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Near-Infrared and Visible Dual-Emitting Peptide by Modular
Assembly of Nitrobenzoxadiazole and Neodymium

Complexes

Yik-Hoi Yeung, Ho-Fai Chau, Hei-Yui Kai, Wanqi Zhou, Kaitlin Hao-Yi Chan,
Waygen Thor, Loic J. Charbonniére, Fan Zhang, Yong Fan, Yue Wu,* and Ka-Leung Wong*

The synthetic difficulty of target-specific lanthanide complexes, despite their
unique characteristics, limits their use in in vitro/ in vivo studies and
biomedical applications. With commercially available and affordable reagents,

a facile synthetic approach is developed to modularly deploy

nitrobenzoxadiazole and neodymium complexes onto bioactive peptides. The
yielded probes show observable neodymium emission with specific
localization to corresponding biotargets in vitro, which became the first
example of a stable, water-soluble, and target-specific neodymium(lll)
complex applicable for in vitro imaging with detectable brightness.

1. Introduction

As an advanced non-invasive imaging technique with less back-
ground interference, deeper tissue penetration, and higher
signal-to-noise ratio and imaging resolution, near-infrared (NIR,
700-1700 nm) imaging has received considerable research in-
terest and has been used in clinical applications (e.g., real-
time visualization in diagnosis and surgical operations) in
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recent decades.' ] A variety of organic

NIR dyes have been developed,!®”] but they
showed several drawbacks such as photo-
bleaching in physiological conditions, small
Stokes shift, and high toxicity.® Lanthanide
complexes are regarded as promising al-
ternatives due to their high photostability,
large ligand-induced Stokes shift, and rel-
atively long luminescent lifetimes that en-
able the time-gated imaging technique.[*1!
Yb** and Er** have been used for both in
vitro and in vivo imaging!?38] but no Nd3**
complexes have been developed as an in
vitro imaging probel!'"13] due to their low
luminescent quantum yield, which is attributed to the convoluted
energy states and severe vibration of Nd** complex."] Never-
theless, we still consider the distinct NIR emission pattern of
Nd3*+ complexes, especially its emission bands in NIR-IT windows
(*F3), = *145)5, 1060 nm, *F;, — *I5,,~1330 nm) valuable for
the development of NIR probes as this emission range is appli-
cable in commercially available hardware set-ups of confocal mi-
croscopy, rendering practical applications rather than having to
wait for hardware development to catch up with the properties of
the probes.

Peptide-based drugs are gaining much research interest in
recent decades as they are regarded as promising modulators for
large and shallow binding interface of protein-protein interac-
tions (PPIs) while solid-phase peptide synthesis (SPPS) provides
a platform to assemble peptides from a rich commercial sources
of amino acid building blocks. Nitrobenzoxadiazoles (NBD)
is a family of small fluorescent dyes commonly utilized for
imaging and sensing.['>16 NBD conjugated on primary amines
(including N-terminal or lysine side chain of peptides) are stable
and sensitive to the environment and thus are being employed in
targeted imaging,'”] monitoring of self-assemble peptide,!® etc.
Recently, Séneque et al. developed a zinc sensor based on the dis-
tal energy transfer between NBD and Nd-DO3A (the complex of
Nd** and cyclen based-chelator 1,4,7,10-tetraazacyclododecane-
1,4,7-triacetic acid), while upon conformational change of the
peptide over zinc coordination, the luminescent intensity was
enhanced.'! Target-specific luminescent lanthanide complexes
are usually composed of a lanthanide complex, a targeting motif,
as well as an antenna that transfer energy from external light
to lanthanide ion.'320-24] In previous studies, antenna or lan-
thanide complex has to be a bifunctional motif that can bridge
other two components, such molecules are usually accompanied

© 2024 Wiley-VCH GmbH


http://www.advopticalmat.de
mailto:yue_wu@life.hkbu.edu.hk
mailto:klgwong@polyu.edu.hk
https://doi.org/10.1002/adom.202302070
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202302070&domain=pdf&date_stamp=2024-02-10

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

a. Three-components target-specific lanthanide probe (previous studies)
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Figure 1. Strategies in synthesizing target-specific lanthanide complexes.
a) Presynthesized bifunctional antenna/chelator linked to targeting motif
to exhibit direct energy transfer; b) Modular installation of antenna and
chelator on branched peptide to exhibit distal energy transfer.

with significant synthetic difficulties (Figure 1a). Inspired by
Séneque et al., we considered using target-specific peptides with
orthogonally protected amino acid as a bifunctional framework
to construct such three-components lanthanide-based bioprobes.
By strategical deprotections of the orthogonally protected amino
acid, NBD and Nd-DO3A can be sequentially assembled onto
the a-amine and side chain of the peptide respectively to yield a
visible and NIR dual-emitting probe (Figure 1b).

