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Abstract Aiming at the identification of new fluorescent
reporters for targeted optical probes, we assessed the
application-relevant features of a novel asymmetric cyanine,
DY-681, in comparison to the only clinically approved dye
indocyanine green (ICG), the golden imaging standard Cy5.5,
and the asymmetric cyanine DY-676 successfully exploited by
us for the design of different contrast agents. This comparison
included the analysis of the spectroscopic properties of the
free fluorophores and their thermal stability in aqueous
solution as well as their cytotoxic potential. In addition, the
absorption and emission features of IgG-conjugated DY-681
were examined. The trimethine DY-681 exhibited spectral
features closely resembling that of the pentamethine Cy5.5. Its
high thermal stability in phosphate buffer saline (PBS)
solution in conjunction with its low cytotoxicity, reaching
similar values as determined for Cy5.5 and DY-676, renders
this dye more attractive as ICG and, due to its improved
fluorescence quantum yield in PBS, also superior to DY-676.
Although in PBS, Cy5.5 was still more fluorescent, the
fluorescence quantum yields (@) of DY-681 and Cy5.5 in
PBS containing 5 mass-% bovine serum albumin (BSA)
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were comparable. Labeling experiments with DY-681 and
the model antibody IgG revealed promisingly high &¢ values
of the bioconjugated dye.
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Introduction

Non-invasive and comparably inexpensive optical imaging
techniques like near-infrared (NIR) fluorescence (NIRF)
imaging have matured into important tools in biomedical
research due to advances in instrumentation, label technol-
ogies, and probe design [1-10]. Typical applications are the
non-invasive interrogation of molecular function in vivo in
animal models for the detection of very early stages of
diseases such as cancer, or monitoring of disease progres-
sion, and evaluating the effect of drugs [2, 5, 11-15]. At the
core of NIRF imaging are NIR fluorophores that can be
used either directly as non-targeted contrast agents or as
fluorescent reporters in targeted probes [5, 10, 16].
Applicable dyes must absorb and emit within the diagnostic
window between 650 and 900 nm [4, 5, 17] with a high
intensity (high molar absorption coefficient (¢) at the
excitation wavelength (A.,) and high fluorescence quantum
yield (@¢)) under application-relevant conditions [5, 17-23]
and should show a sufficient thermal and photochemical
stability as well as adequate pharmacological properties.
The latter include solubility in aqueous media, low non-
specific binding, rapid clearance of the free dye or contrast
agent, and low cytotoxicity [5]. Advantageous are also a
high chemical reactivity of the labeling reagent for the
covalent attachment to a biomarker-specific antibody,
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antibody fragment or peptide for the synthesis of targeted
optical probes [24] and, generally, a reasonable price. These
requirements underline the importance of the availability of
reliable € and @ data for NIR fluorophores in aqueous
media and data on the cytotoxicity of these chromophores
for the choice of fluorescent reporters for in vivo NIRF.
However, many dye manufacturers provide only spectroscop-
ic data in organic solvents and often, no fluorescence quantum
yields, and especially cytotoxicity data are very rare [10, 25—
28]. Similarly relevant for these applications are spectro-
scopic studies revealing the influence of serum proteins like
bovine serum albumin (BSA) and the conjugation to
antibodies or peptides typically used as biomarker-specific
ligands in targeted probes [4, 6, 10, 17, 18, 29, 30].

Fluorescent dyes commonly used for NIRF are symmetric
cyanines like the contrast agent indocyanine green (ICG), that
does not contain reactive groups for biomolecule labeling,
and, for the design of optical probes, the golden standard
Cy5.5, that emits between 690 and 750 nm, and the longer
wavelength fluorophores cypate and Cy7 fluorescing above
770 nm [5, 10, 16, 17]. Increasingly popular are also Alexa
Fluor 680, IRDye 680, and IRDye 700DX as well as the red
chromophores Alexa 750 and IRDye 800CW [17, 29]. At
present, the only clinically approved NIR fluorescent dye is
still ICG despite its considerable drawbacks [5, 10, 31-37].
This includes a low fluorescence quantum yield in aqueous
solution [38] in conjunction with a very small Stokes shift,
that both strongly hamper overall sensitivity. Other limi-
tations are e.g. strong aggregation in aqueous media [39],
strong binding to plasma proteins [40, 41], resulting in rapid
elimination through the liver, and a low stability in aqueous
media [40—42]. Moreover, despite its approval by the Food
and Drug Administration (FDA), ICG has recently been
reported to induce cytotoxic effect [26-28].

