDCC PBS/BSA 702 718 16 (317) 158 000 0.38 60 000
4S-IDCC ethanol 690 712 22 (448) 189 000 0.35 66 000
4S-IDCC PBS 681 704 23 (480) 179 000 0.16 29 000
4S-IDCC PBS/BSA 697 712 15 (302) 158 000 0.36 57 000
6S-IDCC ethanol 686 708 22 (453) 190 000 0.35 67 000
6S-IDCC PBS 676 696 20 (425) 197 000 0.18 35 000
6S-IDCC PBS/BSA 685 702 17 (354) 170 000 0.39 66 000
Cy5.5 ethanol 684 708 24 (496) 167 000 0.33 55 000
Cy5.5 PBS 675 692 17 (364) 178 000 0.28 50 000
Cy5.5 PBS/BSA 681 700 19 (399) 146 000 0.43 63 000

aProperties presented are maxima of the main absorption (λabs) and emission (λem) bands, Stokes shift (in nm and in cm−1), molar absorption
coefficients, ε, at the absorption maximum, fluorescence quantum yields (Φf), and brightness B (B = ε(λmax) × Φf).

bNot determined.
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12.4, 13.5, and 20.0 min were determined for 6S-IDCC, Cy5.5,
4S-IDCC, Dy682, and 2S-IDCC, respectively, thereby revealing
the following trend with respect to increasing hydrophilicity:
2S-IDCC (20.0 min) < Dy682 (13.5 min) < 4S-IDCC (12.4
min) < Cy5.5 (11.6 min) < 6S-IDCC (10.4 min). Obviously,
the main factor governing dye hydrophilicity is the number of
sulfonate groups at the chromophore. As to be anticipated, 6S-
IDCC with the highest number of sulfonate groups exhibits the
highest hydrophilicity. The slightly increased hydrophilicity of
Cy5.5 compared with 4S-IDCC, which comprises the same
number of sulfonate and carboxylic acid groups, is tentatively
ascribed to the phenyl substituent in the polymethine chain of
4S-IDCC.
Aggregation Studies and Dimerization Constants.

The aggregation tendency of the xS-IDCC series in PBS and,
interestingly, also the type of aggregates formed are controlled
by the number of sulfonate groups and the dye hydrophilicity.
As follows from the area-normalized absorption spectra
(equaling the concentration-weighted absorbances for different
dye concentrations)55 shown in Figure 2, the most hydrophobic

dye, 2S-IDCC (lower panel), forms aggregates already at very
low dye concentrations of 3.8 × 10−6 mol/L. Interestingly, for
this dye, an increase in dye concentration does not lead to the
typically observed blue shift in absorption as displayed by the
vast majority of cyanine-type fluorescent labels like the Dy dyes
Dy68x and Dy67x used in bioanalysis and molecular
imaging.25,31,36,46,51,56−58 The spectral position and shape of
this newly formed absorption band suggests the formation of J-
type aggregates for 2S-IDCC (see Figure 2, lower panel) and
thus, a linear orientation of the interacting transition dipole

moments.36,37,59 The area-normalized absorption spectra of 2S-
IDCC do not reveal a clear isosbestic point, which may point to
the formation of different types of aggregates. Moreover, the
absorption maximum of the J-aggregates shifts between 764 and
761 nm with varying dye concentration, suggesting slightly
different orientations of the fluorophore molecules 60 or
different numbers of fluorophores in the aggregates.59,61 This
hampers the determination of an aggregation constant from
concentration-dependent changes in the absorbance.
Contrary to 2S-IDCC, 4S-IDCC forms the commonly

observed H-type dimers as indicated by the blue-shifted
absorption band with increasing dye concentration (Figure 2,
upper panel). The isosbestic points (at 648 and 715 nm)
resulting for the area-normalized absorption spectra provide a
clear hint of the exclusive formation of dimers.38 From these
data, we derived a dimerization constant, KD, of 9.3 × 103 L/
mol (see plot of the concentration-dependent changes in the
absorbance at 627 nm, that is, the dimer absorption band; inset
in Figure 2, upper panel). This dimerization constant, which is
of the same order of magnitude as found for other cyanine dyes,
exceeds the KD value found for Dy682 (KD of 2 × 103 L/mol),
and is comparable to that obtained for Dy678 (KD of 8 × 103

