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A near-infrared fluorogenic dimer enables
background-free imaging of endogenous GPCRs in
living micef
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Fluorescent probes are commonly used in studying G protein-coupled receptors in living cells; however
their application to the whole animal receptor imaging is still challenging. To address this problem, we
report the design and the synthesis of the first near-infrared emitting fluorogenic dimer with

environment-sensitive folding. Due to the formation of non-fluorescent H-aggregates in an aqueous
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apolar environment and exceptional brightness: 56% quantum yield and =444 000 M~ em~? extinction

DOI: 10.1035/d0sc01018a coefficient. Grafted on a ligand of the oxytocin receptor, it allows the unprecedented background-free
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Introduction

G protein-coupled receptors (GPCRs) are the largest family of
the transmembrane receptors in humans. GPCRs are involved
in virtually all aspects of human physiology in health and
disease.* Not surprisingly, GPCRs are molecular targets of more
than 30% of currently available drugs on the market.> Each
member of the GPCR family has a unique tissue-dependent
expression and localization pattern which is crucial for play-
ing its physiological and physiopathological roles. Therefore, to
correlate the expression level of GPCRs to a disease, it is crucial
to access their spatial distribution at the cell and also the
organismal levels.

Regarding the whole-organism molecular imaging tech-
niques, fluorescence-based contrast agents emit non-ionizing
radiation and have longer shelf lifetime compared with
radioisotope-based probes. Moreover, the fluorescence
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and target-specific imaging of the naturally expressed receptor in living mice.

properties of organic dyes can be modulated in a wide range by
chemical modifications.* Although fluorescent probes are
readily used in studying GPCRs in living cells,*® the whole
animal fluorescence imaging of receptors is still in its infancy. A
few reports have been focused on the imaging of transgenic
GPCRs in living mice. For instance, Ma et al.® imaged the a1-AR
receptor in a xenograft model using a far-red dye-ligand
conjugate. More recently, Alcobia et al. used the B2-adrenergic
receptor fused to the bioluminescent reporter NanoLuc
enabling the detection of the receptor-ligand binding by
BRET." However, to the best of our knowledge, no example of
fluorescence imaging of endogenous GPCRs has been reported
in mice, mostly due to the low expression level of many
endogenous GPCRs and the lack of appropriate fluorescent
probes.

Ideally, a fluorescent probe for the in vivo imaging of
endogenous GPCRs should meet the following requirements:
(1) high affinity and selectivity for its target; (2) absorption and
emission of the probe in the near-infrared (NIR) region, which is
an optical window minimizing the light scattering and
absorption in tissues and blood to enhance tissue penetra-
tion;"*** and (3) a fluorogenic character to “turn on” its fluo-
rescence after binding to the target receptor to ensure a high
signal-to-noise ratio. Fluorogenic dyes have been successfully
used for background-free detection and imaging of various
analytes,"* " and have been developed by us for the detection of
ligand-GPCR binding in living cells."”*® Of particular interest
are probes operating by the self-quenching mechanism, where
closely connected dyes undergo proximal orbital overlap and
form non-emissive H-aggregates, which turn on their emission
after target recognition or enzymatic cleavage.'*** Recently, we

This journal is © The Royal Society of Chemistry 2020
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have reported the concept of fluorogenic squaraine dimers with
environment-sensitive folding which allowed for the visualiza-
tion of GPCRs in living cells under no-wash conditions with
a high signal-to-noise ratio.”® In an aqueous medium, the
formation of the dimer of the H-aggregate type resulted in
complete fluorescence quenching of the probe. In contrast,
once bound to the receptor, the fluorophores were exposed to
the hydrophobic environment of the biomembrane, which led
to dissociation of the dimer and recovery of fluorescence.
Although the squaraine dimer is a powerful tool for receptor
labelling in living cells, it displays absorption and emission in
the far-red region which is not optimal for the in vivo imaging.

Here, based on the dimer concept, we developed a NIR flu-
orogenic probe with unprecedented brightness allowing for the
first time the background-free detection of an endogenous
GPCR, the oxytocin receptor (OTR), in living mice. The OTR is
known to be involved in the modulation of complex social
behavior such as social recognition, attachment, empathy, and
trust,* and is proposed as a potential therapeutic target for the
treatment of the autistic spectrum disorders.>® In mice, the OTR
is highly expressed in the uterus during pregnancy and in the
mammary glands during late pregnancy and lactation.*
However, direct in vivo optical imaging of this receptor and
GPCRs in general has remained a challenge so far.