The search for novel fluorophores for NIRF recently
encouraged us to exploit comparatively new and inexpen-
sive asymmetric cyanine dyes of the DY family like DY-
676 for the construction of targeted optical probes [43-45].
Although the signal-relevant features of DY-676 do not
reach yet the spectroscopic properties of Cy5.5 [5, 15, 24],
the NHS ester of DY-676 revealed an improved chemical
reactivity in protein coupling reactions. This enabled e.g.
labeling of the clinically used antibody fragment arcitumo-
mab® directed against the biomarker carcinoembryonic
antigen (CEA) that could not be achieved by us with Cy5.5
[44]. This result—in conjunction with the suitability of
this high-affinity probe for NIRF imaging of CEA-
expressing tumors—encouraged us to evaluate the spec-
troscopic properties, thermal stability, and cytotoxicity of
different asymmetric cyanines in comparison to clinically
approved ICG, the most prominent, yet comparatively
expensive fluorophore Cy5.5, and our own workhorse
DY-676. Special emphasis was dedicated to the novel
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NIR fluorophore DY-681, a promising potential substi-
tute of Cy5.5.

Experimental
Materials

Indocyanine green (ICG) was purchased from Pulsion
Medical Systems AG (Munich, Germany) and Cy5.5 from
GE-Healthcare Amersham (Freiburg, Germany). DY-681
and DY-676 as well as DY-682 were provided by
DYOMICS GmbH (Jena, Germany). The quantum yield
standards oxazine 1 and IR 125 were obtained from
Lambda Physik GmbH (Goettingen, Germany).

Phosphate buffered saline (PBS) was purchased from
GIBCO Life Sciences (Paisley, Scotland) and bovine serum
albumin (BSA; fraction V) from Merck KgaA (Darmstadt,
Germany). For the cytotoxicity studies, we used the cell
culture medium Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% (v/v) of heat inactivated fetal
calf serum (FCS) from GIBCO BRL Life Technologies
(Paisley, Scotland), microtiter plates from Greiner Bio-One
GmbH (Frickenhausen, Germany), and an MTT assay
(CellTiter96® Promega, Mannheim, Germany; see also
“Cytotoxicity™).

Dye-IgG conjugates of DY-676 and DY-681 were
obtained by reacting IgG (from rabbit serum; Sigma-
Aldrich Chemie GmbH; Steinheim, Germany) with the
NHS esters of these fluorophores dissolved in dimethylfor-
mamide (DMF) following a protocol provided by the
manufacturer DYOMICS using identical reaction condi-
tions for both dyes (e.g. solvent, pH, temperature, reaction
time). The labeling density or dye-to-protein (D/P) ratio
was varied via the dye NHS ester-to-protein ratios (3:1, 6:1,
24:1) of the reaction mixture. The dye-IgG conjugates were
purified chromatographically (column filled with Sephadex
Medium, GE-Healthcare Amersham, Freiburg, Germany).
The D/P ratios of the IgG conjugates were determined
photometrically in PBS from the absorbances at 280 nm
(corrected for dye contributions) and at the dye’s longest
wavelength absorption maximum following the typically
employed formula from Mujumdar and Waggoner [46]. The
molar absorption coefficients of the dyes and IgG were
previously determined in PBS.

Methods
Spectroscopic studies
The absorption and the fluorescence spectra of DY-681,

DY-676, Cy5.5, and ICG and the dye-IgG conjugates were
determined in duplicate in PBS (pH 7.4) and in a solution
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of 5 mass-% (w/v) BSA in PBS (PBS/BSA) at a dye (or
species) concentration of 1x10°° molxL ™" at T=(25+1)°C.
The absorption spectra were recorded on a CARY 5000
spectrometer (Varian Inc., Palo Alto, USA). The molar
absorption coefficient (eA(imax)) of DY-681 at the dye’s
absorption maximum (A;,c) was obtained in PBS from
three independent measurements of the absorption spectra
of two different stock solutions (1x10 % molxL ™", ethanol)
for a fluorophore concentration of 1x 10~ molxL ™", yet not
from a concentration series.

The fluorescence emission and fluorescence excitation
spectra of the dyes were measured with a Spectronics
Instruments 8100 (Spectronics Instruments, Westbury,
USA) spectrofluorometer equipped with Glan Thompson
polarizers and calibrated with physical transfer standards
[47, 48]. The polarizers placed in the excitation and the
emission channel were set to 0° and 54.7°, respectively
[49]. Typically, the emission was excited at the blue
vibronic shoulder of the longest wavelength absorption
band using absorbances of 0.02-0.06 at the excitation
wavelength to minimize fluorescence-reducing and -
distorting inner filter effects and reabsorption.

All the fluorescence spectra were corrected for wave-
lenght- and polarization-dependent intrument-specific
effects [47]. For the calculation of the BSA-binding
induced shifts in absorption (Avy,,s) and the Stokes shift
(vsp), the absorption spectra on a wavenumber scale were
obtained by multiplying the intensity of the measured
absorption spectra with A [50]. Spectrally corrected emis-
sion spectra on a wavenumber scale were obtained by
multiplying the measured and spectrally corrected emission
spectra by A% [47, 50].

The fluorescence quantum yields of the fluorophores
were determined in duplicate using dye and standard
solutions freshly prepared by dilution of stock solutions
(typical dye concentration of 1x10™* molxL™', solvent
DMF, stored in the refrigerator at 4°C in the dark) using
Eq. 1 (same excitation wavelength for sample and standard)
[50].