L/mol).43 The most hydrophilic dye of the xS-IDCC series, 6S-
IDCC, barely aggregates at all in PBS even at very high dye
concentrations, with dye aggregation starting at a concentration
of 4 × 10−4 mol/L. Due to solubility problems at dye
concentrations exceeding 2.5 × 10−3 mol/L, we could not
determine a dimerization constant for this dye, but only
estimate a dimerization constant from the few data points
obtained assuming a similar shape of the concentration
dependence of the absorbance as found for 4S-IDCC and
other cyanine dyes. This yields a KD value below 30 L/mol.
These results, in conjunction with the favorable optical
properties discussed in the previous section, hold great promise
for the application of this dye as a fluorescent label for proteins
and bioimaging applications.
Aggregation studies with Cy5.5 in PBS reveal the expected

formation of H-type dimers. Similarly as for 6S-IDCC, due to
solubility problems, we could only estimate the dimerization
constant of Cy5.5 from the few data points obtained, yielding a
KD value between 150 and 300 L/mol. This clearly exceeds the
value estimated for 6S-IDCC.
These studies also reveal the importance of different

structural elements for dye aggregation and the orientation of
the molecules in these aggregates. Possibly, the phenyl group in
2S-IDCC is oriented in a more planar fashion to the
polymethine chain as the phenyl groups in 4S-IDCC and 6S-
IDCC equipped with more sulfonic acid groups favoring
electrostatic repulsion. The clarification of this hypothesis
requires further systematic studies. This will be the subject of
future research activities as well as the aggregation behavior of
this dye on different biomolecules.

Dye−Antibody Conjugates. Considering 6S-IDCC to be
the most promising fluorescent label of the xS-IDCC family,
only conjugates of this dye with the nonbinding antibody IgG,
often used as a model system for the assessment of label
performance and as control in many fluorescence imaging
studies, and the antibody cetuximab (ctx) targeting the EGF
receptor were prepared using different D/P ratios and then
spectroscopically investigated. For the evaluation of the
performance of our new fluorescent reporter, also different
conjugates of the gold standard Cy5.5 with IgG and ctx with
comparable D/P ratios were synthesized. For the preparation of

Figure 2. Concentration-weighted absorption spectra of 4S-IDCC
(upper panel) and 2S-IDCC (lower panel) measured at different dye
concentrations between 1.16 × 10−3 and 0.4 × 10−6 mol/L (4S-
IDCC) or between 3.83 × 10−6 and 0.38 × 10−6 mol/L (2S-IDCC) in
PBS, respectively.
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the bioconjugates, we used the method of thiol incorporation
via 2-iminothiolane followed by reaction with maleimido dyes,
thereby allowing fast and mild labeling within 3 h. This
statistical labeling method should not provide any preferences
for particular sites in the antibody structure. Excess free dye
could be quantitatively removed, as confirmed by size exclusion
chromatographic and TLC analysis (data not shown). Figure 3
displays exemplarily the concentration-weighted absorption
spectra of the ctx−6S-IDCC conjugates (left panel) and the
ctx−Cy5.5 conjugates (right panel) in PBS in comparison to
the spectra of the corresponding free dyes. The slight
conjugation-induced red shifts of 5 nm in the dye absorption
maxima of both fluorophores (see also Table 2) point to a less
polar environment of the protein-bound dyes than in PBS
solution. Interestingly, the bioconjugates of both 6S-IDCC and
Cy5.5 show an increase in absorbance at the spectral position of
the vibronic shoulder, the size of which increases with
increasing D/P ratio. This indicates the formation of dye
dimers on the protein surface, despite the minimum
aggregation tendency observed for the free dyes in PBS
solution. A similar behavior was observed for the IgG
conjugates.
The amount of monomeric dyes in the ctx and IgG

conjugates of 6S-IDCC and Cy5.5 as derived from the
previously determined absorption spectra of the monomeric
and dimeric fluorophores is depicted in Figure 4. As to be
expected and observed for other dye−biomolecule conjugates,
the fraction of monomeric dyes decreases in all cases with

increasing D/P ratio.25,31,40,43,45,46 Although none of the
bioconjugates studied contained solely the monomeric
fluorophore (fraction of 1.0) even at very low D/P ratios, the
found content of 0.96 for ctx−6S-IDCC and IgG−6S-IDCC are
most likely the best values reported to date, emphasizing the
excellent suitability of 6S-IDCC as protein label. For instance,
for IgG−Dy682 with a D/P ratio of 0.7, we found a fraction of
monomeric Dy682 of 0.85. These results underline that the
hydrophilicity of the fluorescent label is the main factor