Results and discussion

The key element in the design of the NIR fluorogenic dimer
probe for the OTR is the choice of the fluorophore. In addition
to operating in the NIR window (700-950 nm), the fluorophore
should be bright, photostable and sufficiently water-soluble.
For this purpose, we designed and synthesized an original
cyanine derivative 2 (Cy5.5) decorated with a PEGS8 chain
(Scheme 1 and the ESIf), which is intended to compensate for
the lipophilic character of the dye and to avoid non-specific
interactions.'**?”

The construct bearing two fluorophore copies and the OTR
ligand was built using PEG linker 1, presenting two amino
groups and an alkyne moiety (Scheme 1). PEG units were
selected to ensure enough flexibility to the linker in order to
facilitate the formation of intramolecular aggregates between
both dyes and to improve the water solubility of the probe. The
alkyne was introduced by performing the synthesis of 1 on
SPOrT resin, developed previously by our group,*® using a Fmoc/
tBu approach and HBTU/HOBt activation. First, two PEG2 units
were assembled using the Fmoc-NH-PEG2-COOH amino acid,
which was obtained as described by Soriano, et al.*® Then, the
Fmoc-1-Lys(Fmoc)-OH amino acid was introduced to create the
bifurcation. Finally, the chain was elongated with another PEG2
unit, and the terminal Fmoc protecting groups were removed.
The resulting dimeric chain 1 was cleaved from the solid phase
in a mixture of TFA/H,O/TIS 95/2.5/2.5 (v/v) and isolated by
semi-preparative HPLC. Under these acidic conditions, the
alkyne moiety was found to be fully stable. The introduction of
the fluorophore 2 was then performed in solution using PyBOP
in situ activation, yielding the NIR dimer dCy5.5-PEG. The dye
was coupled in solution to avoid the use of an excess of the
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Scheme 1 Synthesis of the NIR fluorogenic dimer dCy5.5-PEG and the
monomer mCy5.5-PEG. Conditions: (a) piperidine/DMF, (b) Fmoc—NH-
PEG2-COOH, HBTU, HOBt, DIPEA, DMF, (c) Fmoc—L-Lys(Fmoc)-OH,
HBTU, HOBt, DIPEA, DMF, (d) TFA/TIS/H,O, and (e) 2, PyBOP, DIPEA,
DMF.

costly fluorophore usually required by solid-phase reactions and
to preserve the dye from potential degradations during the final
solid-phase acidic cleavage step. In a similar way, by skipping
the introduction of Fmoc-1-Lys(Fmoc)-OH, the monomeric PEG
chain was synthesized and coupled to the fluorophore 2 to yield
mCy5.5-PEG (Scheme 1).

To characterize the fluorogenicity resulting from the dimer-
ization of NIR cyanine, the absorption and fluorescence proper-
ties of the dimer dCy5.5-PEG and the monomer mCy5.5-PEG were
evaluated in solvents of different polarities. Both the dimer and
the monomer were highly fluorescent in organic solvents, with
fluorescence quantum yields (QY) ranging from 26 to 59% (Table
1) and the fluorescence maxima situated around 710 nm.
However, in contrast to the monomer mCy5.5-PEG which was
fluorescent in water and PBS (QY = 22% and 21%, respectively),
the fluorescence in the aqueous medium of the dimer dCy5.5-
PEG was almost negligible (QY = 0.4% in water and 0.3% in PBS).

Chem. Sci., 2020, 11, 6824-6829 | 6825
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Table 1 Photophysical properties of mCy5.5-PEG and dCy5.5-PEG

mCy5.5-PEG dCy5.5-PEG
Solvent Aabsy NN Aem, NP QY% Aaps, NM? Aoy, N’ QY%
1,4-Dioxane 689 712 59 689 718 28
DMF 686 709 50 685 709 56
EtOH 686 709 34 686 710 26
MeOH 681 705 32 682 705 26
Water 679 700 22 629 700 0.4
PBS 679 700 21 629 700 0.3

“ position of the absorption maximum. ? Position of the emission
maximum. ¢ Fluorescence quantum yield.

