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dUniversité Clermont Auvergne, Faculté de
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Ferrand, France

† Electronic supplementary informa
https://doi.org/10.1039/d3ra05093a

Cite this: RSC Adv., 2023, 13, 27016

Received 27th July 2023
Accepted 2nd September 2023

DOI: 10.1039/d3ra05093a

rsc.li/rsc-advances

27016 | RSC Adv., 2023, 13, 27016–2
y fluorescent tools for in vitro
investigation of the multidrug resistant P-
glycoprotein (P-gp) expression in tumor cells†

Pierre Daumar, *a Antoine Goisnard,a Clémence Dubois,b Manon Roux,b

Marie Depresle,b Frédérique Penault-Llorca,cd Mahchid Bamdada

and Emmanuelle Mounetoua

Selective P-glycoprotein (P-gp)-targeted fluorescent conjugates are desirable tools to investigate the role

of P-gp, a protein strongly implicated inmediatingmultidrug resistance and amajor cause of chemotherapy

failure. Herein, we report the development of 25 novel fluorescent small-molecule conjugates with varying

physicochemical and optical properties, and their biological evaluation in a cell model as P-gp targeted

constructs. This investigation revealed relationships between molecular structure and cell behavior and

uncovered the capacity of conjugates with varying fluorophores to selectively target P-gp. Sulfocyanine

3 labeled conjugates (5, 10, 24, 29, 34) showed a particular intracellular staining pattern. Other

conjugates bearing a boron dipyrromethene (BODIPY) core (3, 8, 13, 22, 27 (BODIPY FL), 12 (BODIPY

564/570) and 4, 9 (BODIPY 650/665)) or a 7-nitrobenz-2-oxa-1,3-diazole (NBD) core (11, 30) showed

potential for global P-gp direct detection and quantification. These fluorescent conjugates holds key

advantages over existing methods for drug resistance evaluation with regards to P-gp expression and

could be used as innovative tools in preclinical assays and clinical diagnosis.
Introduction

The P-glycoprotein (P-gp, also known as ABCB1 or MDR1)
belongs to a large class of membrane transporters known as the
ATP-binding cassette (ABC) superfamily. Expressed ubiqui-
tously in a wide range of cells, P-gp and other ABC transporters
use energy derived from ATP hydrolysis to recognize and export
substrates such as xenobiotics and toxins from cells, thus
playing a pivotal role in physiological detoxication. Discovered
more than forty years ago, P-gp has been deeply investigated,
especially with regards to its implication in mediating multi-
drug resistance, a major cause of chemotherapy failure. Indeed,
the most striking feature of this protein is perhaps its poly-
specicity, or ability to transport a huge variety of structurally
different substrates, including a number of hydrophobic drugs
used for treatments of various pathologies, most notably
cancers.1,2 By transporting drugs out of their target cells, it has
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e et Stratégies Théranostiques (IMoST),

pierre.daumar@uca.fr

e Pascal, 63178 Aubière, France

F-63011 Clermont-Ferrand, France
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been clearly evidenced that P-gp can strongly contribute to
confer resistance to chemotherapy, especially when overex-
pressed.1,2 As such, P-gp has been consistently considered as an
evident therapeutic target and its expression, a potential
predictive marker of response to treatments. Consequently,
several strategies have been explored to overcome P-gp-
mediated drug resistance and improve treatment outcomes.3,4

Increasing intracellular drug accumulation through drug efflux
inhibition has been the most thoroughly investigated approach,
and a plethora of small molecules acting as P-gp inhibitors have
been developed over the years to that end.5 Unfortunately,
despite encouraging early results and an ever growing body of
evidence suggesting a major role for P-gp in clinical multidrug
resistance (along with other ABC transporters such as BCRP or
MRP1), clinical translation has remained unsuccessful. As an
explanation, experts acknowledge important methodological
limitations when early P-gp targeting trials were designed,
especially with respect to patient selection and the challenging
task of reliably and systematically measuring P-gp expression in
cells and tissues of interest such as tumors, the gastrointestinal
tract or the blood–brain barrier.1,6,7 Consequently, it has
appeared recently that innovative methods to detect and
measure P-gp expression in cells or tissues would be highly
benecial to the eld.