Figure 3. Normalized absorption spectra of ctx−6S-IDCC (left panel) and ctx−Cy5.5 (right panel) in PBS as function of D/P ratio in comparison to
the absorption spectra of the corresponding free dyes.

Table 2. Fluorescence Quantum Yields and Maxima of the Main Absorption (λabs) and Emission (λem) Bands of the 6S-IDCC
and Cy5.5 Conjugates in PBS with Different D/P Ratios

dye D/P λabs, nm λem, nm Stokes shift, nm (cm−1) Φf ε, L mol−1 cm−1 B, L mol−1 cm−1

IgG−6S-IDCC 0.6 679 702 23 (483) 0.29 197 000 57 130
IgG−6S-IDCC 1.3 679 702 23 (483) 0.26 197 000 51 220
IgG−6S-IDCC 2.7 679 702 23 (483) 0.17 197 000 33 490
ctx−6S-IDCC 0.6 679 700 21 (442) 0.29 197 000 57 130
ctx−6S-IDCC 1.3 679 700 21 (442) 0.25 197 000 49 250
ctx−6S-IDCC 2.3 679 700 21 (442) 0.20 197 000 39 400
IgG−Cy5.5 0.9 678 698 20 (423) 0.31 178 000 55 180
IgG−Cy5.5 1.3 678 698 20 (423) 0.29 178 000 51 620
IgG−Cy5.5 2.5 678 698 20 (423) 0.20 178 000 35 600
ctx−Cy5.5 0.8 678 696 18 (381) 0.30 178 000 53 400
ctx−Cy5.5 1.4 678 696 18 (381) 0.25 178 000 44 500
ctx−Cy5.5 2.4 678 697 19 (402) 0.16 178 000 28 480

Figure 4. Content of monomeric 6S-IDCC and Cy5.5 in the
corresponding ctx and IgG conjugates obtained for different D/P
ratios. A fraction of 1.0 results for bioconjugates that contain solely the
monomeric fluorophore.
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controling the fraction of monomeric dyes in the bioconjugates.
Moreover, also the antibody itself seems to affect dye
dimerization as suggested by a comparison of the content of
monomeric dye of the bioconjugates ctx−Cy5.5 and IgG−
Cy5.5. In the case of more hydrophilic and more highly charged
6S-IDCC, the monomer fraction is more or less identical for
both antibodies studied.
Fluorescence studies of these dye bioconjugates in PBS

summarized in Table 2 reveal also small conjugation-induced
red shifts in emission for 6S-IDCC (ctx, 6 nm; IgG, 4 nm) and
Cy5.5, respectively. For typically used moderate dye labeling
densities of D/P < 1.5, the fluorescence quantum yields of the
6S-IDCC and Cy5.5 conjugates are remarkably high
independent of the antibody used, exceeding those of the
corresponding free dye in PBS by a factor of almost 2 in the
case of 6S-IDCC and equaling the Φf of the free dye for Cy5.5.
Hence, although the fluorescence quantum yield of non-
conjugated 6S-IDCC in PBS amounts only to 60% of the Φf of
Cy5.5, the Φf values of their bioconjugates become comparable
as highlighted in Figure 5 comparing the Φf values of the

