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Heterobifunctional Dyes: Highly Fluorescent Linkers Based

on Cyanine Dyes

Virginia Wycisk,™ Katharina Achazi,”
Rainer Haag,” and Kai Licha*®

Herein, we present a new synthetic route to cyanine-based
heterobifunctional dyes and their application as fluorescent
linkers between polymers and biomolecules. The synthesized
compounds, designed in the visible spectral range, are
equipped with two different reactive groups for highly selec-
tive conjugation under physiological conditions. By applying
indolenine precursors with functionalized benzenes, we ach-
ieved water-soluble asymmetric cyanine dyes bearing maleimi-
do and N-hydroxysuccinimidyl functionalities in a three-step
synthesis. Spectroscopic characterization revealed good molar
absorption coefficients and moderate fluorescence quantum
yields. Further reaction with polyethylene glycol yielded dye-

1. Introduction

Cyanine dyes, originally used as photosensitizers,” have at-
tracted much interest because of their application in biomedi-
cal imaging, including in biomolecule labeling,””’ nucleic acid
detection,””’ and cancer imaging.”’ Cyanine dyes have many ad-
vantages over other organic fluorophores owing to their versa-
tility and their broad wavelength tunability. Alteration of the
polymethine chain that connects the two nitrogen centers
allows one to reach practically every wavelength in the visible
to near-infrared spectral region.” Moreover, they are extensive-
ly employed as fluorescent labels owing to their good photo-
stability, high molar absorption coefficients, and moderate
fluorescence quantum yields in aqueous solutions.” Generally,
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polymer conjugates that were subsequently coupled to the an-
tibody cetuximab, often applied in cancer therapy. Successful
coupling was confirmed by mass shifts detected by gel electro-
phoresis. Receptor-binding studies and live-cell imaging re-
vealed that labeling did not alter the biological function. In
sum, we provided a successful synthetic pathway to rigid het-
erobifunctional cyanine dyes that are applicable as fluorescent
linkers, for example, for connecting antibodies with macromo-
lecules. Our approach contributes to the field of bioconju-
gation chemistry, such as antibody-drug conjugates by com-
bining diagnostic and therapeutic approaches.

cyanine dyes are produced by a straightforward and stepwise
synthesis involving condensation of two methylene bases (het-
erocyclic systems) and a polymethine-forming reagent under
basic conditions. Structural diversity is achieved by numerous
pre- and postsynthetic modifications by varying the polyme-
thine chain, meso substituents, substituents on the nitrogen
atom, and heterocyclic substitutions.””

Within the last decade, numerous attempts have been made
to prepare cyanine dyes with improved optical properties;
however, to our knowledge, there is only a limited amount of
publications reporting the incorporation of two reactive func-
tionalities to generate a heterobifunctional dye. In 2006,
Chipon and co-workers published the synthesis of cyanine-
based amino acids for application as heterobifunctional linkers
in DNA sequencing or solid-phase-synthesis techniques.”! The
pentamethine dyes employed amino and carboxyl groups at
the terminal positions of the nitrogen substituents, which al-
lowed subsequent incorporation in a selective solid-phase pep-
tide synthesis. Moreover, a near-IR cyanine dye linker was
modified for use as an improved cancer diagnostic imaging
agent and in therapy monitoring.””’ The heptamethine dye was
equipped with a cell-penetrating peptide at the meso position
and cytotoxic agents at the end of the N substituents. The
connection of a fluorescent dye as a heterobifunctional linker
between a targeting protein or polypeptide and a therapeutic
agent allows simultaneous targeted imaging and cancer thera-
py-

Today, the vast majority of bifunctional linkers are based on
polyethylene glycol (PEG), which is one of the most widely
used biocompatible polymers. PEG is generally used for cova-
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lent attachment to macromolecules, proteins, drugs, and vesi-
cles because of its outstanding properties, which include low
toxicity, good water solubility, and high flexibility."” Upon PE-
Gylation of biomolecules, enhanced solubility and stability as
well as reduced clearance from the body and low immunoge-
nicity are observed."” The attachment of PEG to serum albu-
min has been shown to lead to protection from proteolytic
degradation and, as a result, elongation of its half-life time.l"”
Over the last few years, researchers have concentrated on anti-
bodies and antibody fragments for potential use as therapeutic
agents. PEGylation is a well-established method, because the
local residence time of antibody fragments can be in-
creased."""® Heterobifunctional linkers are also broadly applied
in antibody-drug conjugates. Even though the drug can be di-
rectly attached to the biomolecules, the addition of a linker en-
hances stability and facilitates drug release at the target site."”
Furthermore, immobilization of antibodies is mainly achieved
by heterobifunctional linkers"™ for the analysis, separation, syn-
thesis, and detection of biomolecules."® Antibodies are often
applied in cancer therapy, but for diagnostic approaches, a fluo-
rescent label must be attached for monitoring biodistribution,
which is mainly achieved after linker conjugation. Subsequent
labeling of biomolecules might interfere with the functionality,
and there are usually only a limited number of binding sites. A
fluorescent linker overcomes these problems and can be used
in applications for the simultaneous detection and imaging of
drug and targeting molecules. Introduction of a drug through
a fluorescent linker can also reveal information on the total
amount of active species attached to the biomolecules
through spectroscopic analysis. The functionality of the bio-
molecules is less compromised if the number of chemical
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transformations is reduced. Therefore, bifunctional and fluores-
cent linkers might be valuable for analytics and might be
simultaneously applied in imaging techniques.

Herein, we present an efficient route for the synthesis of cya-
nine-dye-based linkers bearing two different reactive functional
groups. The dyes are equipped with terminal maleimido and
N-hydroxysuccinimidyl (NHS) ester functionalities for highly ef-
ficient biorthogonal cross-linking reactions. Our approach in-
volved the design of dyes in the visible spectral range, each of
them bearing either a sulfonic acid or a defined PEG-10 chain
to prevent aggregation and to improve solubility properties
(Scheme 1). The heterobifunctional dyes were applied in a rep-
resentative bioconjugation approach by using an IgG antibody
and PEG as a polymer to prove their suitability as bifunctional
and fluorescent linkers. By gel electrophoresis, we confirmed
the successful coupling of polymer-dye conjugates to the anti-
body and thereby the increase in the molecular weight as
a result of PEGylation. Confocal laser scanning microscopy
showed the characteristic cell-membrane binding and cellular
uptake, which demonstrated that the approach maintained the
functionality of the antibody.

2. Results and Discussion
2.1. Dye Synthesis

We synthesized cyanine dyes bearing two different functional
groups (maleimides and NHS esters) for their use as fluores-
cent linkers and subsequent conjugation under physiological
conditions. Furthermore, we provided heterobifunctional dyes
in the visible spectral range by using two acroleine derivatives

o
Ho)‘\@é
V/
N
R
1: R = (CH,)4-SOy"
2: R = (PEG)1gOCH; + OMs" Hel
+
O~ A O
H H
3 or 4
6:n=1, R =(CH,),SO0; 10: n =1, R = (CH,)4-SO5"
7:n=2,R=(CHy)4-S05 11: n =2, R =(CH,)4-S03"
8:n =1, R = (PEG);(OCH; + OMs" 12:n=1, R = (PEG);(OCH; + CI
9: n =2, R=(PEG);(OCH; + OMs"| 13: n =2, R = (PEG);,0OCH; + CI

14:n =1, R = (CH,),-SO5
15:n = 2, R = (CH,)4-SO5
16: n = 1, R = (PEG);oOCH; + CI
17:n =2, R = (PEG),qOCH; + CI"

19: n =1, Ry = (CH,)4-SO5"
20: n =2, Ry = (CH,)4-SO05"

21: n =1, R, = (PEG);,OCH, + CI'
22:n =2, Ry = (PEG);,0CH; + CI"

