Open Access Article. Published on 14 January 2019. Downloaded on 1/12/2026 3:42:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2019, 9, 1747

AA"?
| ROYAL SOCIETY
OF CHEMISTRY

Near-infrared emitting lanthanide(i1) complexes as
prototypes of optical imaging agents with peptide

targeting ability: a methodological approach+

Monika Cieslikiewicz-Bouet,
Agnes F. Delmas,® Isabelle Gillaizeau

Received 15th November 2018
Accepted 8th January 2019

® Vincent Aucagne, (2°

*3 and Stéphane Petoud (2 *P

@ Svetlana V. Eliseeva,

A methodological approach to design prototypes of specific near-infrared emitting imaging agents based

on a small molecular compound combining a lanthanide() ion, the cyclen derivative as a coordinating

DOI: 10.1039/c8ra09419%

rsc.li/rsc-advances here.

Optical molecular imaging is in ever-increasing demand for
biological research and medical diagnosis as it provides a high
detection sensitivity using relatively inexpensive equipment for
acquisition and maintenance that can be easily moved to the
experiment site. The main requirement to benefit from these
advantages is the availability of fluorescent or luminescent
imaging agents. Detection in the near-infrared (NIR) range is
currently triggering strong enthusiasm for in vitro and in vivo
applications as measurements performed in this spectral
domain minimize the contribution of the native fluorescence of
biological systems (autofluorescence), providing a higher
signal-to-noise ratio and correspondingly enhanced detection
sensitivity.! In this respect, the luminescence of lanthanide(ur)
ions (Ln*") possesses complementary advantages in respect to
organic fluorophores and semi-conductor nanocrystals
(quantum dots): sharp emission bands whose wavelengths are
not affected by the experimental conditions, large energy
differences between excitation and emission bands (pseudo-
Stokes shift), and long luminescence lifetimes (us-ms range).>
However, the forbidden nature of most of the f-f transitions
results in the extremely low absorption of free Ln®', strongly
limiting the number of photons emitted. In order to overcome
this limitation, Ln*" need to be located sufficiently close to
a chromophoric ligand able to absorb a high number of
photons and to transfer the resulting energy to the Ln**. This
sensitization mechanism is called “the antenna effect”.? In our
quest for the creation of NIR-emitting imaging agents based on
Ln(m) compounds, we have tested several approaches and
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unit and the azo-dye as a sensitizer with a Arg-Gly-Asp cyclopeptide as a targeting moiety, is presented

systems that have shown their ability to be used under biolog-
ical conditions as cell imaging probes.* However, some of these
systems have relatively large sizes (i.e. metal-organic frame-
works* and dendrimers*”) with the potential risk of interfering
with the biological systems to be studied. Moreover, none of the
NIR-emitting Ln(m)-based imaging probes that we have created
so far possess the capability of being functionalized with a bio-
logical recognition entity in order to target a specific location.*?
The goal of the present project was therefore to create proto-
types of Ln(m)-based NIR-emitting agents based on small
molecules using a methodological design approach that allows
the attachment of a targeting peptide to a chromophoric unit. In
addition, these prototypes have also to include Ln(m)
complexes: for Ln(m) complexes to be used as imaging agents,
two essential parameters are a high thermodynamic stability
and/or kinetic inertness as these properties reflect the absence
of dissociation and therefore prevent the loss of the lumines-
cence signal and the release of free Ln®" that are toxic during
experiments. A derivative of the 1,4,7,10-tetraazacyclodecane-
1,4,7-triacetic acid (DO3A) macrocycle was chosen to coordi-
nate Ln** due to the almost complete absence of dissociation of
the corresponding complexes in aqueous media (log Kyny, up to
29).> Among functional fluorophores, azo-dyes are a well-
established class of organic photoactive molecules that
possess excellent chemical stability, and have been widely used
as photoswitches to follow changes in different biological
systems.® They can tolerate a broad range of organic reactions,
an ideal feature to successively install the Ln** complex and the
targeting moiety. Only few reports described the use of azo-dyes
as sensitizers of NIR-emitting Ln*" ions.’** Furthermore,
molecules based on azo-dyes can be chemoselectively conju-
gated to any biomolecule able to target a specific receptor for
biological imaging applications. Here, we used this specificity
through the copper-catalyzed alkyne/azide cycloaddition”
(CuAAC) conjugation with a cyclopeptide containing an Arg-Gly-
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Asp (RGD) moiety. This tripeptide motif is a ligand of the o,f;
integrin overexpression which is associated with the progres-
sion of various processes such as osteoclast mediated bone
resorption, angiogenesis and pathological neovascularisation,
as well as tumour metastasis.®* Among many RGD-containing
molecules, the cyclo(Arg-Gly-Asp-p-Phe-Val) peptide (cRGD)
initially developed by Kessler and co-workers for cancer therapy®
is a highly potent and selective o,fB; antagonist. This break-
through discovery paved the way for the development of cRGD
derivatives conjugated with cytotoxic compounds or probes for
applications in targeted drug delivery or cancer imaging,
respectively.’ This cyclopentapeptide targeting unit is now
widely established, and we used it as a benchmark to demon-
strate the validity and versatility of our synthetic strategy.
Cyclen-based ligands incorporating azo-dyes for the binding
and sensitization of NIR-emitting Ln** ions were prepared
following the procedure presented on Scheme 1. To pursue our
objective of developing new nitrogen containing compounds,**
azobenzene compounds 3a-d were synthesized using standard
conditions from aniline derivatives 1a-d. The versatility of this
synthetic strategy was validated since the reaction was
successfully performed using aniline derivatives with different
para-substituents including the electron-donating methoxy
group that provides solubility or a halogen atom that allows
further cross-coupling reactions to be performed.” With the
aim of introducing a biomolecule targeting unit by the CuAAC
reaction, derivative 3d was designed with an appended alkyne
group. The tri-t-butyl 1,4,7,10-tetraazacyclododecane-1,4,7-