different 6S-IDCC and Cy5.5 antibody conjugates for different
D/P ratios. Taking the higher molar absorption coefficient of
6S-IDCC into account, this should result in an enhanced
brightness of bioconjugated 6S-IDCC compared with Cy5.5.
This can yield improved detection sensitivities as desired, for
example, for the detection and monitoring of metastases. At
higher labeling densities of D/P > 2 (see Table 2 and Figure 5),
the fluorescence quantum yields of both dyes are diminished,
with the minimum Φf found for 6S-IDCC bioconjugates
matching that of the nonconjugated dye of 0.18. In the case of
Cy5.5, the Φf values of bioconjugates with D/P > 2 are 40%
lower than that of free Cy5.5. The strong fluorescence
enhancement observed for antibody conjugates of 6S-IDCC
at low and moderate D/P ratios, which is in agreement with the
fluorescence behavior of this fluorophore in PBS/BSA (see
Table 1), is ascribed to bioconjugation-induced chromophore
rigidization, thereby reducing the main nonradiative decay
process active in such cyanines, cis−trans isomerization,
possibly in conjunction with a reduced polarity of the dye
microenvironment.25,62 Interestingly, although the fluorescence
of Cy5.5 is also enhanced in the presence of BSA (see Table 1),

this is not the case upon bioconjugation. Whether this points to
a different orientation of this fluorophore on the biomolecule
surface, for example, due to the different length or position of
attachment of the linker at the chromophore or the different
dye charge/hydrophilicity can be only speculated. In agreement
with the conjugation-induced changes in absorption (see Figure
2), the loss in fluorescence at higher D/P ratios is ascribed to
dye dimerization and homo-FRET between protein-bound
monomeric dyes and dimerized fluorophores that are non- or
barely emissive.25,46,58,63−68 Nevertheless compared with
bioconjugates of other fluorescent labels such as the Dy68x
and Dy67x series,43 the bioconjugates of 6S-IDCC still reveal a
promisingly high fluorescence quantum yield.

Origin of the IgG-Conjugated Dimers. The formation of
H-type dimers in fluorophore-containing systems has been the
subject of a multitude of studies addressing variations in
quantities thought to be important in this process like dye
hydrophobicity, linker length, size of transition dipole,
delocalized charge, and symmetry.12,69,70 Meanwhile, in
addition to lanthanide chelate labels with their strongly
Stokes-shifted emission,44 even rare examples of multilabeled
carriers like a Cy5-labeled mutant of the Cowpea mosaic virus
have been reported, which allow dye-to-carrier (virus) ratios of
40 without a hint for fluorophore aggregation in the absorption
spectra and thus, a linear enhancement in fluorescence intensity
with increasing dye concentration.71 This virus contains 60
cysteines as dye labeling sites at its surface separated by
distances of 5.4 to 6.5 nm. This suggests that even for organic
dyes with a considerable spectral overlap between absorption
and emission like Cy5 known to form H-type aggregates, the
use of multiple fluorescent reporters must not necessarily lead
to fluorescence quenching if the dye−dye distances and dye
orientation can be controlled and the formation of nonemissive
aggregates acting as energy sinks for homo-FRET can be
prevented. Moreover, in addition to dye−dye interactions, also
dye−protein interactions have to be considered that can also
alter the spectroscopic properties of fluorophores.31

We can only speculate about the reason for the formation of
dimers at relatively low D/P ratios for such a hydrophilic
nonaggregating dye like 6S-IDCC that communicates the close
proximity of two or more dye molecules at the biomolecule in
an orientation favorable for exciton coupling. Several
explanations for such dye−dye interactions in fluorophore
bioconjugates have been proposed in the literature and in
previous studies from us ranging from dye adsorption,
attachment of previously formed dimers, and cooperative dye
binding to dye-induced protein aggregation.43,67 The simplest
case, adsorption of noncovalently bound fluorophore molecules
can be commonly ruled out by proper purification procedures
as employed here that have been previously validated by us for
less hydrophilic dyes like Dy676, Dy681, and Dy682 using
additional washing steps with buffer solutions containing
deaggregating reagents like BSA or SDS.43 Covalent attachment
of dimers already formed in the reaction mixture used for
biomolecule labeling can be most likely excluded for 6S-IDCC
as well, as suggested by the minimum aggregation tendency of
this dye and by absorption measurements of the reaction
solution that did not provide a hint of dye aggregation.
Alternatively, cooperative coupling may occur, favoring the
attachment of a second dye molecule in the direct
neighborhood of a lysine-bound fluorophore on the protein
as is possible for statistical labeling of IgG with NHS esters.25