2. Results and Discussion

Although most of the previous studies used NBD-functionalized
amino acid building blocks [e.g., NBD-Gly-OH, NBD-#-Ala-OH
or Fmoc-Dap(NBD)-OH] to label peptides with NBD, we con-
sidered direct introduction of commercially available 4-chloro-
7-nitrobenzofurazan (NBD-Cl) with primary amine on peptide
to achieve modular assembly (Figure 2a). Incubation of NBD-Cl
and DIPEA with resin-bound YRGD peptide gave a maximum
of 92% conversion after 24 h reaction (Figure 2b) while multi-
ple couplings gave a maximum of 96% conversion (Figure 2c).
Surprisingly, GYRGD or XYGRD, spaced by Gly (G, glycine) or
Ahx (6-aminohexanoic acid, abbreviated as X in this manuscript)
from the bulky side chain of Tyr, were consumed completely
(Figure 2d). To further verify the influence of steric effects, re-
actions were also conducted on endoplasmic reticulum (ER)-
targeting peptide XWEKDEL and WEKDEL.[®! As a result,
XWEKDEL was fully converted into the corresponding NBD con-
jugate, while only 63% conversion was achieved by WEKDEL, cor-
relating with the steric effect from large indole side chain of Trp
(Figure 2e,f). The reaction performed on mitochondria-targeting
peptide XYKLAKLAKKLAKLAK (16-mers) derived from previous
studies(?°28] gave a complete conversion, suggesting that steric
effect was more significant than peptide length in terms of NBD
conjugation (Figure 2g). To compare the isolated yield of products
synthesized from direct coupling and building block approach,
NBD-functionalized Ahx building block, NBD-Ahx-OH, was cou-

Adv. Optical Mater. 2024, 12, 2302070

2302070 (2 of 5)

www.advopticalmat.de

DIPEA, DMF, rt.

(v

YRGD YRGD
ref.l ref. l
NBD-YRGDJ69 % NBD-YRGD)| 86 %
P | e g )
87 94 %
4h,I3% l 4hx2 6% l
929 96 %
24h 8% l 4 hx3 4% l

e 'EKDE
d |(;\'R(;D “E"DELI
\IH'-(.‘\'R(.‘[] +7% NBD-WEKDEL]63 %
| l .

f X\\'EKDEj g \\(KI,AI\'I,«\I\')ZI
N );n__\'“'EKDElJ_ NBD-XY (I\'l.:\l\'lh‘\l\'}lk
T T T T T T 1 T T T L Ll T 1

10 15 20 25 30 35 40 10 15 20 25 30 35 40
Retention time (min) Retention time (min)

Figure 2. Trials of direct incorporation of NBD on the N-terminal of resin-
bound peptides, reacted for 4 h unless specified; % conversion are defined
as the peak area of desired product over the sum of peak area of desired
product and starting peptide, calc. based on abs. at 280 nm from the chro-
matogram. a) General approach to incorporate NBD on peptide by incu-
bating the solution of NBD-Cl and DIPEA in DMF; b) Trials of different
reaction time on YRGD peptide; c) Trials of different times of reaction on
YRGD peptide; d) Trials of direct incorporation of NBD on resin-bound
peptide with non-bulky spacer; e, f) Comparison of direct incorporation
of NBD on WEKDEL and XWEKDEL, respectively; g) Comparison of in-
troducing NBD with NBD-X building block and direct incorporation on
(KLAKLAK),.

pled to WEKEDL and YKLAKLAKKLAKLAK peptides. As aresult,
the isolated yields from our direct coupling approach and tradi-
tional building block approach are found comparable (79% and
80% for WEKDEL, 42% and 43% for YKLAKLAKKLAKLAK re-
spectively). We therefore concluded that the direct reaction be-
tween NBD-Cl and the non-bulky amine group on peptide is ef-
fective and comparable to the building block approach used in
most of previous studies.['”18]