NH
R/©/ 1) NaNOy, HCI, 0°C

OMe
NH;
Br
/©/ BrCOCH,Br Q/ b
2) 2,5-dimethoxyaniline /©/ pyridine /©/

2a (57%) Me THF, 0°C R 3a (95%)

2b (26%) 3b (94%)

2c (84%) 3c (97%)

2d (46%) 3d (81%)

Oﬁiv

1aR=Br

1b R=ClI

1c R= OMe

1d R= OCH,CCH

/—COOtBu

DO3A, Na;CO.
e {_COOu 42 (98%)

TR 4b (98%)
4c (57%)
4d (95%)
COOtBu
0
Q
i) TFA with TIS 2% viv, RT OMe , N 52-Nd (92%), 5a-Yb (73%)
(N ON— o Sb-Nd (75%), 5b-Yb (85%)
ii) Ln(OTf); MeOH 50°C N Y ey 5¢-Nd (90%), 5¢-Yb (75%)
) Ln(OThs, (LS %o 5d-Nd (83%), 5d-Yb (81%),
AN 5-Gd (79%)

o [o]

o
Ve o (o A,
N To) 0. %
o NHHHN'I\ (U\H OZQ:\/\N7,>
NHHN 0\© o NH  HN \N Ln3* _>=
o]

4/} N
el w1 %

" )’z Jj/ o) YN

NH
6
5d-Nd N Hg“ °
A 2/
or5d-Yb T S0 5H,0. NH

or 5d-Gd

MeO]@NH
r\(EN | OMe
Scheme 1 Synthesis of the 5-Ln and CuAAC reaction between 5d-Ln
and azido-containing cRGD derivative 6 (Ln = Nd, Yb, Gd). Percent

yields of different reactions are given in parentheses. °Isolated yields
after purification by HPLC.