Also protein aggregation enabling the interaction between

Figure 5. Fluorescence quantum yields of 6S-IDCC and Cy5.5
bioconjugates with three different labeling densities in PBS covering
the following D/P ratios: (i) D/P < 1; (ii) 1 < D/P < 2; (iii) D/P > 2.
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fluorophores bound to different antibodies could account for
the formation of H-type aggregates. Only recently, the
aggregation behavior of conjugates of PEGylated and non-
PEGylated indocyanine green ICG with anti-HER1 antibodies
was investigated using size exclusion HPLC (SE-HPLC) and
SDS-PAGE.67 Here, the D/P-dependent formation of high
molecular weight species, obviously aggregated proteins, was
observed for antibodies labeled with non-PEGylated dye
molecules, which was accompanied by the appearance of the
typical H-type absorption bands. This could be prevented by
PEGylation yielding nonaggregating dye bioconjugates that
were stable in solution for several weeks without any
spectroscopic evidence for dimer formation. Nevertheless,
even the absorption spectra of the bioconjugates of the
PEGylated ICG derivatives showed some hints for dye−dye
interaction as suggested by the ratio of the intensities of the
vibronic shoulder and the dye’s main absorption band and the
mismatch between the absorption spectra of the free and
antibody-conjugated PEGylated fluorophores.67

Obviously, for the rational design of fluorophores that display
maximum brightness in bioconjugates that contain more than a
single dye, not only dye hydrophilicity and substituents favoring
electrostatic and steric repulsion of the labels have to be
considered and optimized but also the chemical nature, length,
and position of the linker between the dye and the biomolecule.
With this respect, the 6S-IDCC fluorophore seems to be
superior to the Cy family. Here, however, more systematic
studies with different biomolecules are needed to make sure
that this observation holds true for a broad variety of proteins
and antibodies with different dye-labeling sites and later also for
DNA systems.
Functionality of Conjugates in Cellular Systems.

Comparative cellular binding studies with the different
bioconjugates shown in Table 2 and their targets were
performed with confocal fluorescence microscopy and flow
cytometry to address bioconjugate functionality and signal size
under application-relevant conditions. For both Cy5.5 and 6S-
IDCC conjugates of cetuximab, specific binding to the EGF
receptor overexpressed in A431 cells was evident by
fluorescence microscopy images of the cells incubated with
these bioconjugates (see Figure 6, panels A−D and G)
indicating preferential localization of these probes at the cell
membrane where the EGF receptor is expressed (substantiated
by a colocalization with a tight junction marker, Figure 6, panel
G). Control experiments with the cell line A549 known to
exhibit only weak EGFR expression (Figure 6, panel H, shown
exemplarily for ctx−6S-IDCC) did not reveal binding of the
targeted probes to these cell lines. Moreover, in addition, low
intracellular signals are detectable, predominantly in the
endosomal compartments, as a result of internalization of the
dye bioconjugates by the EGF receptor after probe binding.
Nonspecific IgG conjugates, which are often used as control
samples for in vivo imaging studies, did not lead to cellular
fluorescence. This also underlines the selectivity of our targeted
probes.
For a more quantitative binding study and comparison of

label and probe performance, we performed flow cytometric
studies (FACS analysis) with the ctx and IgG conjugates of 6S-
IDCC and Cy5.5 for all D/P ratios synthesized (see Table 2).
The results, depicted in Figure 7, show that with increasing D/
P ratio, a steadily enhanced cellular fluorescence results specific
for the EGFR-positive A431 cells (upper panels). In the case of
ctx−6S-IDCC (upper panel, right), the fluorescence intensity of

the measured cells increased continuously with increasing D/P
ratio, whereas for cells incubated with ctx−Cy5.5 (upper panel,
left), dye bioconjugates with D/P ratios of 1.4 and 2.4 yielded
similar signals (see curve 3 and 4) and no further gain in signal.
When the spectroscopic properties of the bioconjugates

determined in PBS solution summarized in Table 2 and Table 3
are taken into account, the gain in fluorescence signal GF
resulting for the FACS measurements with the different
bioconjugates can be estimated from the D/P ratio and the
fluorescence quantum yields, Φf (see eq 3), thereby assuming
identical molar absorption coefficients for the conjugated and
free dyes and identical Φf values of the free and target-bound
bioconjugates.