Scheme 1. Synthesis of reactive bifunctional trimethines (n=1) and pentamethines (n=2) with either sulfobutyl or PEG-10 side chains.
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commonly used for cyanine dye synthesis. For the synthesis of
asymmetric dyes, we started from two different benzene-sub-
stituted indolenine precursors that bore either an aromatic
amino or a carboxyl group. Moreover, we prepared dyes with
different alkylation patterns of the nitrogen atom in the indole
moieties. Whereas the amino indolenine precursor was
equipped with a methyl group, the carboxylated indolenine
carried a polar chain to introduce hydrophilicity and to im-
prove aqueous solubility. Alkyl chains carrying sulfonic acids
are generally used to enhance water solubility of a dye and,
moreover, to prevent aggregation as a result of electrostatic
repulsion. Furthermore, polyether units such as PEGs are
known to prevent aggregation by steric shielding. Therefore,
we prepared an alkylated indolenine based on a defined
mPEG-OH with 11 oxyethylene units that was previously mesy-
lated and treated in a microwave system according to pub-
lished work to yield 43% of carboxyindolenine 2. The dye
synthesis was performed by heating a mixture of carboxylated
indolenine precursor 1 or 2 and N,N'-diphenylformamide 3 or
3-anilinoacrolein anil 4 in acetic anhydride. In the second step
of the reaction, the aminoindolenine and sodium acetate were
added, which was followed by the addition of acetic acid; this
accelerated dye formation owing to solubilization of the base.
In the first part of the synthesis, the aromatic amine was acety-
lated by acetic anhydride, which generated N-acetylated indoc-
arbocyanines (ICCs) 6 and 8 and indodicarbocyanines (IDCCs) 7
and 9 in moderate yields ranging from 21 to 49%. The struc-
tures of the ICC and IDCC are based on the well-known Cy3
and Cy5 fluorophores, both of which emit in the visible spec-
tral range. Dyes 6 and 7 carry a sulfobutyl chain, whereas dyes
8 and 9 were alkylated with a PEG-10 chain as described
above. The final step to yield the derivatives with free amino
and carboxylic acid groups required removal of the acetyl pro-
tecting group, which could be accomplished by using aqueous
hydrogen chloride and heating in a microwave system to yield
dyes 10-14 as amino acid derivatives (57-68%). Subsequent
reaction of dye 10 with 3-(maleimido)propionic acid N-hydrox-
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ysuccinimide ester in DMF with increasing temperature did not
yield desired amide-functionalized derivative 14. A possible
reason might be the low reactivity of aromatic amino groups
towards NHS esters. Therefore, we set our focus on more elec-
trophilic acid chlorides. For further reactions, 3-maleimidopro-
pionic acid was treated with thionyl chloride to yield the corre-
sponding acid chloride. Subsequent coupling to dyes 10-13
afforded dyes 14-17 in 55-78% yield. After the successful syn-
thesis of the dyes, we tried to achieve the first step in the link-
ing by introducing a polymer moiety (PEGs, thiol) to the fluo-
rescent linker. Hence, in the next synthetic step, the maleimide
underwent Michael addition with the PEGgg, thiols, which
thereby proved the functionality of the maleimide group. The
reaction was conducted in water by using dyes 14-17 in
excess amounts (2 equiv.) to achieve a nearly quantitative load-
ing. Nonreacted dyes were removed by normal-phase (NP)
column chromatography, size-exclusion chromatography, and
dialysis. '"H NMR spectroscopy confirmed the absence of un-
reacted dye and the formation of the Michael-thiol adducts.
Indeed, the yield for PEGsp,ylated dyes 19-22 was 31-99%,
and a dye loading of nearly one dye per polymer was achieved
(see Table 1 for more details). Compound 20 revealed a low
loading of 0.5 dyes per polymer, which might be due to solu-
bility issues in aqueous solutions. Dye-labeled PEG,p, contain-
ing PEG-10 chains (compounds 21 and 22) were prepared in
moderate yields (31-39%), most likely as a result of purifica-
tion by NP column chromatography, on which the compounds
either decomposed or interacted with the column material.

2.2. Bioconjugation

To prove suitability as cross-linking fluorescent labels, the
newly synthesized dyes were conjugated exemplary to the bio-
molecule cetuximab (ctx), a monoclonal IgG antibody that tar-
gets the epidermal growth factor receptor (EGFR) on tumor
cells. Therefore, derivatives with terminal carboxyl functionali-
ties (see compounds 14-17 and 19-22) were converted into

Table 1. Spectroscopic data of free dyes 14-17 and 19-22 and cetuximab conjugates in PBS.?!

Compd Jabs [NM] Aem [NM] Stokes shift [nm] eM'em™] D, B®! D/P
14 557 580 23 93000 0.028 2604 -

15 655 680 25 127000 0.045 5715 -
16 558 584 26 117000 0.033 3861 -
17 655 678 23 138000 0.062 12696 -
19 560 584 24 - 0.045 - 0.94
20 659 682 23 - 0.061 - 0.5
21 561 586 25 - 0.043 - 0.8
22 658 682 24 - 0.063 - 0.94
ctx-14 561 585 24 - - - 1.5
ctx-15 659 677 18 - - - 1.0
ctx-16 561 587 26 - - - 1.0
ctx-17 659 675 16 - - - 12
ctx-19 562 587 25 - - - 12
ctx-20 660 687 27 - - - 1.2
ctx-21 562 589 27 - - - 12
ctx-22 659 683 24 - - - 0.8

protein ratio. [b] B=¢(\,,) X ;. [c] Dye/polymer ratio.

[a] A,ps: maximum absorption wavelength, 4.,: maximum emission wavelength, e: molar absorption coefficient, @: quantum vyield, B: brightness, D/P: dye/
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their respective NHS esters. For sulfobutyl-alkylated dyes (see
compounds 14, 15, 19, and 20) N,N,N',N'-tetramethyl-O-(N-suc-
cinimidyl)uronium hexafluorophosphate (HSTU) was used,
whereas dyes with defined PEG-10 chains (see compounds 16,
17, 21, and 22) were activated with dicyclohexylcarbodiimide
(DCQ)/N-hydroxysuccimide, which showed better results in pu-
rification by NP chromatography. Corresponding NHS esters
14a-17a were obtained in good yields ranging from 67 to
97 %.

The next step involved labeling of a suited antibody to eluci-
date the optimal pathway of cross-linking bioconjugation. We
applied cetuximab as the antibody owing to our experience in
previous work."7>"® Cetuximab was treated separately with
dyes 14a-17a (2 equiv.), and purification by size-exclusion
chromatography revealed bioconjugates ctx-14 to ctx-17 with
dye/protein ratios (D/P) between 1.0 and 1.5. Subsequent Mi-
chael addition with PEGgp, thiol did not lead to the desired ce-
tuximab conjugates, most likely as a result of the low availabili-
ty of maleimide functionalities on the antibody. However, the
maleimide group functionality was already proven upon conju-
gating the dyes to the PEGs, thiols before bioconjugation
(see dye synthesis part). Therefore, we decided to prepare dye-
labeled polymers first followed by activation of the carboxylic
acids. The corresponding NHS esters were prepared by using
the above-described methods in yields of 57 to 91% after pu-
rification by size-exclusion or column chromatography. Activat-
ed esters of dye-labeled PEGy,, 19a-22a were conjugated
with cetuximab as described above and were additionally puri-
fied by affinity chromatography to remove unbound dye-la-
beled polymers. The absence of free dye was confirmed by gel
electrophoresis (see Figure 528 in the Supporting Information).

2.3. Spectroscopic Characterization

Upon comparing solutions of the ICC derivatives bearing
amine versus amide functionalities, a color change in the solu-
tion from dark purple to pink is visible, whereas dark-blue solu-
tions are observed at every step of the synthesis for the IDCC
derivatives. The absorption spectra of amino-functionalized
dyes 10-13 reveal a broad band with the absence of the char-
acteristic shoulder at A=520 nm for the ICCs and at A=
620 nm for the IDCCs. The effect is even more pronounced for
ICC derivatives 10 and 12. The absorption spectra of IDCC
dyes 11 and 13 also reveal a broad band, but the characteristic
shoulder is observed. Functionalization of the amine group
into an amide group results in narrow bands for all cyanine de-
rivatives, which exhibit spectra with typical bands for the
short-wavelength dimer and the main monomer. Figure 1 illus-
trates the absorption spectra of amine-functionalized dyes 10-
13 and those of corresponding amide derivatives 14-17 bear-
ing the maleimido group. Furthermore, the absorption spectra
of dye-labeled PEGs, conjugates 19-22 are also added to
each plot. The absorption spectra reveal a slight increase in
the dimer band for the PEGg,p, labeled with sulfodyes, whereas
the other derivatives show similar spectra before and after
polymer conjugation. Moreover, the absorption spectra in four
different solvents [water, phosphate-buffered saline (PBS),
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Figure 1. Absorption spectra of dyes 10-17 and 19-22 in PBS solution.