Although the absorption spectrum of the dimer in MeOH
was identical to that of the monomer having the maximum at
682 nm, its absorption spectrum in water presented a blue-
shifted maximum at 629 nm and a long-wavelength shoulder.
This new band can be assigned to the non-fluorescent intra-
molecular dimer of the H-aggregate type, which is highly
favored in an aqueous medium.?® Indeed, the intramolecular H-
aggregate in dCy5.5-PEG quickly disappeared upon the addition
of MeOH to water, which resulted in the shift of the absorption
maximum to 682 nm (Fig. 1B) and the recovery of the fluores-
cence (Fig. 1C). As a consequence, dCy5.5-PEG presented
excellent fluorogenic properties, with up to 140-fold higher QY
in organic solvents than in water (Fig. 1D). For comparison, the
monomer mCy5.5-PEG is characterized by only <2.7-fold
difference in QY between water and organic solvents. As the
absorption spectrum of dCy5.5-PEG in the open form (in
MeOH) is the same as that of the cyanine 2 (Fig. S3, ESIT), the
extinction coefficient of the dimer should be ca. double that of
the monomer. The extinction coefficient for the cyanine 2 was
measured to be 222 000 M~! ecm™' in MeOH, which allows
estimation of the extinction coefficient for the dimer dCy5.5-
PEG: 222000 M™' em™ x 2 = 444 000 M~ ' cm™'. Then,
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Fig. 1 Spectroscopic properties of monomeric and dimeric Cy5.5
derivatives: (A) absorption spectra of mCy5.5-PEG in MeOH and water.
Absorption (B) and fluorescence (C) spectra of dCy5.5-PEG in water—
MeOH mixtures. (D) Ratio of QY in organic solvents to that in water for
mCy5.5-PEG and dCy5.5-PEG.
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given its strong QY (56% in DMF), dCy5.5-PEG is, to the best of
our knowledge, one of the brightest fluorogenic NIR dyes re-
ported to date.

Being encouraged by the strong fluorogenicity of the Cy5.5
dimer, we envisaged its grafting to a ligand targeting the OTR
(Fig. 2). Recently, we demonstrated that carbetocin (CBT),
a peptidic ligand for the OTR, could be modified with bulky
fluorophores with or without PEG chains at position 8 while
preserving the binding properties for its receptor.” In order to
link CBT to the fluorogenic dimer, we performed the synthesis
of the azide derivative of CBT, Lys(N3)-CBT, on a solid-phase by
introducing Fmoc-1-Lys(N3)-OH at position 8. Finally, the
conjugation between dCy5.5-PEG and Lys(N3)-CBT was per-
formed by copper(i)-catalyzed azide alkyne -cycloaddition
(CuAAC) click chemistry in solution, and the conjugate dCy5.5-
PEG-CBT was isolated by semi-preparative HPLC. In a similar
manner, by coupling mCy5.5-PEG to Lys(N3)-CBT, the mono-
meric conjugate mCy5.5-PEG-CBT was obtained.

To address the capacity of the NIR fluorogenic dimer dCy5.5-
PEG-CBT to detect the OTR in living cells, we performed
confocal microscopy experiments under no-wash conditions on
HEK 293 cells overexpressing the OTR fused to GFP. As shown
in Fig. 3, the addition of as low as a 10 nM solution of dCy5.5-
PEG-CBT revealed the OTR at the cell membrane. The compe-
tition experiment performed in the presence of a large excess of
the unlabeled CBT ligand did not reveal any fluorescence
membrane staining, demonstrating the absence of non-specific
interactions of dCy5.5-PEG-CBT with cell membranes and its
specific binding to the OTR. The specificity of the probe for the
receptor was also confirmed by confocal microscopy experi-
ments on HEK 293 cells which do not express the OTR. As
shown in Fig. S4,7 no membrane staining was observed with
dCy5.5-PEG-CBT, in the presence or absence of CBT.