=
+ × Φ +

× Φ
G

i i
i i

D/P( 1) ( 1)
D/P( ) ( )F

f

f (3)

The experimental gain, GE (eq 4), was determined from the
mean fluorescence values of the FACS measurements (FL4;
fluorescence intensity detected in the FL4 channel of the FACS
instrument), see Table 3.

Figure 6. Confocal microscopy of A431 (A−G) and A549 (H) cells
incubated for 45 min at 37 °C with ctx−Cy5.5, ctx−6S-IDCC, IgG−
Cy5.5, or IgG−6S-IDCC (bioconjugates with D/P ratio of 1.3−1.4,
red). In addition, the cells were stained with phalloidin−Alexa488
(cytoskeleton; A−F, H) or the tight junction marker ZO-1 (G, green).
The nuclei were stained with DAPI (blue). Image acquisition was done
with a 63× objective (A−F, H, green) or a 100× objective (G). C/D
are identical to A/B with only the signal detected with the red channel
being displayed.
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For both cell lines, the calculated and experimentally
determined gains GF and GE agree very well. These calculations
clearly reflect gain control by the fluorescence quantum yields
of the bioconjugates. Accordingly, these data depict the
superiority of the 6S-IDCC conjugates compared with the
Cy5.5 conjugates as already detailed in the section on dye−
antibody conjugates. Moreover, these data underline the
potential of spectroscopic studies and accordingly derived
signal-relevant optical properties of dye bioconjugates for the
interpretation and understanding of results obtained with other
fluorescence-based methods like FACS. The analogy found
between the gains GF and GE suggests that the binding strength

between the targeted probes and the EGF receptor at the cell
membrane is independent of D/P ratio. However, this
assumption has to be evaluated by a quantitative determination
of the corresponding binding constants.
Interestingly, FACS experiments with A431 and A549 cells

differing in EGFR expression level and our fluorophore−ctx
conjugates revealed fluorescence signals for both cell lines and
both ctx conjugates, although in the microscopic studies, we did
not observe such signals for the latter cell line (see Figure 6,
panel H). This underlines the superior detection sensitivity of
FACS compared with CLSM. The ratios of the fluorescence
intensities found for both cell lines in the FACS studies (mean
FACS values; see Table 3, columns 5 and 7) are about 10:1 for
A431 and A549 cells, for example, in the case of the ctx−6S-
IDCC conjugates. Hence, the expression rate of the EGF
receptors on the A549 cells can be estimated to be 10% of that
on the A431 cells assuming a similar ligand−receptor affinity.
The cells incubated with ctx−Cy5.5 show higher fluores-

cence values than the cell incubated with ctx−6S-IDCC (Table
3, see rows 1−3 and rows 4−6) despite the comparable
fluorescence quantum yields and molar absorption coefficient
for a selected D/P ratio. This is related to the measurement
conditions used for the FACS measurements, that is, an
excitation wavelength of 633 nm and a bandpass filter of 661 ±
8 nm for fluorescence detection. The fluorescence signals of the
ctx conjugates of both fluorophores, which reveal matching
absorption spectra, are only weak in the spectral region
between 653 and 669 nm, and the emission spectra of the ctx−
6S-IDCC conjugates are 2 nm red-shifted in comparison to the
emission bands of the ctx−Cy5.5 conjugates (Figure 8). As a
result, less fluorescence can be collected in the case of the ctx−
6S-IDCC conjugates.

■ CONCLUSION AND OUTLOOK
We presented the spectroscopic properties of a series of new
NIR-emissive fluorescent labels, the dyes 2S-IDCC, 4S-IDCC,
and 6S-IDCC equipped with two, four, and six sulfonate
groups, and the 6S-IDCC conjugates with the antibody
cetuximab directed against the cancer-related EGF receptor
and nonspecific IgG, including a comparison to the gold
standard Cy5.5. This comparison underlines the strong
influence of dye hydrophilicity on the aggregation behavior of
these fluorophores in PBS and on the resulting fluorescence
quantum yields. With 6S-IDCC, we could identify a very

Figure 7. FACS analysis (excitation at 633 nm, detection with
bandpass filter of 661 ± 8 nm) of viable, nonpermeabilized cells
incubated with IgG−Cy5.5 or IgG−6S-IDCC conjugates with a D/P
ratio of 1.3 (1) or with ctx−Cy5.5 conjugates with D/P ratios of 0.8
(2), 1.4 (3), and 2.4 (4) and ctx−6S-IDCC conjugates with D/P ratios
of 0.6 (2), 1.3 (3), and 2.3 (4), respectively. The cell line A431 (upper
panels) overexpresses EGFR, while A549 cells (lower panels) reveal a
low EGFR expression, thus acting as control.