DMSO, and methanol] reveal only a slight influence of solvent
polarity (Figure S26). The spectra of amido-functionalized dyes
14-17 and 19-22 show fewer differences in line shape, where-
as the absorption spectra of amino dyes 10-13 reveal broader
bands, particularly for DMSO. Furthermore, all spectra recorded
in DMSO show a slight bathochromic shift relative to those re-
corded in methanol or aqueous solutions. Dyes with sulfobutyl
alkylation have spectra similar to those of their respective dyes
comprising PEG-10 chains. Table 1 summarizes all of the spec-
troscopic data obtained for dyes 14-17 and 19-22 and the ce-
tuximab conjugates. The absorption spectra reveal batho-
chromically maxima that are shifted by approximately 10 nm
for the ICC and IDCC derivatives relative to the spectra of pub-
lished cyanine dyes with similar constitutions.”

Furthermore, the new bifunctional dyes exhibit molar ab-
sorption coefficients (¢) in the range of 90000 to
140000 M~ cm™', which are lower than those of common cya-
nine dyes. ICC derivatives 14 and 16 reveal smaller ¢ values
than the IDCC derivatives, whereas dyes alkylated with PEG-10
chains generally exhibit the largest ¢ values. The newly synthe-
sized cyanine dyes also show moderate quantum yields (@)
between 3 and 6%. The values were determined from the ab-
solute fluorescence quantum yield measurements. For compar-
ison, a sulfo-ICC dye was used, and it revealed a @; value of
4.9%. Trimethine (ICC) dyes are generally known for their low
quantum vyields, whereas pentamethine (IDCC) dyes exhibit
larger @; values.”'"*™ However, in 1989 Mujumdar et al. re-
ported the synthesis of cyanine dyes with aromatic amide
functionalities and observed similar ¢ and @; values for the
dyes investigated.”” Comparing dyes alkylated with sulfobutyl
and PEG-10, no differences between the ICC derivatives are ob-
served. Comparing dyes conjugated with PEGgp, with their
parent dyes, an increase in @; might be noted, but the differ-
ence between them is very small.

2.4. Biological Characterization

Biological evaluation of the newly synthesized labels conjugat-
ed to cetuximab and subsequently purified was conducted by
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surface plasmon resonance (SPR), gel electrophoresis, and cel-
lular uptake studies by confocal laser scanning microscopy
(cLSM). Retained functionality of the dye-labeled antibodies
was proven by SPR, and similar affinity constants were re-
vealed for all tested bioconjugates ctx-14 to ctx-17 and ctx-
19 to ctx-22 (see Table S1 and S2). Additionally, gel electro-
phoresis under reducing conditions, that is sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), con-
firmed the absence of free dye and the covalent coupling to
the light and heavy chains of cetuximab on a 13% polyacryl-
amide gel (see Figure S28). Furthermore, separation on a 10%
polyacrylamide gel clearly revealed shifted bands of higher
molecular weight (+ 5 kDa) for PEGylated conjugates ctx-19 to
ctx-22 relative to unlabeled cetuximab and antibodies labeled
only with dyes 14-17 (see Figure 2). A mass shift of approxi-

170
130
100

12 345 67 8 910

b__cy3 O

12 3 456178 910

Figure 2. SDS-PAGE of cetuximab conjugates ctx-14 (lane 1), ctx-19 (lane 2),
ctx-16 (lane 3), ctx-21 (lane 4), free ctx (lane 5), ctx-15 (lane 6) ctx-20

(lane 7), ctx-17 (lane 8) ctx-22 (lane 9), and protein marker (lane 10). The
images in panels a and b were obtained under reducing conditions and
show the heavy and light antibody chains (black arrows) and respective
shifts (white arrows) of Coomassie-stained gel (a) and Cy3/Cy5 fluorescence
(b), respectively.

mately 5 kDa was observed for the heavy and light chains of
cetuximab. Those results confirm the functionality of new dyes
as suitable bifunctional and fluorescent linkers between poly-
mers and antibodies, here exemplified with a typical IgG anti-
body and a PEGgp, polymer. We also recorded images of live
cells treated with ctx conjugates by using cLSM for the confir-
mation of antibody functionality and cellular uptake. EGFR-pos-
itive A431 cells were incubated with ctx conjugates for 3 h fol-
lowed by a washing step. Live-cell images were recorded and
revealed characteristic cell-membrane binding for all conju-
gates tested as well as an accumulation inside cellular com-
partments (see Figure 3). This is consistent with EGFR expres-
sion at the cell surface and internalization upon receptor bind-
ing. Considering the amount of dye conjugated (see D/P ratios
in Table 1), all conjugates revealed comparable emission inten-
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Figure 3. Live-cell images of A431 cells incubated for 3 h with ctx conju-
gates: a) ctx-14, b) ctx-15, c) ctx-16, and d) ctx-17. PEG;,,ylated conju-
gates: e) ctx-19, f) ctx-20, g) ctx-21, and h) ctx-22. The nucleus was strain-
ed with Hoechst (blue). ICC is shown in red and IDCC in green. Scale bars
equal 25 um.

sities. Bioconjugates bearing PEGg,, showed cell-membrane
binding as well as signal accumulation inside the cells. The low
EGFR-expressing A549 cell line was used as a control®” and re-
vealed, as expected, less membrane staining and uptake of an-
tibody conjugates (see Figure S29). We successfully confirmed
the functionality of the new dyes as labels for biological appli-
cation as well as the possibility to combine polymers and anti-
bodies by fluorescent linkers.

3. Conclusions

We synthesized four bifunctional dyes, each bearing two differ-
ent functional groups for biorthogonal reactions under physio-
logical conditions. Asymmetric dyes were prepared from ben-
zene-substituted indolenine precursors. Through additional
modifications, we were able to introduce reactive maleimido
and N-hydroxysuccinimidyl (NHS) ester functionalities for che-
moselective reactions with thiols and amines, respectively. In
summary, four dyes were produced including two different
wavelength ranges, Cy3 and Cy5, each of which were designed
with different N-alkylation strategies, sulfonic acid and defined
polyethylene glycol (PEG)-10 chains. The sulfonic acid moiety
increased the hydrophilicity, whereas the defined PEG-10
groups suppressed aggregation and provided flexible solubility
in many solvents. Spectroscopic characterization revealed
broad absorption bands for amino-substituted dyes. The bands
narrowed upon conversion into the amide. Maxima were bath-
ochromically shifted relative to known cyanine dyes, whereas
moderate values of the molar absorption coefficients and fluo-
rescence quantum yields up to 140000m~"'cm™' and 0.06, re-
spectively, were revealed, and these values are comparable to
those of other previously reported cyanine dyes.”” Subsequent
Michael addition of PEGs, thiols yielded polymer conjugates
without inducing aggregation. By successful conversion into
NHS esters and bioconjugation with cetuximab, we afforded
conjugates with dye/protein ratios between 0.8 and 1.5. Gel
electrophoresis confirmed the successful functionalization of
the antibodies with dye-labeled PEG;p, by revealing a mass
shift of about 5 kDa, whereas receptor binding studies by sur-
face plasmon resonance proved the biofunctionality of the la-
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beled antibodies. Finally, confocal microscopy of living A431
cells demonstrated membrane targeting to epidermal growth
factor receptor (EGFR)-positive cells and cellular uptake of ce-
tuximab conjugates. These new heterobifunctional labels,
which can be used as fluorescent linkers, yielded bioconju-
gates on the basis of one single synthetic manipulation of the
biomolecules. This strategy is promising for future applications
to enable the detection and imaging of more defined conju-
gates. With respect to a theranostic approach, a targeting
moiety can be combined with a second effector molecule
(drug) through a fluorescent dye to realize an additional read-
out.