sodium ascorbate
7-Nd (40%)?
7-Yb (40%)°
7-Gd (36%)°

1748 | RSC Adv., 2019, 9, 1747-1751

View Article Online

Paper

triacetate (DO3A-tBu-ester) chelating unit was then anchored
to the bromoacetamides 3a-d via a stable amide bond leading
to the formation of DO3A ligands 4a-d with high yields. The
subsequent deprotection of the ¢-butyl ester groups of 4a-
d using a solution of triisopropylsilane in trifluoroacetic acid
(2% v/v) gave the tricarboxylic acids 5a-d in good yields. The
reaction of 5a-d with lanthanide triflates in methanol at 50 °C
resulted in the formation of the corresponding complexes (5-Ln;
Ln = Gd, Nd, Yb). Further, the ability of the water-soluble
complexes 5d-Ln to act as substrates in CuAAC reactions was
investigated with the azido-containing cRGD derivative 6.*7"*
Coupling yielded the new and original conjugates 7-Ln (Ln =
Gd, Nd, Yb). It should be mentioned that metalation was per-
formed before the cycloaddition step to avoid a premature and
irreversible sequestering of Cu”" ions by the carboxylic func-
tionality of the DO3A moiety of 5d.'® This feature is particularly
attractive as different bioconjugates could thus be potentially
envisaged through the CuAAC reaction. Semi-preparative RP-
HPLC was then used to purify the 7-Ln complexes. High reso-
lution MS characterization of complexes 7-Nd, 7-Yb, 7-Gd
confirmed the formation of the products (see ESI{).

An extensive photophysical characterization was carried out
on aqueous solutions of the 7-Ln conjugates with Yb**, Nd**
and Gd*" ions. The absorption spectra are depicted in Fig. 1.
They reveal that the 7-Ln complexes possess broad absorption
bands, almost independent of the nature of the Ln*" ion, in the
UV and visible range up to 550 nm due to w < w*and n « w*
transitions with features at 250 (550 = 7760 M~ ' cm ™), 280 (&350
= 4200-4600 M~ ' ecm ™), 347 (e347 = 10 250-10 400 M~ ' cm ™),
405 (405 = 12000-12250 M™' cm™') and 457 (8900-
9300 M~* cm™') nm. Azobenzenes are known to undergo cis-
trans photoisomerization upon illumination.®”“'” Our experi-
ments performed on the solution of the 7-Nd complex demon-
strated no significant changes in the shape and intensities of
the absorption bands after 2 h of continuous illumination at
350 nm (Fig. S1, ESIf), thus reflecting an absence of photo-
bleaching and photoactivated processes for the studied
complexes. The analysis of the ligand-centred emission of the 7-
Gd complex is useful to gather information about the energy of
the triplet state which is hypothesized to play a major role in the
energy transfer between the antennae and the Ln*" ion.> Under
excitation in the range 340-450 nm no emission was observed
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Fig. 1 Absorption spectra of 7-Ln complexes (Ln = Nd, Gd, Yb) at
room temperature (H,O, 200 pg mL™Y).
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for the 7-Gd complex at room temperature. When the temper-
ature was lowered to 77 K a broad-band emission arising most
probably from n — 7* transitions and centred at 590 nm was
clearly detected under excitation either at 340 or 450 nm (Fig. 2,
red and blue traces). Switching from a continuous to a flash
source of excitation (4, = 340 nm) and applying a delay of 500
us led to the generation of the structured broad-band emission
centred at 520 nm, that can be assigned to > — 7* transitions
(Fig. 3, black trace). It should be noted that no emission could
be detected upon flash excitation at 450 nm. The energy of the
3m* triplet state, estimated as 0-0 transition, is thus equal to
20 620 cm ' (485 nm). The position of the *mr* triplet state is
higher than the accepting levels of Nd** (*F3/,) and Yb*" (°Fs),)
so can potentially act as a feeding level.

Under excitation in the range of the antenna absorption,
sharp emission bands with maxima at 903, 1062 and 1332 nm
that are typical of Nd**-centred electronic transitions between
*Fa, and I, (J = 9/2, 11/2, 13/2) levels as well as a Yb**-centred
band with the maximum at 996 nm arising from the *Fs,, — Fy,
, transition were observed for the 7-Nd and 7-Yb complexes,
respectively (Fig. 3). Upon monitoring the emission bands of
either Nd** (at 1064 nm) or Yb*" (at 980 nm), the excitation
spectra of the 7-Nd and 7-Yb complexes exhibited broad bands
in the range 250-550 nm which are fairly similar to the
absorption spectra of the corresponding complexes. These
observations indicate that the sensitization of the NIR-emitting
Ln*" ion occurs through the electronic levels of the chromo-
phoric ligand, validating an antenna effect. We can notice the
presence of an additional band with a maximum at 582 nm on
the excitation spectrum of 7-Nd. This band can be assigned to
*Gs/2,°Gyp < 1oy, transitions of Nd** and reflects the possibility
of direct excitation of the characteristic emission of this cation
through f-f transitions. Luminescence lifetimes (tops) of Yb*'-
and Nd*'-centred transitions were determined in order to
monitor changes in the environment around the Ln** ion (Table
1). Luminescence decays were collected in H,O and D,O solu-
tions as the treatment of these data using empirical equations'®
allows the determination of the number of water molecules
coordinated onto Ln** (g values, Table 1). In order to establish
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Fig. 2 Emission spectra of the 7-Gd complex recorded at room
temperature under continuous excitation at 340 nm (blue trace) or
450 nm (red trace), and at 77 K under excitation at 340 nm upon
applying a 500 ps delay after the flash (black trace) (H,O/glycerol = 9/
1, 200 pg mL™Y). The dashed lines represent the Gaussian deconvo-
lution of the phosphorescence spectrum.
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Fig. 3 (Left) Excitation upon monitoring either the Yb®* emission
signal at 980 nm or Nd** at 1064 nm, and (right) emission spectra upon
excitation at 450 nm of 7-Nd and 7-Yb complexes at room temper-
ature (H,0, 1 mg mL™).