Fy fot (lex) n?
-X X 1
Fy i) 2 M

P = Prgy X

fe) =1 = 10740 = | — 10l (2)

Here, f(Aex) is the absorption factor at the excitation
wavelength A.. f(Aex), that is equivalent to formerly used
absorptance [51], is nonlinearly linked to the absorbance 4
(Aex) via the Beer-Lambert law [47], see Eq. 2. 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 (oxazine 1
in ethanol: ®=0.15; used as standard for DY-676, DY-
681, and Cy5.5; IR 125 in DMSO: $¢=0.22, employed as
standard for ICG) [52]. No attempts were made to correct
the measured absorption intensities for contributions from
non-fluorescent species. In these cases (e.g. for DY-676
in PBS), the given &; values equal only the fluorescence
quantum yield of the solution and not that of the emitting
species. Typical uncertainties of fluorescence quantum
yield measurements as derived from previous experiments
(relative standard deviations derived from six independent
measurements) are £2% (for @¢>0.5) [53] as well as +5%
(for #>0.4) and £10% for weaker emitting dyes (for 0.2>
@¢>0.02) and £20% (for 0.02>P>0.005), respectively [54].

Thermal stability

The thermal stability of the NIR chromophores was
determined from the absorption spectra of the dyes in
PBS and in PBS/BSA (dye concentration 1x10~® molxL™")
at 4°C and 37°C, respectively. For a diagnostically relevant
time window of up to 72 h, the data were measured daily
and then after 10 days (data not shown). For the data
evaluation, the absorption intensities, taken from the main
absorption maximum, were compared to the values
obtained for the fresh solutions (0 h). To ensure that
changes in absorption intensity correlate with changes in
dye concentration and not with solvent evaporation, all the
samples were controlled gravimetrically. Typical uncertain-
ties (standard deviation from six replicates) of absorption
measurements with transparent dilute solutions in this
intensity range are £2% [55].

Cytotoxicity

Dye cytotoxicity was determined for murine endothelial
cells (SVEC4-10) in culture. The cells were grown in
DMEM containing 10% (v/v) of heat inactivated FCS at
37°C, 10% CO,, and a relative humidity of 95%. The cell
cultures were routinely assessed for contamination with
mycoplasma. For the cytotoxicity studies, the cells (1,000
cells per well) were seeded in microtiter plates and
incubated with different concentrations of the DY dyes
and ICG (concentrations: 0.5 % 10°° M, 10x 10°° M, 100x
107® M) as well as Cy5.5 (concentrations: 0.1x107¢ M,
10x107° M) for 24 and 72 h, respectively. The cell vitality
was obtained from measurements of the activity of cellular
dehydrogenase in dye-treated and non-treated cells after
addition of 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylte
trazoliumbromide (MTT, 20x107° L per well, 1.9 g/L).
Living cells turned this tetrazolium salt into a blue
formazan product, the concentration of which was deter-

@ Springer



684

J Fluoresc (2010) 20:681-693

mined photometrically from the absorption at 492 nm after
an incubation time of 1 h using a microplate reader
(Molecular Devices, CA, USA). The formazan concentra-
tion is directly proportional to the number of living cells in
the respective cell culture. The cell vitality 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.

Results
Spectroscopic properties

The chemical structures of the asymmetric cyanine DY-676
and DY-681 and the symmetric cyanines Cy5.5 and ICG
are shown in Fig. 1, respectively. DY-676 and DY-681
carry the same indole end group equipped with two
negatively charged sulfonate groups to promote water
solubility, yet differ in the chemical nature of the aromatic
benzopyrylium-type end group (acceptor strength, planarity,
rigidity) and in the position of the attachment of the
benzopyrylium group to the polymethine chain (DY-676:
para attachment; DY-681: ortho attachment).

COOH
Cy5.5

COOH

Fig. 1 Chemical structures of DY-676, DY-681, Cy5.5, and ICG

@ Springer

The spectroscopic properties of DY-676, DY-681, Cy5.5,
and ICG are in summarized in Figs. 2, 3, 4 and 5 and in
Table 1. The absorption and emission maxima of the
trimethine DY-681 and the pentamethine Cy5.5 closely
match in PBS and PBS/BSA and are slightly red-shifted
compared to the trimethine DY-676. The absorption and
emission spectra of the heptamethine ICG in PBS and PBS/
BSA are red-shifted by approximately 100 nm.

As highlighted in Fig. 2, the absorption and emission
spectra of Cy5.5, DY-676, and ICG in PBS display a clearly
visible vibronic structure, as typically observed for cyanine
dyes. The absorption and emission spectrum of DY-681,
however, are broader and barely structured. The absorption
and fluorescence excitation spectra of Cy5.5 and ICG
in PBS match at the chosen dye concentration of 1x
107 molxL™" (within the measurement uncertainty of the
excitation correction). In contrast, the absorption and
excitation spectra of DY-681 show small differences in
the spectral region of the blurred vibronic shoulder around
620-660 nm. Similar mismatches occur for DY-676, with
the size of these (concentration-dependent) deviations
being more pronounced as the effects observed for DY-681.