To highlight the advantage of using fluorogenic dyes in
biological sensing, the OTR imaging was performed either in
the presence of fluorogenic dCy5.5-PEG-CBT or non-
fluorogenic mCy5.5-PEG-CBT at a 500 nM concentration
under no-wash conditions. The excess of unbound non-
fluorogenic mCy5.5-PEG-CBT was highly fluorescent in
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Fig. 2 Structures of the conjugates of the NIR fluorogenic dimer and
the corresponding monomer with the carbetocin ligand.
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Fig. 3 Confocal microscopy studies of dCy5.5-PEG-CBT and
mCy5.5-PEG-CBT on living HEK 293 cells expressing OTR-GFP fusion
under no-wash conditions. Cells were incubated with the ligands for
5 min at room temperature prior to the imaging. Excitation/emission
wavelengths: 488 nm/500-550 nm for GFP and 635 nm/680-750 nm
for Cyanine 5.5.

aqueous solution, creating a strong background (Fig. 3). In
sharp contrast, the background of the image with dCy5.5-PEG-
CBT remained completely dark, probably because in solution
the dimeric probe existed in the form of the non-fluorescent H-
aggregate.

The ultimate challenge was to visualize the endogenous
OTR on a lactating mouse model using the new probe. dCy5.5-
PEG-CBT (7.5 nmol) was injected by a tail intravenous (i.v.)
route in lactating Swiss mice 11 days after delivery. After
30 min, the mice were imaged in a small animal living imaging
system. As shown in Fig. 4A, strong fluorescence in mammary
glands was detected, with a practically negligible off-target
signal, except for the liver, the organ expected to accumulate
the injected dyes.

Noteworthily, no toxicity was observed even after seven days
post-injection of the probe. To demonstrate the specific label-
ling of the OTR, dCy5.5-PEG-CBT was injected in the presence
of a 60-fold excess of non-fluorescent CBT (Fig. 4B). In this case,
only the liver of the mice was fluorescent, leaving the mammary
glands non-labelled. The absence of mammary gland labelling
was also observed in naive mice (Fig. 4C), which is not expected
to overexpress the oxytocin GPCR in the gland region. Finally,
the administration of the monomeric probe mCy5.5-PEG-CBT
resulted in a strong off-target fluorescence, which can be seen in
the image (Fig. 4D) using the equivalent intensity scale

} dCy5.5-PEG-CBT | dCy5.5-PEG-CBT + CBT I dCy5.5-PEG-CBT I mCy5.5-PEG-CBT ‘

Fig.4 Invivoimages of lactating (A, B and D) or naive (C) mice injected
i.v. with 7.5 nmol of dCy5.5-PEG-CBT (A and C), 7.5 nmol of dCy5.5-
PEG-CBT and 450 nmol of CBT (B) or 7.5 nmol of mCy5.5-PEG-CBT
(D) 30 min prior to the imaging. Representative images of at least 3
biological replicates.
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(maximum value of this scale is 20-fold larger than the
minimum value). These results highlight the advantage of using
a fluorogenic dimer probe to increase the signal-to-noise ratio
for the in vivo imaging.

Conclusions

In conclusion, based on the concept of fluorogenic dimers with
environment-sensitive folding, we developed a bright fluoro-
genic NIR probe allowing the specific, background-free and
unprecedented imaging of the endogenous OTR in living mice.
We anticipate that this concept can be readily implemented for
other GPCRs and other NIR dyes, which therefore opens up
fascinating perspectives of non-invasive and non-ionizing
fluorescence cartography of GPCRs in living animals.