To date, a lot of standard cellular and molecular biology
approaches have been used to investigate P-gp levels in various
samples. The list includes western blot,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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immunohistochemistry, immunouorescence staining, reverse
transcription quantitative real-time PCR (RT-qPCR) and more
recently mass spectrometry-based proteomics techniques.8,9

Despite clear advantages, each approach also comes with its
own set of drawbacks and limitations. Western blot, for
example, is a multistep low throughput technique which
provides only relative quantication. Mass spectrometry is
a promising approach in terms of sensitivity and absolute
quantication possibilities, but the development of methods
remains quite challenging. Moreover, these two techniques, as
macroscopic approaches, can only be applied on cell lysates and
are thus unable to provide qualitative or quantitative data at the
cell level. RT-qPCR offers many advantages such as the possi-
bility of multiplex analyses, but again do not reect cell
heterogeneity in complex samples such as biopsies and, more
importantly, mARN levels do not necessarily correlate the
expression of the corresponding protein. Finally, unlike
previous techniques, immunostaining approaches provide an
interesting way to assess the location of a protein location in
addition to its expression level in biological samples. Immu-
nohistochemistry has been largely used to generate P-gp related
data, especially from clinical samples, but has sometimes led to
contradictory results and sensitivity issues have been re-
ported.7,10 As for quantitative immunouorescence, it has
become a common method to characterize protein expression
with high sensitivity in modalities such as ow cytometry or
uorescence microscopy. Nevertheless, despite high specicity,
the use of costly uorescent antibodies is also associated to
heavy and time-consuming protocols, and their intrinsic bio-
logical and structural complexity can preclude the direct
staining and analysis of certain types of samples.

The use of uorescent small molecules has the potential to
overcome limitations inherent to the use of antibodies while
still allowing protein location and expression level studies in
biological samples, with subcellular resolution and high
sensitivity. As a consequence, over the last decade, along with
the permanent optimization of optical imaging systems and
image processing tools, there has been a remarkable growth
in the development and use of uorescent small molecules in
biological sciences.11–14 Small-molecule uorescent conju-
gates typically consist of a target specic ligand conjugated to
an organic uorophore for detection in the sample. Although
the design of such constructs can be quite challenging – the
ligand affinity for the target must be minimally altered aer
conjugation to the uorophore – specically designing P-gp
targeted uorescent conjugates would be highly benecial
to the eld and complement the various uorescent
substrates reported to date for studying P-gp in in vitro
functional assays.15–18

In this report, building on our expertise in studying P-gp in
preclinical in vitro conditions, especially on cancer models,19–22

we describe the design and detail the synthesis of a series of P-
gp targeted conjugates, for which a small peptidic core dis-
playing uorophores with varying optical properties was deriv-
atized with aliphatic and aromatic groups. Based on ow
cytometry and imaging-based experiments, we also contrast
their in vitro performance and demonstrate their potential for P-
© 2023 The Author(s). Published by the Royal Society of Chemistry
gp detection and quantication in a cell model. Ultimately,
these results could foster the clinical use of P-gp either as
a biomarker or as a therapeutic target, as our approach based on
new P-gp targeted uorescent conjugates denitely meets the
need for a simpler and innovative method for studying P-gp in
biological samples.