As follows from Fig. 3, the shape of the normalized
absorption spectra of DY-676 in PBS (Fig. 3, right)
depends on dye concentration in the concentration range

DY-681

SO,Na

SO,Na

ICG
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Fig. 2 Normalized absorption (full symbols), fluorescence excitation
(dashed lines) and fluorescence emission (open symbols) spectra of
DY-681 (top panel; he,=712 nm, A,=629 nm) in comparison to
Cy5.5 (second panel; heyn=700 nm, A =615 nm), DY-676 (third
panel; hey=710 nm, A,=629 nm,) and ICG (bottom panel; hey=
806 nm, A=730 nm); solvent PBS, dye concentration of 1x
10 molxL™!, T=25°C. The emission and excitation wavelengths
used are given in brackets

i |

DY-681  Cy5.5 ICG

DY-676

Fig. 4 BSA-induced spectral shift in the main absorption maximum
Ayps (AVabs=Vabs(PBS)—1,s(PBS/BSA)) of DY-676, DY-681, Cy5.5,
and ICG

of (2-0.05) x 107® mol L™! (left, concentration-dependent
intensity of the shoulder at ca. 620 nm and spectral
broadening). Although the shape of the normalized
absorption spectra of DY-681 (Fig. 3, left) is barely
affected by dye concentration within the chosen concen-
tration range, its molar absorption coefficient £(\.x), that
was determined to 98,000 L mol™' ecm™' (dye concentra-
tion of 1x107° M, T=25°C shows a slight concentration
dependence. Cy5.5 does not display a detectable influence
of dye concentration on its absorption in the concentration
range of 2x10°° M—-0.05x10"® molxL™'. There are
literature reports on the concentration dependence of the
absorption spectra of ICG [39, 56, 57], yet, we did not
observe such effects here for our ICG. The emission
spectra of DY-681, DY-676, Cy5.5, and ICG are always
independent of dye concentration.

In the presence of BSA, DY-676, DY-681, CyS5.5, and
ICG display a red shift in the absorption maximum (Av,yy),
see Fig. 4. The size of the BSA-induced spectral shift
follows the order Cy5.5 < DY-681 < DY-676 < ICG. The
spectral position of the emission band is only affected in the
case of ICG, see Table 1. For both DY-676 and DY-681, also
the width (Table 1, FWHM,,s) and spectral shape (Figs. 2

1.0 -1.0
—— 1.76*10°mol/L DY-681 — 1.93*10°mol/L DY-676
—O— 1.08*10°mol/L —O—1.16*10°mol/L I
08 |—#—0.65*10°mol/L —A—0.70*10°mol/L L 0.8
*408, %45,
c —/0.24 10£moI/L —/-0.42 105m0I/L c
% —@—0.14*10°mol/L —@—0.15*10°mol/L %
5 0679 | <}-0.05*10°moliL —<0.05*10°mol/L 06 5
2 2
© ©
£ £
5 0.4 4 -0.4 5
c c
0.2 -0.2
0.0 T T T T T T T T T T T T T T - 0.0
550 600 650 700 750 550 600 650 700 750

wavelength (nm)

Fig. 3 Normalized absorption spectra of DY-681 (left panel; and DY-
676 (right panel) in PBS as a function of dye concentration,
concentration range (2—0.05)x10~® mol L™!, T=25°C. The absorption

wavelength (nm)

spectra were normalized at the maximum of the absorption band at
678 nm (DY-681) and 664 nm (DY-676), respectively
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Fig. 5 Absorption and fluores-
cence excitation spectra (left
panel) and fluorescence emis-
sion spectra (right panel) of DY-
681 (top) in PBS/BSA (Aem=
710 nm, A\.,=629 nm) and in
ethanol (A, =730 nm, A\ =
629 nm). For comparison, also
the absorption, excitation, and
emission spectra of DY-676
(bottom) in PBS/BSA (Aem=
702 nm, \.,=629 nm), ethanol
(Aem=730 nm, \,,=629 nm) are
included. The emission and
excitation wavelengths used are
given in brackets. The dye
concentration was

1x10°° mol L™}, T=25°C

and 5) of the absorption band undergo considerable changes
in the presence of BSA. In the case of DY-676, the presence
of BSA reduces the intensity of the absorption shoulder at ca.
620 nm relative to the intensity of the absorption maximum
and improves the spectral match between the absorption and

norm. absorption

norm. absorption

1.04

0.5

0.0

—@— Abs DY-681 PBS/BSA
—O— Exc DY-681 PBS/BSA
—W— Abs DY-681 ethanol s
—/~ Exc DY-681 ethanol 3

—@-DY-681 PBS/BSA

—W¥— DY-681 ethanol

0.5

1.04

0.5

T T T T
600 700 700 800
—4— Abs DY-676 PBS/BSA —4@—DY-676 PBS/BSA
—O— Exc DY-676 PBS/BSA —W— DY-676 ethanol

—W¥— Abs DY-676 ethanol
—— Exc DY-676 ethanol

002

0.5

T T
600 700
wavelength (nm)

Table 1 Spectroscopic properties of the studied cyanines in PBS and PBS/BSA

wavelength (nm)

norm. fluorescence

0.0

norm. fluorescence

0.0

fluorescence excitation spectrum. In contrast, for DY-681,
also in PBS/BSA, the absorption and fluorescence excitation
spectrum slightly deviate.