We then conducted modular construction of NIR and vis-
ible dual-emitting peptide (Figure 3a). Two orthogonally pro-
tected amino acids, Fmoc-Dap(Mtt)-OH (with one side chain -
CH,-) and Fmoc-Lys(Mtt)-OH (with four side chain -CH,-), were
chosen as an extension hub to accommodate NBD and DO3A,
where the difference in side chain length helps compare the
relations between antenna-complex distance and energy trans-
fer efficiency. The orthogonally protected amino acids were in-
corporated onto resin-bound RGD peptide first. With regards to
the above-mentioned steric effect, direct installation of NBD was
hence conducted on the relatively non-bulky side chain amine
instead of a-amine. The protecting group on the side chain,
Mtt, was strategically removed to accommodate NBD-Cl. The
Fmoc protecting group on N-terminal was then removed, and
the DO3A-motif was further incorporated by an established two-
step solid-phase approach with commercially available and af-
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Figure 3. a) Modular synthetic route for constructing dual Vis/NIR emitting probe on RGD peptide. Reagents and conditions: a. Installation of extension
hub. Fmoc-Lys/Dap(Mtt)-OH, PyBOP, DIPEA, DMF, 2-16 h; b) Mt deprotection. 1% TFA and 1% TIPS in DCM (v/v), 2 min X 5; c) Installation of antenna.
NBD-Cl, DIPEA, DMF, 16 h; d) Fmoc deprotection. 20% 4-methylpiperidine in DMF (v/v), 25 min; e) Installation of brancher. BrCH,COOH, DIC, DMF,
1 h; f) Installation of chelator. tri-*Bu-DO3A, DIPEA, DMF, 16 h; g) Global cleavage and deprotection, 95% TFA, 2.5% TIPS, 2.5% H,O; h) Nd chelation.
NdCl;-6H,0, pH 7.4, 16 h; (b) Normalized excitation (green) and emission (orange for visible, navy for NIR) spectra of 1a. (c) Summary of photophysical

properties of 1a and 1b.

fordable building blocks (bromoacetic acid and tri-'Bu-DO3A).[?"]
The Nd** was finally chelated after global cleavage and deprotec-
tion to give the desired product 1a and 1b, where Dap and Lys
serve as an extension hub to link a Nd complex and an antenna to-
gether, respectively. Completeness of conversion was monitored
by HPLC and ESI-MS step-by-step (Figure S1, Supporting Infor-
mation), and the isolated yield of 1a and 1b reached 21% and 22%,
respectively. These results show the high efficiency of our modu-
lar synthetic approach for desired bifunctionalized peptides.

By measuring the photophysical properties of 1a and 1b, the
green-to-yellow fluorescence (maxima at ~555 nm) from NBD
motif and three characteristic NIR emission bands of Nd lumi-
nescence (*F;, = *Iy,, two peaks at ~875 nm, 904 nm; *F; , —
1,1, 1059 nm, *F; , - *I;; ,, ~1330 nm) could be identified for
both compounds (Figure 3b). The luminescent quantum yields of
1a and 1b were determined to be 1.1 X 1073% and 6.0 x 10~*%, re-
spectively, both slightly higher than the NIR-emitting Nd** com
plex reported by Sénéque et al. (5.0 x 107*%, without Zn?*). How-
ever, considering the application of bioimaging, the term “bright-
ness” can better quantify the signal intensity for detection rather
than quantum yield. We therefore calculated the brightness of 1a
and 1b by our previously reported definition!3*3! with the follow-
ing equation:

B=® () xe(4) (1)
where brightness (unit = M~! cm™!) is defined as the product of

quantum yield and molar absorptivity of a compound under cer-
tain wavelength. The NIR brightness of compounds 1a and 1b
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for the *F; ,—*I,, , transition (1059 nm) were found to be 0.119
and 0.095 M~! cm™! (Figure 3c). As expected, 1a showed a higher
NIR quantum yield and brightness than 1b due to the relatively
shorter distance between its Nd** complex and antenna. Never-
theless, in view of the relatively high cost of unnatural amino acid
Dap (as well as Dab and Orn) with orthogonal protections, or-
thogonally protected proteinogenic amino acid Lys can be com-
promised as an ideal extension hub giving significant visible and
NIR brightness at low cost.

We further applied this approach on a series of relatively
long resin-bound peptides, such as nucleus localization sequence
(NLS, PKKKRKY, 7-mers, to synthesize desired compound 2),
mitochondria localization sequence [MLS, (KLAKLAK),, 14-
mers, to synthesize desired compound 3], as well as Epstein-Barr
virus nuclear antigen 1 (EBNA1) -targeting peptide that we pre-
viously reported (XYFMVEGGRIRK, 12-mers, to synthesize de-
sired product 4).13234] All these trials gave satisfactory conversion
(74% for 2, 56% for 3 and 61% for 4) and isolated yields (27% for
2,12% for 3, and 45% for 4) (Figure 4a), which indicates that our
protocol is versatile for various bioactive peptides on resin. All
synthesized products showed similar photophysical properties
with compound 1b because they share identical chromophores,
their photophysical data have been summarized in Table S5 (Sup-
porting Information).