Experimental Section
Materials and Methods

All solvents and chemicals were commercially purchased from
ABCR, Acros Organics, Fluka, Merck, Sigma-Aldrich, ThermoFisher
Scientific, or VWR and were used as received unless otherwise
stated. m-dPEG11-OH was acquired from Quanta BioDesign Ltd.,
and MeO-PEGgp,-SH was purchased from Iris Biotech GmbH. HSTU
was bought from Carbolution, and indolenine 5 was purchased
from Toronto Research. Erbitux was purchased from Merck Serono,
and cetuximab was isolated by ultracentrifugation and lyophiliza-
tion. Synthesized cyanine dyes were purified by preparative HPLC
on a high-pressure gradient system (stainless steel) equipped with
dual Shimadzu LC-8A pumps, a Shimadzu CBM-20A controller,
a variable wavelength UV detector from Knauer, and a Rheodyne
injector with a 10 mL sample loop. The stationary phase was a pre-
packed RP-18 column (RSC-Gel, 5 pum, 20x250 mm) from RSC
(Reinhardshagen, Germany). HPLC runs were performed with
a total flow rate of 20 mLmin~" by applying a gradient from 10 to
100% MeOH with UV detection at =550 or 650 nm. Purification
of lipophilic dyes was done by automated flash chromatography
with a Combi Flash R+ (Teledyne ISCO) on normal (silica gel,
30 um) phase. Dialysis was performed with membranes of regener-
ated cellulose [molecular weight cut-off (MWCO): 1000 or
2000 gmol~"] purchased from Carl Roth. Pure dyes were dried with
a Virtis Benchtop K 20K XL, and size-exclusion chromatography
was conducted on prepacked Sephadex columns (NAP-25, Sepha-
dex G-25 DNA) or on a glass column (30x 2.5 cm) filled with Sepha-
dex G-50 superfine (Sigma-Aldrich) using PBS as solvent. Sensitive
substances were shaken in a Bioshake iQ, and centrifugation was
conducted with a Universal 32 from Hettich. Reactions in a micro-
wave were performed in a Biotage Initiator+. All sample weights
were taken with a Precisa XB120A, and for thin-layer chromatogra-
phy (TLC), silica gel 60 RP-18 F,5,S plates were used for reverse-
phase analysis and silica gel 60 F,;, for normal-phase analysis.
"HNMR and "CNMR spectra were measured with a JEOL ECX,
a Bruker AVANCE Il 500, or a Bruker AVANCE Ill 700 spectrometer.
Mass spectra were obtained by electrospray with an Agilent 6210
ESI-TOF spectrometer or by matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS) with
a Bruker Ultrafex II.

Absorption and Fluorescence Measurements

Samples for absorption and fluorescence measurements were dis-
solved in Millipore water or PBS solution (3 mm KCl, 140 mm Nadl,
0.01m Na,HPO,7H,0 in 500 mL distilled water). All absorption
spectra were acquired with a PerkinElmer LAMBDA 950 UV/VIS/NIR
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spectrometer by using disposable cuvettes from Brand, and fluo-
rescence spectra were recorded with a Fluorolog 3 fluorometer
(Horiba Jobin Yvon). Absolute fluorescence quantum yields were
calculated from previously recorded fluorescence spectra with an
integrating sphere (80 mm diameter, handmade). Slit widths were
set to 2 nm (excitation) and 0.7 nm (emission). ICC dyes were excit-
ed at 1=540 nm, whereas IDCCs were excited at A=640 nm and
the integration time was set to 4 s. For the determination of @y, in-
tegrated fluorescence of the sample and solvent were determined
to achieve the number of emitted (546-750 nm for ICC and 646-
790 nm for IDCC, step size: 2 nm) and absorbed (536-545 nm for
ICC and 636-645 nm for IDCC, step size: 0.2 nm) photons. The
light intensity was reduced by a neutral density filter (10% trans-
mission) for the determination of absorbed photons. The amount
of dyes conjugated to polymers was estimated from the dye’s ab-
sorption maximum in a 5um conjugate solution by using the
molar absorption coefficient of the corresponding free dye.”?

Synthesis of Indolenine Precursors

Indolenine 2: A mixture of 2,3,3-trimethyl-3H-indole-5-carboxylic
acid (0.526 g, 2.587 mmol) and previously mesylated m-dPEG11-
OH"! (2 g, 3.363 mmol) in acetonitrile (4 mL) was added to a 2-
5mL reaction vial, and the mixture was heated in a microwave
system to 160°C for 2 h. The solvent was removed under vacuum,
and the residue was purified by automated column chromatogra-
phy (CH,Cl,/methanol), which afforded compound 2 (0.896 g, 43 %)
as a brown oil. Yield: . "H NMR (400 MHz, [D,Jmethanol): 6 =8.40 (s,
1H), 8.31 (d, J=8.5Hz, TH), 8.02 (d, /=8.5Hz, 1H), 4.82 (t, J=4 Hz,
2H), 4.02 (t, J=49Hz 2H), 3.70-3.40 (m, 43H), 2.69 (s, 3H),
1.67 ppm (s, 6H); HRMS: m/z: calcd for CisHgNO,5™: 702.4059;
found: 702.4144.

Synthesis of Dye Labels

Acetylated dye 6: 4-(5-Carboxy-2,3,3-trimethyl-3H-indol-1-ium-1-yl)-
butane-1-sulfonate (1; 346 mg, 1.019 mmol) and N,N'-diphenylfor-
mamide 3 (200 mg, 1.019 mmol) were dissolved in acetic anhy-
dride (16 mL), and the mixture was heated to 100°C for 30 min. A
mixture of 1,3,3-trimethyl-2-methyleneindolin-5-amine (192 mg,
1.019 mmol) and sodium acetate (251 mg, 3.057 mmol) dissolved
in acetic anhydride (8 mL) was added to the solution, which was
followed by the addition of acetic acid (728 uL). The solution was
stirred at 100°C for 1 h before the solvent was removed under
vacuum and the residue was precipitated in diethyl ether. The resi-
due was purified by RP-HPLC (water/methanol), and dye 6
(260 mg, 44%) was obtained as a red solid. '"H NMR (400 MHz,
[D,Jmethanol): 6=8.51 (t, J=13.5 Hz, 1H), 8.10-8.03 (m, 2H), 7.84
(d, J=2.0Hz, 1H), 7.56 (dd, /=8.6, 2.0 Hz, 1H), 7.32 (d, /=8.7 Hz,
2H), 6.48 (d, J=13.4 Hz, 2H), 4.16 (t, J=8 Hz, 2H), 3.69 (s, 3H), 2.93
(t, J=6.4Hz, 2H), 2.15 (s, 3H), 2.07-1.93 (m, 4H), 1.77 (s, 6H),
1.76 ppm (s, 6H); HRMS: m/z: calcd for C3;H3,N;NaO4S*: 602.2303;
found: 602.2295.

Acetylated dye 7: According to the procedure outlined for dye 6,
4-(5-carboxy-2,3,3-trimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate
(1, 90 mg, 0.266 mmol) was treated with aniline acroleine anil 4
(59 mg, 0.266 mmol) to afford dye 7 as a blue solid (78 mg, 49 %).
'H NMR (500 MHz, [D,Jmethanol): 6 =8.22 (q, J=13.5 Hz, 2H), 8.08-
7.99 (m, 2H), 7.81 (d, J=2.1 Hz, 1H), 7.54 (dd, /=8.6, 2.1 Hz, 1H),
7.27 (dd, J=14.6, 8.4 Hz, 2H), 6.65 (t, J=12.4 Hz, 1H), 6.31 (dd, J=
13.7, 5.1 Hz, 2H), 4.11 (t, J=6.1 Hz, 2H), 3.64 (s, 3H), 291 (t, J=
4.6 Hz, 2H), 2.15 (s, 3H), 1.99-1.94 (m, J=3.4 Hz, 4H), 1.73 ppm (s,
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13H); HRMS: m/z: calcd for Ci3HigNsNaOS™: 628.2452; found:
628.2683.