Experimental section
Chemical synthesis

Lys(N3)-CBT. The synthesis was performed on Fmoc Rink
Amide AM resin (0.21 mmol, loading 0.7 mmol g, 300 mg).
The cleavage of Fmoc protecting groups was performed in 20%
piperidine in DMF (5 mL; 2 times for 15 min). Fmoc-protected
amino acids were coupled in DMF (5 mL) for 45 min using
HBTU (3.8 equiv.) and HOBt (4 equiv.) with DIEA (12 equiv.) as
activating agents, except for the introduction of Fmoc-
Cys(Mmt)-OH (5 equiv.) which was carried out using HATU
(4.9 equiv.) with tetramethylpiperidine (10 equiv.) in DMF (5
mL) for 45 min. 4-Bromobutyric acid (5 equiv.) was introduced
using DIC (5 equiv.) and HOBt (5 equiv.) in DMF (5 mL) for 24
hours. To remove the cysteine Mmt protecting group the
peptide was treated with TFA/TIS/DCM 1/5/94 (v/v/v; 12 mL; 7
times for 2 min). The removal of Mmt was monitored by
analytical RP-HPLC. The intramolecular cyclisation was per-
formed in 1.4 M NH; in MeOH/THF 1/4 (v/v, 5 mL) for 4 hours
at room temperature. The peptide was cleaved from the resin
by TFA/H,O/TIS 95/2.5/5.5 (v/v/v; 15 mL) treatment for 3 hours
at room temperature. The filtrate was added dropwise to
120 mL of cold Et,0, centrifuged for 5 min at 3000 rpm at 4 °C.
The solvent was removed, and the solid was washed once with
cold Et,O, which was then removed by centrifugation for
5 min at 3000 rpm at 4 °C and decantation. The crude peptide
was dried and purified by semi-preparative RP-HPLC using
a linear gradient (10% to 60% in 30 min) of solvent B in
solvent A, affording Lys(N3)-CBT (60 mg, 28%) as a white
solid. tg = 11.04 min (>95% purity [220.8 nm]); HRMS (ESI)
calc. for CysHggNi4,NaO,S (M + Nal'): 1051.4760; found:
1051.4776.

Dimeric PEG chain 1. The synthesis was performed on SPOrT
resin (0.12 mmol, loading 0.6 mmol g~ *, 200 mg). The cleavage
of Fmoc protecting groups was performed in 20% piperidine in
DMF (2 mL; 2 times for 20 min). Fmoc-NH-PEG2-COOH (2
equiv.) was introduced in DMF (2 mL) for 45 min using HBTU
(1.9 equiv.) and HOBt (2 equiv.) with DIEA (6 equiv.) as acti-
vating agents. Fmoc-Lys(Fmoc)-OH (4 equiv.) was introduced
in DMF (2 mL) for 45 min using HBTU (3.8 equiv.), HOBt (4
equiv.) and DIEA (12 equiv.). The dimeric chain was cleaved

Chem. Sci., 2020, 1, 6824-6829 | 6827
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from the resin by TFA/H,O/TIS 95/2.5/2.5 (v/v/v) treatment for 3
hours at room temperature. The filtrate was precipitated with
cold Et,O, centrifuged for 5 min at 3000 rpm at 4 °C and the
solvent was removed by decantation. The residue was washed
with cold Et,O and centrifuged one more time and the solvent
was removed by decantation. The crude product was dried and
purified by semi-preparative RP-HPLC using a linear gradient
(0% to 30% in 40 min) of solvent B in solvent A to obtain the
dimeric PEG chain 1 (20 mg, 23%) as a brown oil. ¢z = 5.51 min
(>95% purity [220.8 nm]); MS (ESI): calc. for C5,HogN;,045 ([M +
2H]**/2) 588.35; found 588.35.

Monomeric PEG chain 3. The monomeric chain was
synthesized on a SPOrT resin (0.060 mmol, loading 0.6 mmol
g™', 100 mg). The cleavage of Fmoc protecting groups was
performed in 20% piperidine in DMF (0.5 mL; 2 times for 20
min). Fmoc-NH-PEG2-COOH (2 equiv.) was introduced in DMF
(0.5 mL) for 45 min using HBTU (1.9 equiv.) and HOBt (2 equiv.)
with DIEA (6 equiv.) as activating agents. The monomeric chain
was cleaved from the resin by TFA/H,O/TIS 95/2.5/2.5 (v/v/v)
treatment for 3 hours at room temperature. The filtrate was
precipitated with cold Et,O and centrifuged for 5 min at
3000 rpm at 4 °C and the solvent was removed by decantation.
The residue was washed with cold Et,O and centrifuged one
more time and the solvent was removed by decantation. The
crude product was dried and purified by semi-preparative RP-
HPLC using a linear gradient (0% to 30% in 40 min) of
solvent B in solvent A to obtain the monomeric PEG chain 3
(13.3 mg, 24%) as a brown oil. tg = 5.48 min (>95% purity [220.8
nm]); MS (ESI): cale. for C3qHgeNgOy3 (M + 2H]*/2) 409.24;
found 409.24.