whether the presence of the cRGD peptide significantly affected
the environment and the protection of the Ln** ions, Tops Were
estimated not only for the 7-Nd, 7-Yb but also for the 5d-Nd, 5d-
Yb (Table S1, ESIf) complexes. Analysis of the experimental
luminescence decays obtained upon excitation in the electronic
levels of the organic ligand at 355 nm and monitoring emis-
sions at 1064 or 980 nm revealed that they are best fitted with
single-exponential functions. The calculated g values for all four
complexes are consistent with the presence of one molecule of
water coordinated onto Ln**, In addition, the similarity of the
Tops Values for Yb*" and Nd** complexes formed with the ligands
5d and 7 demonstrated that the presence of the cRGD peptide
had no or a very limited impact on the local environment of Ln**
ions.

The Ln**-centred luminescence quantum yield under ligand
excitation (Qf,) is a quantitative parameter that reflects the
efficiency of the antenna to sensitize the NIR-emitting Ln**
combined with the degree of protection of this cation against
sources of non-radiative deactivations. The values of Q%, and
Qka can be considered as modest compared with corresponding
Yb** and Nd** DO3A complexes, with one molecule of water
coordinated to the Ln*" ion, while observed lifetime values are
similar.” Such results indicate a moderate ability of the studied
ligand incorporating an azobenzene chromophore to sensitize
Yb** and Nd*'.

Table 1 Observed luminescence lifetimes (tops) and absolute
quantum yields (QF,) of 7-Nd and 7-Yb at room temperature (H,O or
D,O, 1 mg mL™Y4

Tobsb [],LS]
Complex H,0 D,0 q Qb7 [%]
7-Nd 0.069(1) 0.238(0) 1.0 2.4(1) x 107*
7-Yb 0.793(1) 5.843(3) 0.9 8.4(1) x 10~°

20 values in parentheses. Experimental errors: 1, +2%, Qfn, +10%.
b Under excitation at 355 nm upon monitoring the emissions of Nd**
at 1064 nm and Yb*" at 980 nm. °Calculated according to
phenomenological equations reported in ref. 17. ¢ Under excitation at
450 nm.
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In summary, we have described the construction of an
original system that combines azobenzene-based chromo-
phores with the cyclen coordinating unit and the targeting
cRGD peptide moiety in five easy-to-perform and versatile steps.
This strategy could find widespread application by anchoring
Ln(m)-based luminescent probes to diverse biomolecules or
targeting units.>® Photophysical studies demonstrated that this
system allows the sensitization of both NIR-emitting Nd** and
Yb*" ions in aqueous solutions although with moderate effi-
ciency. The analysis of the luminescence lifetimes confirmed
the presence of a water molecule coordinated onto Ln** which
causes non-radiative deactivation and partially explains the
relatively modest values of NIR quantum yields. Nevertheless,
the versatility of the described approach that allows: (i) a varia-
tion of substituents on the chromophoric unit in order to
enhance the sensitization efficiency of NIR-emitting Ln** ion or
to replace a water molecule from the Ln*" coordination sphere,
(ii) an exchange of the cyclen coordination unit to the one with
higher denticity, would address current limitations and open
promising possibilities for practical applications of these
molecules.
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