Acetylated dye 8: Indolenine 2 (0.376 mmol) and N,N'-diphenylfor-
mamide 3 (0.376 mmol) were dissolved in acetic anhydride
(6.7 mL), and the mixture was heated to 100°C for 30 min. A mix-
ture of 1,3,3-trimethyl-2-methyleneindolin-5-amine (0.376 mmol)
and sodium acetate (1.128 mmol) dissolved in acetic anhydride
(3.3 mL) was added to the solution, which was followed by the ad-
dition of acetic acid (310 uL). The solution was stirred at 100°C for
1 h before the solvent was removed under vacuum. The residue
was purified by automated column chromatography (CH,Cl,/meth-
anol) to afford dye 8 as a red solid (29.8 mg, 21%); 'H NMR
(500 MHz, [D,Jmethanol): 6 =8.56 (t, J=13.4 Hz, 1H), 8.20-8.07 (m
2H), 7.96 (d, J=2.1Hz, 1H), 7.57 (dd, J=8.6, 2.1 Hz, 1H), 7.43 (d,
J=8.4Hz, 2H), 6.54 (t, J=14.1 Hz, 2H), 4.38 (t, J=5.3 Hz, 2H), 3.94
(t, J=5.1 Hz, 2H), 3.77 (s, 3H), 3.66-3.53 (s, 40H), 3.51 (s, 3H), 2.72
(s, 3H), 2.19 (s, 3H), 1.82 (s, 6H), 1.80 ppm (s, 6H); HRMS: m/z:
caled for C5oH,6N;0,,: 942.5322; found: 942.5529.

Acetylated dye 9: According to the procedure outlined for dye 8,
indolenine 2 (0.376 mmol) was treated with aniline acroleine anil 4
(0.376 mmol) to afford dye 9 as a blue solid (113 mg, 31%).
'H NMR (500 MHz, [D,Jmethanol): 6=8.29 (t, J=14.2, TH), 8.19 (t,
J=13.1Hz, TH), 8.08-8.00 (m, 2H), 7.91 (d, J=2.0Hz, 1H), 7.55
(dd, J=8.5, 20 Hz, TH), 7.39 (d, J=8.6 Hz, TH), 7.29 (d, J/=8.4 Hz,
1H), 6.65 (t, J=12.5Hz, 1H), 6.47 (d, J=14.2Hz, 1H), 6.28 (d, J=
13.2 Hz, 1H), 4.26 (t, J=5.3 Hz, 2H), 3.87 (t, J=5.2 Hz, 3H), 3.73 (s,
3H), 3.68-3.52 (m, 40H), 3.51 (s, 3H), 2.70 (s, 9H), 2.16 (s, 3H),
1.82-1.70 ppm (m, 12H). HRMS: m/z: calcd for Cs,H,gN;O,7:
968.5478; found: 968.5472.

Amino acid derivative 10: Dye 6 (103.5 mg, 0.179 mmol) was dis-
solved in 2N HCI (20 mL, 40 mmol) and heated to reflux for 2 h.
The solvent was removed under vacuum, and toluene was added
to coevaporate HCl. The residue was purified by RP-HPLC (water/
methanol) to afford dye 10 (61.5 mg, 64%) as a dark-purple solid.
"H NMR (400 MHz, [D,Jmethanol): 6=8.49 (t, J=13.6 Hz, 1H), 8.16-
8.10 (m, 3H), 7.39 (t, J=8.1 Hz, 2H), 7.22 (d, J/=2.0Hz, 1H), 7.13
(dd, J=8.3, 2.1 Hz, 1H), 6.57 (d, J/=10.8Hz, 1H), 649 (d, J=
13.1 Hz, 1H), 4.16 (t, J=8 Hz, 2H), 3.73 (s, 3H), 2.92 (t, J/=6.8 Hz,
2H), 2.01-1.91 (m, 4H), 1.78 (s, 6H), 1.77 ppm (s, 7H); HRMS: m/z:
calcd for C,oH35sN;NaOsS *: 560.2190; found: 560.2189.

Amino acid derivative 11: A solution of dye 7 (50 mg, 0.083 mmol)
in acetonitrile (2mL) and 2N HCl (2 mL, 4 mmol) was added to
a 2-5 mL reaction vial, and the mixture was heated in a microwave
system to 100 °C for 2 h. The solvent was removed under vacuum,
and toluene was added to coevaporate HCl. The residue was puri-
fied by RP-HPLC (water/methanol), and dye 11 (31.7 mg, 68 %) was
afforded as a blue solid. '"H NMR (400 MHz, [D,Jmethanol): 6 =8.12
(dd, J=14.3, 11.9 Hz, 1H), 8.03-7.93 (m, 3H), 7.17 (d, /=8.5Hz,
1H), 7.10 (d, J/=8.2Hz, 1H), 6.84 (d, J=2.2Hz, 1H), 6.73 (dd, J=
8.5, 2.2 Hz, TH), 6.57 (t, J=124Hz, 1H), 6.39 (d, /=143 Hz, 1H),
6.09 (d, J=13.1 Hz, 1H), 3.98 (t, J/=7.4 Hz, 2H), 3.68 (s, 3H), 2.89 (t,
J=6.0 Hz, 2H), 1.99-1.87 (m, 4H), 1.69 ppm (s, 12H); HRMS: m/z:
caled for C34H;3gN;055*: 564.2527; found: 564.2512.

Amino acid derivative 12: A solution of dye 8 (73.7mg,
0.078 mmol) in acetonitrile (2.5 mL) and 2~ HCl (2.5 mL, 5 mmol)
was poured into a 2-5mL reaction vial, and the mixture was
heated in a microwave system to 100°C for 2 h. The solvent was
removed under vacuum, and toluene was added to coevaporate
HCl. The residue was purified by automated column chromatogra-
phy (CH,Cl,/methanol) to yield dye 12 (45.7 mg, 65%) as a dark-
purple solid. '"HNMR (500 MHz, [D,Jmethanol): 6=841 (t, J=
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13.5 Hz, 1H), 8.08-8.01 (m, 2H), 7.32 (d, J=8.7Hz, 1H), 7.24 (d, J=
8.6 Hz, 1H), 6.89 (d, J=22Hz 1H), 6.78 (dd, /=8.5, 2.2 Hz, 1H),
6.52 (d, J=14.0 Hz, 1H), 6.37 (d, J/=12.8 Hz, 1H), 428 (t, J=5.2 Hz,
2H), 3.90 (t, J=5.1 Hz, 2H), 3.75 (s, 3H), 3.67-3.52 (m, 40H), 3.51 (s,
3H), 2.73 (s, 2H), 1.78 (s, 6H), 175 ppm (s, 6H); HRMS: m/z: calcd
for CygH,4N;0,57: 900.5216; found: 900.5246.

Amino acid derivative 13: According to the procedure outlined for
amino acid derivative 12, dye 9 (113 mg) afforded dye 13 (61.6 mg,
57%) as a blue solid. '"H NMR (500 MHz, [D,Jmethanol): 0=8.14
(dd, J=14.6, 11.7 Hz, 1H), 8.07-7.92 (m, 3H), 7.25 (d, J=8.5Hz,
1H), 7.16 (d, /=83 Hz, 1H), 6.86 (d, J=2.2Hz, 1H), 6.76 (dd, J=
8.5, 2.2 Hz, TH), 6.58 (t, J=12.5Hz, 1H), 6.51 (d, J/=14.5Hz, 1H),
6.11 (d, /=129 Hz, 1H), 416 (t, /=53 Hz, 2H), 3.84 (t, J=5.3 Hz,
2H), 3.75 (s, 3H), 3.65-3.53 (m, 40H), 3.52 (s, 3H), 2.71 (s, TH),
1.71 ppm (s, 12H); HRMS: m/z: calcd for CsoH,6N;057: 926.5373;
found: 926.5363.