dCy5.5-PEG. Pegylated cyanine 2 (1.9 equiv., 13 mg, 0.012
mmol) and the dimeric PEG chain 1 (1 equiv., 9 mg, 0.006
mmol) were solubilized in 262 uL of dry DMF. PyBOP (2 equiv.,
6.66 mg, 0.012 mmol) and DIEA (6 equiv., 6.36 pL, 0.0385 mmol)
were added to the mixture. The reaction mixture was stirred for
1 hour at room temperature. The crude product was purified by
semi-preparative RP-HPLC using a linear gradient (15% to 60%
in 30 min) of solvent B in solvent A to obtain dCy5.5-PEG (16 mg,
77%) as a blue solid. tg = 14.71 min (>95% purity [220.8 nm]);
MS (ESI): calc. for Cyg4H41N16036 (M + HJ**/3) 1003.58; found
1003.58.

mCy5.5-PEG. Pegylated cyanine 2 (1.2 equiv., 9.59 mg, 0.009
mmol) and the monomeric PEG chain 3 (1 equiv., 7 mg, 0.008
mmol) were solubilized in 308 pL of dry DMF. PyBOP (1.2 equiv.,
4.7 mg, 0.009 mmol) and DIEA (6 equiv., 7.46 pL, 0.045 mmol)
were added and the reaction mixture was stirred for 1 hour at
room temperature. The crude product was purified by semi-
preparative RP-HPLC using a linear gradient (15% to 60% in
30 min) of solvent B in solvent A to obtain the desired product
(8.1 mg, 58%) as a blue solid. tg = 13.15 min (>95% purity [220.8
nm]); MS (ESI): calc. for CoyHi35N100,, (M + HJ*'/2) 867.50;
found 867.50.

dCy5.5-PEG-CBT. CuSO, (1 equiv., 2.04 pumol, 20.4 pL of
0.1 M aqueous solution), sodium ascorbate (1.2 equiv., 2.44
pmol, 24.4 uL of 0.1 M aqueous solution) and TBTA (1.2 equiv.,
2.44 pmol, 24.4 pL of 0.1 M DMF solution) were pre-activated for
20 min at room temperature in a total volume of water/DMF 2/8
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(v/v) of 70 pL. Lys(N3)-CBT (1.2 equiv., 2.44 pmol, 2.52 mg) and
dCy5.5-PEG (1 equiv., 2.04 pmol, 6.6 mg) were added to the
mixture followed by 700 pL of water/DMF 2/8 (v/v). The reaction
mixture was stirred for 3 hours at 37 °C. The crude product was
purified by semi-preparative RP-HPLC using a linear gradient
(20% to 70% in 30 min) of solvent B in solvent A to obtain the
desired product (3.5 mg, 40%) as a blue solid. tx = 14.2 min
(>95% purity [220.8 nm]); HRMS (ESI) calc. for CypoH309N30048S
(M + HP*'/3): 1346,4127; found: 1346.4097.

mCy5.5-PEG-CBT. CuSO, (1 equiv., 3.25 umol, 32.5 pL of
0.1 M aqueous solution), sodium ascorbate (1.2 equiv., 3.9
pumol, 39 puL of 0.1 M aqueous solution) and TBTA (1.2 equiv., 3.9
umol, 39 pL of 0.1 M DMF solution) were pre-activated for
20 min at room temperature in a total volume of water/DMF 2/8
(v/v) of 100 uL. Lys(N3)-CBT (1.2 equiv., 3.9 pmol, 4.01 mg) and
mCy5.5-PEG (1 eq., 3.25 umol, 6 mg) were added to the mixture
followed by 1100 pL of water/DMF 2/8 (v/v). The reaction
mixture was stirred for 3 hours at 37 °C. The crude product was
purified by semi-preparative RP-HPLC using a linear gradient
(20% to 70% in 40 min) of solvent B in solvent A to obtain the
desired product (4.1 mg, 44%) as a blue solid. tg = 12.8 min
(>95% purity [220.8 nm]); HRMS (ESI) calc. for Cy3;H507N240348
(IM + 2H]**/3): 921,4978; found: 921.4959.

Small animal fluorescence imaging

Animal experimentation was conducted with the approval of the
French Ministry of Agriculture and the Ethics local committee for
animal experimentation of Strasbourg University (CREMEAS)
under authorization number #11974-2017103010101372. More
detailed information about animal handling and in vivo fluores-
cence imaging is provided in the ESL
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