The different behavior of DY-676 and DY-681 in PBS
and PBS/BSA encouraged us to study the absorption,

Dye Solvent Aabs/NM FWHM,,>/cm ! Aem®/nm vgdem ! i

DY-676 PBS 664 1,505 702 804 0.04
DY-676 BSA/PBS 678 1,009 702 504 0.31
DY-681 PBS 679 1,603 712 700 0.11
DY-681 BSA/PBS 690 1,627 710 397 0.40
Cy5.5 PBS 674 923 694 417 0.29
Cy5.5 BSA/PBS 683 1,062 694 396 0.43
ICG PBS 780 1,011 810 514 0.04
ICG BSA/PBS 807 973 822 258 0.08

Maximum of the main absorption band (A s)*, full width at half-height of the (absorption) maximum (FWHM,,)°, maximum of the emission
band (A.y,)°, Stokes shift (vg), i.e., energetic difference between the longest wavelength absorption band and the emission maximum
(Vst=Vabs—Vem)" , and fluorescence quantum yield (9)°. The dye concentration was 1 x 107 molxL™', T=25°C
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excitation, and emission spectra of both dyes also in the
organic solvent ethanol (Fig. 5). Similarly as in PBS/BSA,
the absorption (left) and emission (right) maxima of both DY-
681 (Fig. 5, top) and DY-676 (Fig. 5, bottom) are red-shifted
in ethanol in comparison to PBS (Table 1 and Fig. 2). DY-
681 displays more structured absorption and fluorescence
spectra in ethanol as compared to PBS and PBS/BSA, that
are, nevertheless, still broader than the corresponding spectra
obtained for DY-676 (Fig. 5, bottom). Also in ethanol, the
absorption and fluorescence excitation spectra of DY-681
slightly differ. In the case of DY-676, such deviations result
only in PBS (Fig. 2), whereas the corresponding spectra in
PBS/BSA, and ethanol, (Fig. 5, bottom, left) match (taking
the uncertainty of the excitation correction into account).
Also, an enhanced intensity of the vibronic shoulder in the
absorption spectrum of DY-676 was only found for PBS.

The fluorescence quantum yields of DY-676, DY-681,
Cy5.5, and ICG in PBS and PBS/BSA are summarized in
Table 1. In PBS, the &; vales decrease in the order of
Cy5.5>DY-681 > DY-676 = ICG. The presence of BSA yields
a dye-specific fluorescence increase with the strongest fluores-
cence enhancement factor (FEF) of 7.8 resulting for DY-676
followed by DY-681 (FEF=3.6), ICG (FEF=2.0), and Cy5.5
(FEF=1.5). Although the &¢ value of Cy5.5 exceeds that of
DY-681 by a factor of 2.6 in PBS, in PBS/BSA, both dyes
display almost identical fluorescence quantum yields.

Thermal stability

Figure 6 summarizes the results from a spectroscopic study
of the thermal stability of the four dyes in PBS and PBS/

BSA at 4°C and 37°C modeling the in vivo situation over
3 days.

The thermal stabilities of Cy5.5 and DY-681 as well as
DY-676 are comparable and always very high. Only after
10 days in PBS at 37°C, the stability of DY-681 (0.49 a.u.)
was found to be reduced as compared to Cy5.5 (0.90 a.u.)
and DY-676 (0.59 a.u.). ICG shows always a lower stability
(0.09 a.uu.). Its thermal stability reveals a pronounced
dependence on matrix, i.e., solvent and temperature, with
a reduction in temperature and especially the presence of
BSA resulting in an improved dye stability. Cy5.5, DY-681,
and DY-676 display a similar trend, but much less
pronounced.

Cytotoxicity

Table 2 highlights the cell vitality of an endothelial cell line
(SVEC4-10) after incubation with defined concentrations of
DY-676, DY-681, Cy5.5, and ICG determined with a dead-or-
alive assay. Endothelial cells were used here because of the
extensive contact of these cells with intravenously applied
substances, thereby providing a good model for the in vivo
NIRF situation in the vascular system. The concentration of
the fluorophores are representative for in vivo experiments
where fluorophore doses of approximately 55 nmol/kg body
weight have been frequently given to small laboratory animals
[12, 44].