Table 3. FACS Analysis of A431 and A549 Cells with ctx−
Cy5.5 and ctx−6S-IDCC Conjugates and Calculated and
Experimentally Determined Fluorescence Gains in
Correlation to the Spectroscopic Properties of These
Conjugates

conjugate D/P Φf

calcd
gain,
GF

mean
FACS
value
(A431)

exptl
gain,
GE

(A431)

mean
FACS
value
(A549)

exptl
gain,
GE

(A549)

ctx−
Cy5.5

0.8 0.3 159 20

ctx−
Cy5.5

1.4 0.25 1.46 287 1.82 30 1.51

ctx−
Cy5.5

2.4 0.16 1.10 302 1.05 34 1.15

ctx−6S-
IDCC

0.6 0.29 75 9

ctx−6S-
IDCC

1.3 0.25 1.87 144 2.05 18 1.96

ctx−6S-
IDCC

2.3 0.2 1.42 210 1.45 27 1.51

Figure 8. Normalized fluorescence spectra of the ctx−6S-IDCC and
ctx−Cy5.5 conjugates. The corresponding absorption spectra (data
not shown) match.
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promising fluorescent label that reveals an even reduced
aggregation tendency and higher molar absorption coefficients
than Cy5.5 and a comparatively high fluorescence quantum
yield in PBS. Conjugation of 6S-IDCC to cetuximab and IgG
yielded conjugates with favorably high fluorescence quantum
yields of 0.30, exceeding the fluorescence quantum yield of the
free dye by 60%. Promisingly, for application-relevant low to
medium D/P ratios between 0.5 and 3, the fluorescence
quantum yields of the antibody conjugates of 6S-IDCC reached
the values found for Cy5.5 conjugates. These data, in
conjunction with the slightly higher molar absorption
coefficient of 6S-IDCC, should provide the basis for higher
signals and thus, enhanced detection sensitivities of optical
probes utilizing this new label.
For the very hydrophilic dye 6S-IDCC, dye dimerization on

the studied antibodies could be strongly reduced compared
with its less hydrophilic derivatives and to other dyes like Cy5.5
and the Dy67x and Dy68x series previously studied by us and
other examples from the literature. The minimum amount of
dimers found for 6S-IDCC on cetuximab and IgG present the
lowest values reported up to now for such simple labeling
strategies (e.g., no PEGylated linker used), and this dimer
fraction does not seem to be influenced by the type of antibody.
Nevertheless, even for 6S-IDCC carrying six sulfonate groups,
dimerization on proteins could not be completely prevented,
underlining the need for a better understanding of the manifold
origin of dye−dye interactions of biomolecule-conjugated
fluorophores. In any case, our spectroscopic investigations
and cellular binding studies clearly reveal that a high
hydrophilicity is definitely a desirable property of a fluorescent
label, although chemical approaches to impart a high
hydrophilicity must not be necessarily restricted to the
incorporation of sulfonate groups into the chromophore
structure.
With the cellular binding studies performed here using

fluorescence microscopy and fluorescence activated cell sorting,
we could not only confirm the functionality of our ctx−6S-
IDCC and ctx−Cy5.5-conjugates with respect to EGFR binding
for all D/P ratios, but we could also demonstrate the direct
correlation between the spectroscopic properties of such probes
and the fluorescence signals resulting from FACS experiments.
This also underlines the potential of a circumstantial
spectroscopic study of dye−biomolecule conjugates for the
prediction of the behavior of such systems in real-world
fluorescence analysis in bioanalysis and clinical diagnostics and,
thus, for dye screening and comparison.
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