Maleimide derivative 14: A mixture of dye 10 (33.3mg,
0.123 mmol),  3-maleimidopropionic acid chloride (105 mg,
0.560 mmol), and iPr,NEt (32 pL, 0.186 mmol) in DMF (3 mL) was
stirred at 50°C for 1 h. The mixture was precipitated in diethyl
ether, and the residue was purified by RP-HPLC (water/methanol)
to afford dye 14 (32.3 mg, 75%) as a red solid. 'H NMR (400 MHz,
[D,Jmethanol): 6=8.52 (t, J=13.5Hz, 1H), 8.11 (dd, J=6.5, 1.8 Hz,
2H), 7.88 (d, J=2.0Hz, 1H), 7.50 (dd, J=8.7, 2.0 Hz, 1H), 7.38 (t,
J=82Hz 2H), 6.83 (s, 2H), 6.57 (d, J=13.9Hz, 1H), 6.49 (d, J=
129 Hz, 1H), 415 (t, J=7.1 Hz, 2H), 3.89 (t, J=6.9 Hz, 2H), 3.74 (s,
3H), 291 (t, J=6.7 Hz, 2H), 2.74-2.64 (t, J=8 Hz, 2H), 2.06-1.91
(m, 5H), 1.78 (s, 6H), 1.76 ppm (s, 6H); “CNMR (176 MHz,
[D,Jmethanol): 6 =177.56, 174.96, 172.20, 171.38, 169.25, 151.88,
147.39, 143.24, 14192, 139.94, 138.67, 135.53, 13247, 128.54,
124.65, 121.65, 115.71, 113.18, 111.58, 106.03, 103.90, 51.60, 51.20,
49.52, 44.89, 36.56, 35.26, 32.28, 28.46, 27.98, 26.92, 23.47 ppm;
HRMS: m/z: calcd for C3H,oN,NaOgS™: 711.2459; found: 711.2487.

Maleimide derivative 15: A mixture of dye 11 (45.4mg,
0.08 mmol), 3-maleimidopropionic acid chloride (75.5 mg,
0.402 mmol), and iPr,NEt (41.4 uL, 0.240 mmol) was dissolved in di-
methylacetamide (3 mL), and the mixture was stirred at 50°C for
3 h. The mixture was precipitated in diethyl ether, and the residue
was purified by RP-HPLC (water/methanol) to give dye 15
(31.7 mg, 55%) as a blue solid. '"H NMR (700 MHz, [DJDMSO): 6 =
10.25 (s, 1H), 8.33 (t, J=13.3 Hz, 1H), 8.23 (t, J=12.6 Hz, 1H), 8.06
(s, TH), 7.93 (s, TH), 7.91 (d, J/=3.5Hz, 1H), 748 (d, /=9.1 Hz, 1H),
744 (d, J=84Hz, 1H), 7.34 (d, /=83 Hz, 1H), 7.03 (s, 2H), 6.57 (t,
J=119Hz1H), 6.43 (d, J=14 Hz, 1H), 6.24 (d, J/=13.3 Hz, TH), 4.02
(s, 2H), 3.71 (t, J=7 Hz, 2H), 3.68 (s, 3H), 2.61 (t, /=7 Hz, 2H),
1.76-1.72 (m, 4H), 1.67 (s, 6H), 1.66 ppm (s, 6H); CNMR
(176 MHz, [D¢]DMSO): 6 =174.87, 170.78, 169.71, 168.58, 167.02,
154.53, 152.10, 146.23, 142.15, 140.57, 137.91, 137.44, 134.62,
130.53, 126.20, 125.41, 123.21, 119.31, 113.52, 11236, 109.72,
105.90, 102.39, 50.67, 49.63, 47.70, 42.97, 34.99, 33.79, 31.81, 27.31,
26.73, 25.65, 22.46 ppm; HRMS: m/z: calcd for CygH,,N,NaOgS™:
737.2616; found: 737.2647.

Maleimide derivative 16: A mixture of dye 12 (41.2mg,
0.046 mmol), 3-maleimidopropionic acid chloride (43.1 mg,
0.230 mmol), and iPr,NEt (23.4 uL, 0.138 mmol) was dissolved in
DMF (1.6 mL), and the mixture was stirred at 50 °C for 2 h. The sol-
vent was removed under vacuum, and the residue was purified by
automated column chromatography (CH,Cl,/methanol) to give dye
16 (27.8 mg, 57%). 'HNMR (700 MHz, [D,Jmethanol): 6=8.54 (t,
J=13.4Hz, 1H), 8.13-8.07 (m, 2H), 7.90 (d, J=2.1Hz, 1H), 7.52
(dd, J=8.6, 20 Hz, 1H), 741 (m, 2H), 6.84 (s, 2H), 6.55 (d, J=
13.8 Hz, 1H), 6.52 (d, J/=13.2 Hz, 1H), 436 (t, J=5.1 Hz, 2H), 3.92
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(t, J=5.0Hz, 2H), 3.89 (t, J=6.9 Hz, 2H), 3.75 (s, 3H), 3.64-3.47 (m,
45H), 2.70 (t, J=7.0Hz, 2H), 1.80 (s, 6H), 1.78 ppm (s, 6H);
BCNMR (176 MHz, [D,Jmethanol): 6=177.57, 175.60, 172.20,
171.38, 169.10, 151.76, 148.05, 143.23, 141.73, 139.86, 138.79,
135.54, 13220, 128.16, 124.53, 121.65, 115.68, 113.32, 112.34,
105.96, 104.35, 72.94, 72.08, 71.51, 69.07, 51.23, 49.88, 45.69, 36.53,
35.23, 32.43, 28.56, 27.98 ppm; HRMS: m/z: calcd for CssH,oN,Oq67™:
1051.5486; found: 1051.5565.

Maleimide derivative 17: A mixture of dye 13 (51.4mg,
0.055 mmol), 3-maleimidopropionic acid chloride (31 mg,
0.165 mmol), and iPr,NEt (28 uL, 0.165 mmol) was dissolved in
CH,Cl, (4 mL), and the mixture was stirred at RT for 2 h. The sol-
vent was removed under vacuum, and the residue was purified by
automated column chromatography (CH,Cl,/methanol) to give dye
17 (46.1mg, 78%) as a blue solid. 'WNMR (700 MHz,
[D,methanol): =8.27 (t, J=13.3 Hz, 1H), 8.20 (t, J=13.0 Hz, 1H),
8.04-8.03 (d, J/=9.1 Hz, 1H), 8.02 (s, 1H), 7.84 (d, J=2.1Hz, 1H),
7.51 (dd, J=8.5, 2.1 Hz, 1H), 735 (d, J=9.1Hz, 1H), 727 (d, J=
8.3 Hz, 1H), 6.84 (s, 2H), 6.65 (t, J=12.4Hz, 1H), 6.43 (d, J=13.0,
1H), 6.30 (d, J=13.4 Hz, 1H), 427 (t, J=5.3 Hz, 2H), 3.90-3.87 (m,
4H), 3.71 (s, 3H), 3.65-3.52 (m, 40H), 3.51 (s, 3H), 2.69 (t, J=6.9 Hz,
2H), 174 (s, 6H), 1.73ppm (s, 6H); CNMR (176 MHz,
[DJmethanol): 6=176.87, 173.13, 172.23, 171.38, 171.18, 156.00,
153.84, 147.60, 143.74, 141.78, 140.02, 138.45, 135.54, 131.81,
129.86, 127.51, 124.29, 121.53, 115.68, 112.99, 111.29, 106.67,
104.45, 72.88, 72.13, 71.39, 69.14, 59.11, 51.27, 49.56, 45.25, 36.56,
35.26, 32.23, 28.24, 27.59 ppm; HRMS: m/z: calcd for Cg;HgN,O46*:
1077.5642; found: 1077.5646.