CyS5.5 as well as DY-681 and DY-676 show very low
cytotoxic effects. For an incubation time of 72 h at the
maximum tested dye concentration of 10x10°® M, the
endothelial cell vitality is promisingly high for DY-681 and

Fig. 6 Spectroscopically deter- PBS, 4°C PBS/BSA, 4°C
mined thermal stability of Cy5.5 1.2 1.2
(open squares) in PBS (left —~ 10 o N 2 2 _ 1.0/ o . $ o
panels) and PBS/BSA (right 2 3
panels) in comparison to DY- = 081 o o = 081
681 (full circles), DY-676 (full 2 06 o £ 06
triangles), and ICG (open s s
rhombs) at temperatures of 4°C q 04 9 04
(top) and 37°C (bottom), re- T ool 3 02
spectively, as a function of time
provided in days (d) within a 0.0 T 0.0 T
time window of 3 days. The dye 0 ! 2 3 0 1 2 3
concentration used was always t(d) td
1x107° molxL™". The absorp- . .
tion intensities were taken from 12 PBS, 37°C 10 PBS/BSA, 37°C
the main absorption maximum
and related to the values of the 5109 0 | Y 2 3 109 © L * ¢
fresh solutions (0 h) 1;; 0.8 \:; 0.8 o < o
o
"é 061 ‘g 0.6
£ 04 ¢ o £ 04l i Ve
< <& 3 @ DY-681
= 0.2 = 0.2 & 1IcG
0.0 T 0.0 T
0 1 2 3 0 1 2 3
t (d) t(d)
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Table 2 Cytotoxicity of DY-681

in comparison to the cytotoxicity Concentration/ 10 °®molxL ™" DY-676 DY-681 Cy5.5 ICG
of DY-676, Cy5.5, and ICG - - -
determined for an endothelial incubation time 24h
(SVEC4-10) cell line after 24 h 0 100+1 100+5 100+1 100+5
(top) and 72 h (bottom) of 0.1 nd? nd. 95412 n.d.
incubation with each dye

0.5 n.d. 102+15 n.d. 110+15

10 96+2 92+8 95+11 100+13

incubation time 72 h

0 100£2 100+£5 100£2 100+2
Cell cultures without any dye 0.1 n.d.? n.d. 91+6 n.d.
treatment exhibit a cell vitality 0.5 90+15 99417 nd. 9346
of 100%

10 98+15 98+15 97+2 81+6

?not determined (n.d.)

DY-676 (cell vitality over 98%). In the case of CyS5.5, we
found a comforting cell vitality of 97%. Astonishingly, the
strongest cytotoxic effects resulted for clinically approved
ICG (Table 2) with the vitality steadily decreasing with
increasing dye concentration and eventually reaching a
value of 81% at the maximum tested dye concentration of
10x10°® M. A further increase in dye concentration to
100107 M, that was only performed for DY-681, DY-
676, and ICG to test these dyes under especially stringent
conditions, yielded a high endothelial cell vitality of 96%
for DY-681, 110% for DY-676, and only 60% for ICG,
respectively.

Dye-antibody conjugates

First protein coupling reactions with DY-676 and DY-681
reveal a superior reactivity as compared to Cy5.5 resulting
in efficient protein labeling and high labeling densities. The
absorption spectra and the @~weighted emission spectra of
the resulting DY-681-IgG conjugates in PBS are summa-
rized in Fig. 7. We did not study Cy5.5-IgG conjugates here
as these systems have been spectroscopically investigated
already by Gruber et al. [58]

Conjugation of DY-681 to IgG results in a small red shift
of the absorption and emission maximum in PBS by 8 nm
and 2 nm, respectively. All the DY-681-IgG conjugates
display an enhanced absorption at ca. 642 nm with the
intensity of this peak—compared to the dye’s main
absorption band—increasing with increasing D/P ratio
(Fig. 7, top). The spectral shape of the emission spectra of
the DY-681-IgG conjugates is independent of D/P ratio, yet
the fluorescence quantum yield and accordingly, the @
weighted emission spectra decrease with increasing labeling
density (Fig. 7, bottom). Promisingly, with a fluorescence
quantum yield of 0.07 in PBS found for a D/P ratio of about
1.5, the DY-681-IgG conjugates are considerably more
emissive than the corresponding DY-676-IgG conjugates
(94=0.02). In contrast to the nonconjugated dye, addition of
BSA barely affects the spectral position and shape of the
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absorption and emission bands of the DY-681-IgG con-
jugates and their fluorescence quantum yields.

Discussion
Spectroscopic properties
As is evident from Figs. 2 and 5, DY-681. DY-676, Cy5.5,