To demonstrate the potential application of synthesized com-
pounds as target-specific near-infrared and visible dual-emitting
luminescent probes, compounds 3 and 4 were chosen as model
studies of in vitro cell imaging experiments. As expected, both
visible and NIR emissions from compound 3 well co-localized

© 2024 Wiley-VCH GmbH

5190117 SUOLLLIOD SAIER.D) 91qed1jdde auy Aq pauiRAc a2 DI YO ‘88N J0 S9N 10} AIRiq1T8UIIUO A3]1A UO (SUOTIPUCO-PUE-SWS) W00 A3 W AXeid]1jBu 1 Uo//SANu) SUORIPUOD PUE SWLS | aU) 89S *[Z0Z/v0/8T] U0 Akeiq i 8UlIUO A8]1m ‘90UeI 8URIUROD Ad 020Z0EZ0Z WOPE/Z00T OT/10p/0d" A8 1w Aeic1jou |uo//Sdny WwoJy pepeojumod ‘6 ‘vZ0Z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

NH, NH, NH,

AT
(_\)LH/IN]:I:YY\q N rwh NLSzfe;/;:nde

HN Nn,

NH; NH,

S

3
MLS peptide nt, NH,
12%

NH HN*NH/

o o

OH - NH
0 ./©,0 j o ./©Q o o
Y fEW YWY ft X ft
4 NH

NH
EBNA1-targeting peptide HNPNH,  HNPSNH,
45 %

NH,

ﬁr“ﬁ(ﬁr ﬁ:“{ﬁ’ﬁr ﬁ:),r\f* ﬁ)r)
SRS ACRACRACRRR Do

NH,
NH;
N

www.advopticalmat.de

Counts
b O m— 40500
Overlay MitoTracker™ 3 (Visible) 3 (NIR)

HeLa

4 (Visible) 4 (NIR)

C666-1

HeLa

Figure 4. a) Structure of synthesized compound 2, 3 and 4; b) Cellular imaging of Hela co-stained with MitoTracker Red (mitochondria staining dye
with red fluorescence) after incubation of compound 3 (derived from mitochondria targeting peptide) for 24 h (scale bar: 25 pm), Pearson’s coefficient: r
=0.684; c) Cellular imaging of C666-1 (EBNA+) and HelLa (EBNA-) co-stained with DAPI (nucleus staining dye with blue fluorescence) after incubation
of compound 4 (functionalized EBNAT targeting peptide) for 24 h (scale bar: 25 um). For C666-1 cell line, Pearson’s coefficient: r = 0.723.

with red fluorescence from MitoTracker Red (r = 0.684) in the mi-
tochondria of the HeLa cell line (Figure 4b). Moreover, compound
4 also displayed decent uptake in the nucleus of the EBNAI-
positive C666-1 cell line with both visible and NIR signal (r =
0.723) while it was merely detected in the EBNA1-negative Hela
cell line. These results showed the potential for compounds 3
& 4 synthesized from our modular synthetic approach as near-
infrared and visible dual-emitting luminescent probes with tar-
get specificity inherent from their conjugated peptide. To the best
of our knowledge, this is the first example of performing cellu-
lar imaging with targeting probes based on the NIR emission of
Nd** complex.

3. Conclusion

In this work, we found that the reaction efficiency between NBD-
Cl and amine on resin-bound peptide is very sensitive to the bulk-
iness of reaction site. By introducing a spacer or conducting the
reaction on a non-bulky (e.g., side chain) amine purposely, direct
incorporation of NBD can be conducted efficiently without using
presynthesized NBD building blocks. Based on that, we further
developed a modular synthetic approach to assemble an NIR and
visible dual-emitting neodymium complex on peptide by func-
tionalizing an orthogonally protected amino acid with NBD (vis-
ible emitter and antenna for Nd**) on its side chain and DO3A
(chelator for Nd**) on its N-terminal, respectively. The desired
products with NIR and visible dual-emission can be obtained
with good yields by single-time HPLC purification after global
cleavage and metal chelation, for various bioactive peptides. As
a model study, we report the first stable and water-soluble Nd**
complex-based imaging probe compound 4 that can differenti-
ate EBNA1-positive and EBNA1-negative cell lines by both visi-
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ble and NIR signals in in vitro cell imaging experiments, demon-
strating the potential of newly reported synthetic approach in the
preparation of luminescent bioprobes with detectable NIR emis-
sions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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