PEGsp. conjugate 19: MeO-PEGg,p,-SH 18 (20 mg, 4.0 umol) and
dye 14 (5.6 mg, 8.0 umol) were dissolved in water (500 puL), and the
mixture was stirred at RT overnight. The solvent was removed
under vacuum, and the crude product was purified by Sephadex
columns (G-50, eluent: water) and dialysis (MWCO: 1000 gmol ',
solvent: water) to give dye 19 (20 mg, 91%) as a red solid. "H NMR
(700 MHz, [D,Jmethanol): 6 =8.55 (t, J/=13.4 Hz, 1H), 8.12 (s, 2H),
7.92 (s, 1H), 7.58 (d, J=8.4Hz, 1H), 7.40 (dd, J=8.5, 4.3 Hz, 2H),
6.59 (d, J=13.6 Hz, 1H), 6.53 (d, J=13.1 Hz, 1H), 4.20 (t, /=7.4 Hz,
2H), 4.10 (dd, J=9.0, 3.9 Hz, 1H), 3.96-3.88 (4H), 3.81-3.50 (s, dye:
N-CHs;, PEG: OCH,, O-CH,), 3.27 (dd, J=18.7, 9.2 Hz, 2H), 3.08 (dt,
J=12.7, 59Hz, 1H), 295 (t, J=6.8Hz, 2H), 2.83 (dt, J=13.2,
6.1 Hz, 1H), 2.74 (t, J=7.1 Hz, 2H), 2.60 (dd, J=18.5, 3.9 Hz, TH),
2.12-1.94 (m, 4H), 1.82 (s, 6H), 1.81 ppm (s, 6H); MS (MALDI-TOF):
m/z: 5668.668.

PEGsp, conjugate 20: According to the procedure outlined for
PEG;p, conjugate 19, dye 15 gave dye 20 (23 mg, 99%) as a blue
solid. "H NMR (700 MHz, [D,Jmethanol): 6 =8.22 (q, J=13.3 Hz, 1H),
8.08-7.97 (m, 1H), 7.83 (s, 1H), 7.55-7.51 (m, 1H), 7.29 (d, J=
8.5Hz, 1H), 7.26 (d, J=8.2Hz, 1H), 6.67 (t, J=12.4 Hz, OH), 6.37-
6.26 (m, 2H), 4.12 (s, 2H), 3.95-3.45 (m, dye: N-CH,, PEG: OCH,, O-
CH,), 3.26-3.18 (m, 2H), 3.05 (dt, J/=12.7, 6.0 Hz, 1H), 2.95-2.87 (m,
2H), 2.79 (dt, J=14.1, 6.1 Hz, 1H), 2.70 (t, J=7.3 Hz, 2H), 2.61-2.52
(m, 1H), 1.98 (m, J=3.6 Hz, 4H), 1.73 ppm (s, 12H).); MS (MALDI-
TOF): m/z: 5737.27.

PEGsp, conjugate 21: MeO-PEGg,-SH 18 (19 mg, 3.8 umol) and
dye 16 (8 mg, 7.6 umol) were dissolved in water (500 pL), and the
mixture was stirred at RT overnight. The solvent was removed
under vacuum, and the crude product was purified by automated
column chromatography (CH,Cl,/methanol) and dialysis (MWCO:
2000 gmol~', solvent: water). Lyophilization yielded dye 21 (9 mg,
39%) as a red solid. '"H NMR (700 MHz, [D,Jmethanol): 6=8.54 (t,
J=13.4Hz, 1H), 8.10-8.05 (m, 1H), 8.06-8.02 (m, 1H), 7.87 (d, J=
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2.0 Hz, 1H), 7.60-7.53 (m, 1H), 7.36 (d, J=8.6 Hz, 1H), 7.34 (d, J=
84 Hz, 1H), 6.51 (d, J=13.4Hz, 1H), 6.46 (d, J=13.7 Hz, 1H), 437
(t, J=5.2Hz, 2H), 4.08-3.97 (m, 1H) 3.93 (t, J=5.3 Hz, 2H), 3.91-
3.53 (m, dye: N-CHs;, PEG: OCH,, O-CH;), 3.15-3.12 (m, 1H), 3.09-
3.03 (m, 2H), 2.84-2.77 (m, 1H), 2.71 (t, J=7.1 Hz, 2H), 2.58-2.55
(m, TH), 1.79 (s, 6H), 1.78 ppm (s, 6H); MS (MALDI-TOF): m/z:
5815.17.

PEG;,p, conjugate 22: According to the procedure outlined for
PEG;,p, conjugate 21, dye 17 gave dye 22 (7.4 mg, 31%) as a blue
solid. '"H NMR (700 MHz, [D,Jmethanol): 6 =8.55 (s, TH), 8.26-8.21
(m, 2H), 8.02 (s, TH), 8.00 (s, 1H), 7.84 (s, 1H), 7.59-7.48 (m, 1H),
7.31 (d, J=85Hz, 1H), 7.26 (d, J=8.2 Hz, 1H), 6.62 (t, J=12.4 Hz,
1H), 6.35 (dd, J=13.7, 43 Hz, 2H), 431 (s, 1H), 4.08-4.06 (m, 1H)
3.93-3.84 (m, 4H), 3.77-3.51 (m, dye: N-CH;, PEG: OCH,, O-CH;),
3.27-3.20 (m, 3H), 3.08-3.04 (m, 1H), 2.85-2.78 (m, 2H), 2.70 (t, J=
7.1 Hz, 3H), 2.57 (dd, J/=16.6, 5.5 Hz, 1H), 1.75 (s, 8H), 1.74 ppm (s,
7H); MS (MALDI-TOF): m/z: 5840.393.

NHS ester 14a: A mixture of dye 14 (20 mg, 0.029 mmol), HSTU
(16 mg, 0.044 mmol), and iPr,NEt (8 uL, 0.044 mmol) in DMF
(555 ub) was stirred at RT overnight. The crude product was pre-
cipitated in diethyl ether and centrifuged, and dye 14a (22 mg,
96%) was obtained as a red solid. '"H NMR (400 MHz, [D4]DMSO):
0=10.28 (s, 1H), 8.30 (t, J/=13.3Hz, 1H), 8.23 (d, J=1.7 Hz, 1H),
8.13 (d, J=8.5Hz, 1H), 7.86 (s, 1H), 7.61-7.53 (m, 3H), 7.04 (s, 2H),
6.70 (d, J=13.8 Hz, TH), 6.53 (d, J/=13.7 Hz, 1H), 4.08 (s, 2H), 3.75
(s, 3H), 3.73-3.71 (m, 2H), 2.91 (s, 4H), 1.81-1.76 (m, 4H), 1.73 (s,
6H), 1.69 ppm (s, 6H); HRMS: m/z: calcd for C,H,sNsNaO,S™:
808.2631; found: 808.2680.

NHS ester 15a: According to the procedure outlined for NHS ester
144, dye 15 (8.5 mg) gave dye 15a (10.1 mg, 97 %) as a blue solid.
'HNMR (500 MHz, [D¢g]DMSO): 6=10.26 (s, 1H), 8.38 (t, J=14 Hz,
1H), 8.23 (t, J=13.0 Hz, 1H), 8.19 (s, 1H), 8.06 (dd, /=84, 1.8 Hz,
1H), 7.95 (s, 1H), 7.52 (d, J=8.6 Hz, 1H), 7.47 (dd, J=8.7, 1.8 Hz,
1H), 7.42 (d, J=8.6 Hz, 1H), 7.04 (s, 2H), 6.64 (t, J=12.4Hz, TH),
6.58 (d, J=14.5 Hz, 1H), 6.26 (d, J=13.1 Hz, TH), 4.00 (s, 2H), 3.77-
3.69 (m, 5H), 3.73 (s, 2H), 2.91 (s, 4H), 2.64-2.61 (m, 2H), 1.76-1.72
(m, 4H), 1.71 (s, 6H), 1.68 ppm (s, 6H); HRMS: m/z: calcd for
CuoHasNsNaO,,ST: 834.2779; found: 834.2793.

NHS ester 16a: A mixture of dye 16 (23.8 mg, 0.023 mmol), N-hy-
droxysuccimide (7.9 mg, 0.069 mmol), and DCC (14.2 mg,
0.069 mmol) in CH,Cl, (1.5 mL) was stirred at RT overnight. The
crude product was purified by automated column chromatography
(CH,Cl,/methanol) to afford dye 16a (18.2 mg, 67 %) as a red solid.
'HNMR (500 MHz, [D]chloroform): 6=10.91 (s, 1H), 8.22 (s, TH),
834 (t, J=13.1, 1H), 827 (d, J=19Hz, 1H), 815 (dd, /=85,
1.7 Hz, 1H), 8.01 (d, J=1.7 Hz, 2H), 7.87 (d, /=10 Hz, 1H), 7.28 (s,
1H), 7.01 (d, J=8.6 Hz, TH), 6.89 (d, J/=13.7 Hz, TH), 6.73-6.69 (m
1H), 6.67 (s, 2H), 4.29 (s, 2H), 3.91 (t, J=7.0 Hz, 2H), 3.94-3.90(m,
5H), 3.64-3.51 (m, 45H), 2.99-2.93 (m, 6H), 1.74 (s, 6H), 1.69 ppm
(s, 6H); HRMS: m/z: caled for CsoHg,NsO;57: 1148.5727; found:
1148.5727.