and ICG display cyanine-typical optical transitions delo-
calized over the whole 7-conjugated system [36] in all the
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Fig. 7 Absorption spectra (top) and Prweighted emission spectra
(bottom) of DY-681-IgG conjugates of various dye-to-protein (D/P)
ratios in PBS in comparison to the corresponding spectra of
nonconjugated DY-681 in PBS. The absorption spectra were normalized
at the maximum of the absorption band at 687 nm, T=(25+1)°C
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solvents studied. Intringuingly, with respect to its spectral
properties, the trimethine dye DY-681 is a suitable
substitute for the pentamethine Cy5.5. This underlines the
great effective length of the benzopyrylium-type end group
that is principally advantageous for the realization of
cyanines with long wavelength absorption and emission
bands with a minimum number of conjugated double bonds
as a prerequisite for high fluorescence quantum yields [36,
56, 59, 60]. In addition, with a fluorescence quantum yield
of 0.11 in PBS, DY-681 is considerably more emissive than
DY-676 and ICG (Table 1). This is mainly ascribed to the
enhanced hydrophilicity and reduced aggregation tendency
of DY-681 (e.g. Fig. 3). Obviously, the replacement of the
phenyl group of the N-bridged benzopyrylium entity of DY-
676 by a smaller benzopyrylium moiety carrying a tert.-
butyl and a diethylamino substituent in DY-681 is favorable
for the minimization of typically fluorescence quenching
dye-dye interactions, i.e., aggregation (H-dimer formation)
[11, 36, 56, 58, 61-65]. The enhanced electron acceptor
strength of this benzypyrylium entity accounts for the
observed red shift of the absorption and emission bands of
DY-681 compared to DY-676. At present, the most
plausible explanation for the astonishingly broad absorption
and emission bands of DY-681 in PBS as well as in PBS/
BSA (Figs. 2 and 5), where dimerization is not very likely
[66], is the formation of at least two more or less
fluorescent conformers. This could also account for the
mismatch of the absorption and fluorescence excitation
spectra of DY-681 in these solvents as well as in ethanol
(Figs. 2 and 5). The presence of fluorescent impurities can
be excluded as revealed by HPLC analysis of DY-681 (only
one peak observed). This assumption is further supported
by first studies of the fluorescence decay behavior of DY-
681 in these solvents. In contrast to e.g. monoexponentially
decaying DY-676, DY-681 always reveals biexponential
fluorescence decay kinetics (e.g. in PBS: 7,=0.35 ns and
7,=0.78 ns). For a complete understanding of the photo-
physics of DY-681, further time-resolved and temperature-
dependent fluorescence studies are needed.

As follows from Table 1, although the fluorescence
quantum yield of DY-681 in PBS is still lower than the &
value found for Cy5.5, the fluorescence quantum yields of
both dyes are comparable in PBS/BSA. This is encouraging
for this type of asymmetric cyanine. The observed dye-
dependence of the fluorophore-BSA interactions is attrib-
uted to differences in dye hydrophilicity and chromophore
molecular structure (e.g. molecule size and steric effects)
[67]. The generally observed BSA-induced fluorescence
enhancement, that has been reported for other cyanine dyes
as well [68, 69], is ascribed to a combination of different
effects. This includes electrostatic and hydrophobic inter-
actions between the fluorophores and the protein leading to
a rigidization of the flexible dye molecules, thereby

reducing rotations around single bonds in the polymethine
chain and excited state cis-trans isomerization [36, 59, 60],
as well as a better shielding of water molecules and a
reduction in the polarity of the fluorophore local environ-
ment by the protein. The latter is reflected by the BSA-
induced red shift of the absorption bands (Fig. 4 and
Table 1). For example, the spectral position of the
absorption maximum of DY-681 in PBS/BSA resembles
the absorption maximum found in ethanol (Fig. 5, top, left),
where this dye reveals a fluorescence quantum yield of
0.49. In the case of aggregating fluorophores like DY-676,
the suppression of dye aggregation in PBS/BSA contributes
additionally to the BSA-induced fluorescence increase as
indicated by the matching absorption and fluorescence
excitation spectra of DY-676 in this solvent (Fig. 5, bottom,
left).

Thermal stability

The thermal stabilities of DY-681, Cy5.5, and DY-676 in
PBS/BSA at 37°C, which approximates the in vivo
situation by the presence of albumin and the use of body
temperature, are encouraging with values of 0.96, 0.98 and
1.0 a.u., respectively, obtained after 3 days (Fig. 6). The
stability of ICG is generally lower and is improved upon
binding to BSA as previously reported [26, 27, 39]. The
most important factor governing dye stability seems to be
the shorter polymethine chains of the DY dyes and Cy5.5.
The stability of DY-681, that is comparable to that of Cy5.5,
is beneficial for the applicability of this dye as in vivo
fluorescent agent.

Cytotoxicity

DY-681 generally exhibits distinctly lower cytotoxic effects
on endothelial cells as ICG at high dye concentrations and a
comparable cytotoxicity as Cy5.5. Contrary to ICG, even
under more stringent conditions as used for Cy5.5, no
cytotoxic effects could be detected for DY-681. The results
found by us for ICG are in agreement with recent reports of
a considerable cytotoxicity of ICG in vitro [27, 28, 70] and
in vivo [27, 28]. The most probable mechanism for cell
damage by ICG is an effect on mitochondrial enzyme
activity leading to apoptosis [27], but other mechanisms
could be involved as well. The observed lower cytotoxicty
of DY-681, DY-676, and Cy5.5 is most likely related to the
reduced lipophilicity/increased hydrophilicity of these
fluorophores compared to ICG. A straightforward relation-
ship between lipophilicity and cytotoxic effects has been
revealed previously [71, 72]. Considering the fact that
comparatively low fluorophore doses of approximately
55 nmol/kg body weight [12, 44] have been administrated
systemically into mice, our cytotoxicity data indicate that
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no distinct adversal local effects on endothelial cells
emerging from the DY and Cy fluorophores are to be
expected. Nevertheless, for potential applications as con-
trast agents in the clinical practice, extensive investigations
related to the determination of lethal doses should be
conducted.

Dye-antibody conjugates

The fluorescence properties of DY-681-IgG conjugates are
more promising than those of the DY-676-IgG conjugates and
other DY-676-antibody conjugates previously studied by us
[44, 56]. For example, DY-676 conjugated to the antibody
fragment arcitumomab directed against the biomarker CEA
exhibited only a @, value of 0.04, which was, however,
sufficient for the highly selective and highly sensitive
monitoring of tumors overexpressing CEA. Whether this is
due to the excellent sensitivity of the imaging device used or
at least partly related to the fact that the spectroscopic
features of this targeted probe measured in solution differ
from the properties of the probe bound to cancer cells
overexpressing CEA is currently being studied by us.
Although being more emissive than conjugated DY-676,
the fluorescence quantum yields of the DY-681-IgG
conjugates in PBS are still lower than the &; value of the
free dye, even at a comparatively low D/P ratio of 1.5
(Fig. 7, bottom). Moreover, the diminution in fluorescence
quantum yield corresponds with an increase of the
absorption intensity of the blurred vibronic shoulder around
620 nm—-660 nm (Fig. 7, top). Such a binding-induced
reduction in emission, typically also in conjunction with the
appearance of an enhanced absorption blue-shifted from the
main absorption band, was reported for other bioanalyti-
cally relevant fluorescent labels including CyS5, CyS5.5, and
the Alexa dyes [29, 30, 56, 58, 61, 62, 64, 65, 73, 74]. In
the case of Cy5 for example, the fluorescence quantum
yield of bioconjugated Cy5 drops to 0.10 for a D/P ratio of
approximately 2 [75] and a 97% drop in fluorescence yield
per Cy5 label has been described for the attachment of 6
dye molecules per IgG [58]. For Cy5.5, a similar behavior
was reported [58]. We tentatively ascribe the IgG-binding-
induced changes in the spectroscopic properties of DY-681
to nonfluorescent H-type dimers, the formation of which
being indicated by the enhanced absorption around
620 nm-660 nm, and to fluorescence resonance energy
transfer between chemically identical dye molecules on the
same protein molecule (homo-FRET) [76, 77]. The non-
emissive nature of these aggregates is underlined by the
following results: First, the spectral shape of the emission
of DY-681 is not affected upon conjugation to IgG and
secondly, the deviations between the fluorescence excita-
tion spectra of IgG-conjugated and nonconjugated DY-681
in the area of the enhanced absorption are increased. To
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derive the exact fluorescence quenching mechanism, further
systematic studies are needed including fluorescence
lifetime measurements and steady-state and time-resolved
measurements of the emission anisotropy of these DY-681-
IgG conjugates, that were beyond the scope of this article.

The comparison of the spectroscopic properties of DY-
681, DY-676, Cy5.5, and ICG in PBS and in PBS/BSA and
the results from the bioconjugation studies of DY-681
suggest that DY-681 is principally well suited as new
fluorescent NIR label, yet its fluorescence quantum yield in
aqueous solution and conjugated to biomolecules needs to
be further enhanced. The most straightforward approach
seems to be here the improvement of its hydrophilicity.
This encouraged us to perform first spectroscopic studies
with the only recently commercialized dye DY-682, shown
in Fig. 8, that contains an additional sulfonate group.

DY-682 exhibits very similar absorption and emission
spectra in PBS as DY-681, yet a promising increase in
fluorescence quantum yield by a factor of approximately 2.
In addition, first labeling experiments with this dye suggest
that the higher &; value of this fluorophore remains upon
bioconjugation.

Conclusions

In summary, with DY-681 differing in substitution pattern
of the benzopyrylium-type end group from previously
studied DY-676, we identified an attractive and compara-
tively inexpensive fluorescent reporter for in vitro and in
vivo fluorescence applications. This difference in substitu-
tion pattern seems to favorably reduce the dye’s aggrega-
tion tendency. DY-681 exhibits 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

Fig. 8 Chemical structure of a new derivative of DY-681, DY-682,
equipped with an additional sulfonate group at the benzopyrylium-

type end group
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ICG. Although its molar absorption coefficient and fluo-
rescence quantum yield in aqueous solution are still lower
than the values obtained for Cy5.5, the thermal stabilities
and cytotoxities of both fluorophores are comparable and,
in the presence of BSA, even the fluorescence quantum
yields. A further improvement of the fluorescence quantum
yield of DY-681 can be expected upon increasing its
hydrophilicity as suggested by first studies of DY-682
containing an extra sulfonate group. These findings present
an important advance toward new and comparatively less
expensive tools of known stability and cytotoxicity for
NIRF imaging. Moreover, these results underline the
importance of known structure-property relationships and
the availability of reliable spectroscopic data for aqueous
solutions and for matrices modeling body fluid for the
choice of optimum fluorophores.
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