NHS ester 17 a: According to the procedure outlined for NHS ester
16a, dye 17 (14.7 mg) gave dye 17a (11.9mg, 69%) as a blue
solid. "H NMR (500 MHz, [Dlchloroform): 6=11.03 (s, 1H), 8.22 (s,
1H), 8.10 (dd, /=8.3, 1.8 Hz, 1H), 8.01-7.87 (m, 3H), 7.76 (t, J=
13.0 Hz, 1H), 7.10 (dd, J=8.8, 3.7 Hz, 2H), 6.67 (s, 2H), 6.65-6.53
(m, 2H), 6.01 (d, J=12.7 Hz, 1H), 4.09 (s, 2H), 3.91 (t, J=7.0 Hz,
2H), 3.82 (s, 5H), 3.67-3.49 (m, 45H), 3.00-2.88 (m, 6H), 1.72 (s,
6H), 1.66 ppm (s, 6H); HRMS: m/z: caled for CgHgNsOp™:
1174.5806; found: 1174.5945.
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NHS ester 19a: HSTU (0.6 mg, 1.583 umol) from a stock solution in
DMF (6 mgmL™") and iPr,NEt (0.5 L, 1.583 umol) were added to
a solution of dye 19 (6 mg, 1.055 umol) in DMF (460 uL). The mix-
ture was stirred at RT overnight. The solvent was removed under
vacuum, and the crude product was purified by Sephadex columns
(NAP-25, Amersham; eluent: water). After lyophilizing, dye 19a
(3.5 mg, 57%) was obtained as a red solid. MS (MALDI-TOF): m/z:
5749.21.

NHS ester 20a: According to the procedure outlined for NHS ester
194, dye 20 (10 mg) gave dye 20a (9.3 mg, 91%) as a blue solid.
MS (MALDI-TOF): m/z: 5596.130.

NHS ester 21a: N-Hydroxysuccimide (0.52 mg, 4.5 umol) and DCC
(0.93 mg, 4.5umol) from stock solutions in DMF (5.6 and
6.4 mgmL~", respectively) were added to a solution of dye 21
(18 mg, 3 umol) in DMF (762.5 pL), and the mixture was stirred at
RT overnight. The solvent was removed under vacuum, and the
residue was purified by automated column chromatography
(CH,Cl,/methanol) to give dye 21a (11.4 mg, 62%) as a red solid.
MS (MALDI-TOF): m/z: 5905.82.

NHS ester 22a: According to the procedure outlined for NHS ester
21a, dye 22 (10 mg) gave dye 22a (6.4 mg, 63%) as a blue solid.
MS (MALDI-TOF): m/z: 6020.26.

Preparation of Bioconjugates

NHS ester 14a-17a or 19a-22a from a stock solution in PBS (0.4-
3.8 mgmL") was added to a solution of cetuximab (41 um) in PBS
(pH 7.4) by using a molar excess of the reactive dye (2-8 molecular
equivalents). The mixture was gently shaken at RT overnight. Purifi-
cation of ctx-14 to ctx-17 was performed with Sephadex columns
and PBS as eluent, whereas conjugates ctx-19 to ctx-22 were ad-
ditionally purified by affinity chromatography by using the follow-
ing procedure. Reaction solutions of ctx conjugates were passed
once over 0.5 mL protein A plus agarose columns (Pierce) equili-
brated with PBS (20 mm sodium phosphate, 150 mm NaCl, pH 8.0).
The columns were further washed with 5 mL each of PBS, PBS high
salt (1 m NacCl), PBS Tween 20 (0.5%), and once again with PBS. Elu-
tion of column-bound conjugates was done with 1.6 mL elution
buffer (0.1m glycine, pH 3.0), whereas the eluates were dropped
into 0.4 mL of neutralization solution (1wm Tris, pH 9.0). Eluates
were further concentrated and desalted on an Amicon Ultra-30K fil-
tration devices (Millipore) by five repeating steps of centrifugation
(Megafuge 2R, Thermo Scientific) at 3000xg and refilled to 4 mL
PBS. Absence of free dye was confirmed by thin-layer chromatog-
raphy (RP-C18 TLC) and SDS-PAGE. The D/P ratio of dye-cetuximab
conjugates was calculated by using the absorption maximum
method.”?* Protein concentration of cetuximab was calculated by
measuring the absorbance at A =280 nm by using extinction coef-
ficients estimated by the Expasy Protparam tool for ctx.

SPR Binding Studies

Experiments were performed with a Biacore X100 device (GE
Healthcare, Freiburg, Germany). A carboxymethylated dextran chip
(CM5-Chip, GE Healthcare, Freiburg, Germany) was fully coupled
on Fc2 with EGF-R Fc-chimera (R&D Systems, Wiesbaden-Norden-
stadt, Germany) by using the amine coupling strategy [1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide], HBS-EP
[10 mMm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
pH7.4, 150 mm NaCl, 3 mm ethylenediaminetetraacetic acid
(EDTA) and 0.005% v/v surfactant P20] as a running buffer and ace-
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tate pH 4.5 as sample buffer for the ligand. The response level
reached for Fc2 was about 4900-5100 RU. Bevacizumab (Avastin,
Roche/Genentech) was coupled to Fc1 as a nonbinding control
and reached around 15000-22000 RU (see Tables S1 and S2). Affin-
ities were measured by using a kinetic titration series (single cycle
kinetics) at 25°C, in which five ascending concentrations of ctx
conjugates were injected consecutively for 120 s at 30 uLmin~"' fol-
lowed by a dissociation time of 600 s and two short pulses of 20 s
10 mm glycin HCI pH 2.5 to regenerate the sensor surface. There-
fore, conjugates were diluted in running buffer (HBS-EP) at concen-
trations of 1000, 100, 10, 1, and 0.1 nm. The signal of the Bevacizu-
mab treated flow cell was subtracted from the binding signal. Ad-
ditionally, blank injects of running buffer were also subtracted
(double referencing) for each run. Measurements were done in
triplicate. Sensorgrams were analyzed by plotting the analyte con-
centration against the binding signal at the end of injection. The
resulting isotherm was fitted to obtain the equilibrium dissocation
constants (Kp) between the antibody and its receptor using the
steady-state model.

Cell Studies

For confocal laser scanning microscopy, the epithelial human
cancer cell line A431 (DSMZ No. ACC 91) and the human lung car-
cinoma epithelial cell line A549 (DSMZ No. ACC 107) were routinely
propagated in Dulbecco’s modified Eagle’s medium (DMEM), with
2% glutamine, penicillin/streptomycin (all from Gibco BRL, Eggen-
stein, Germany), and 10% fetal calf serum (FCS, Biochrom AG,
Berlin, Germany) at 37 °C with 5% CO, and were subcultured twice
a week. For confocal microscopy, 27000 cells were seeded in each
well of a p-Slides 8 Well (ibidi GmbH, Martinsried, Germany) and
were cultured at 37°C for 24 h. Thereafter, dye-labeled test sub-
stances were added to the cells at a final concentration of 1 pum.
Confocal images were taken with an inverted confocal laser scan-
ning microscope Leica DMI6000CSB SP8 (Leica, Wetzlar, Germany)
with a 63x/1.4 HC PL APO CS2 oil immersion objective at 37°C
using the manufacture given LAS X software. Images of different
groups were acquired with the same laser and detector settings by
using the Leica LAS AF software. The fluorescence detection was
performed sequentially for each channel set with the acousto opti-
cal beam splitter between 1 =570 and 648 nm for the ICC dye and
between 1=650 and 749 nm for IDCC dyes. ICC was excited using
the 1=561 nm diode-pumped solid-state laser line, whereas IDCC
dyes were excited with a A =633 nm HeNe laser.
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