Experimental section
Chemistry general information

All reagents and solvents were purchased from commercial
sources and were used as received without further purication.
Specically, Lumiprobe NHS ester labeling dyes were purchased
from Interchim (Montluçon, France) and NBD chloride was
purchased from Fisher Scientic (Illkirch, France). Molecular
biology grade DMSO (>99.9%) for biological experiments was
purchased from Sigma-Aldrich (ref. D8418). TLC was performed
on Merck (Darmstadt, Germany) silica gel 60 F-254 (ref.
1.05554.0001) or 60 RP-18 F-254S (ref. 1.05559.0001) aluminum-
backed plates with visualization under UV (254 nm or 365 nm)
or aer staining with ninhydrin and heating. Preparative TLC
were performed on Merck silica gel 60 F254 nm (20 × 20 cm)
glass plates 0.5 mm (ref. 1.05744.0001). Column chromatog-
raphy was performed on ultra pure silica gel 60 (40–60 mm) from
Acros organics (ref. 360050050). All instruments were calibrated
and maintained in accordance with standard quality-control
procedures. 1H NMR spectra were recorded on a Bruker™
Avance apparatus (400 MHz) in deuterated solvents. Chemical
shis (d) are presented in parts per million relative to TMS or to
the residual solvent peak for 1H. Coupling constants (J) are
given in hertz (Hz) and spectral splitting patterns are designated
as singlet (s), doublet (d), triplet (t), quadruplet (q), multiplet or
overlapped (m), doublet of doublets (dd), and broad (br). HRMS
spectra were acquired on a Thermo Scientic™ ESI source
apparatus with a “Q-Exactive” Orbitrap analyzer. Analytical and
semi-preparative HPLC experiments were performed on a Shi-
madzu Prominence LC system equipped with a degasser (DGU-
20A5R), quaternary pumps (LC-20AR), a photodiode array
detector (DAD SPD-M20A), an autosampler (SIL-20AHT) and
a fraction collector (FRC-10A). Shimadzu LabSolutions soware
(Shimadzu, France) was used for acquisition of chromatograms,
spectra and integration data. Unless otherwise stated, the
following gradient elution was applied using water and aceto-
nitrile as solvents: 0–13 min, 5 to 95% acetonitrile; 13–17 min,
95% acetonitrile; 17–19 min, 95 to 5% acetonitrile; 19–23 min,
5% acetonitrile. For analytical experiments, the gradient was
applied at a ow rate of 1 mL min−1 through a reversed-phase
Zorbax® Eclipse Plus 3.5 mm C18 column (150 × 4.6 mm; Agi-
lent Technologies, France) with an additional guard column.
Sample volumes of 10 mL were injected. For semi-preparative
experiments, the elution was applied at a ow rate of 6
mL min−1 through a Shim-pack GIST 5 mm C18 column (150 ×

10 mm, Shimadzu 227-30020-03) with an additional Shim-pack
GIST (G) C18 5 mm guard column (50 × 10 mm, 227-30036-01).
Sample volumes of 500 mL were injected. DAD was set to record
spectra between 190 and 750 nm and the monitoring wave-
length was 254 nm unless otherwise stated. Compound purities
RSC Adv., 2023, 13, 27016–27035 | 27017
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of nal compounds were calculated as the percentage HPLC
peak area of the analyzed compound at the specied moni-
toring wavelength. All compounds employed were >95% pure.
Reported chemical yields are unoptimized.

Note for the 13C NMR spectra of the nal compounds: most
compounds were isolated in small quantities and long acquisi-
tion times did not result in satisfying 13C NMR spectra with
sufficient resolution. This was attributed to the complexity and
the oppy nature of the molecules, and also the presence of
rotamers (observed in 1H NMR). Temperature variation for
acquisition did not lead to signicant changes in the spectra. For
these reasons, 13C NMR spectra were not recorded. Identity and
purity of all compounds however are supported by othermeans of
characterization such as 1H NMR, HPLC-UV and HRMS.
Chemistry general procedures

General procedure A for selective Boc deprotection. Boc-
Protected compound (1.0 mmol) was added under stirring to
an ice-cold 4 N solution of HCl in 1,4-dioxane (10 mL). Aer
complete dissolution, the reactionmixture was warmed to room
temperature and le under stirring until no more starting
material was detected on TLC (typically short reaction times).
Solvent was evaporated at room temperature under high
vacuum and the residue was either puried by chromatography
on silica gel (compounds 7, 14, 17, 26) or used in the next
synthetic step without further purication (compound 37).

General procedure B for Fmoc deprotection. To a solution of
the Fmoc-protected compound (0.05 mmol) in dry DMF (0.90
mL) under N2 was added diethylamine (1.34 mL, 60% of total
volume) at room temperature. The reaction mixture was stirred
until no more starting material was detected on TLC (short
reaction times), and concentrated under vacuum. The residue
was partitioned between a saturated NH4Cl aqueous solution
(40 mL) and Et2O (20 mL). Layers were separated and the
aqueous layer was washed with Et2O (3 × 20 mL). The aqueous
layer was extracted with DCM (100 mL). Layers were again
separated and the organic layer was dried over MgSO4, ltered
and concentrated under vacuum. The crude residue was puri-
ed by chromatography on silica gel (compounds 2, 21, 31).

General procedure C for coupling of a labeling precursor to
an NHS-activated uorophore. To a solution of the appropriate
amine bearing labeling precursor (1 equiv.) in dry DMF or
acetonitrile (250 mL) in an amber glass vial under N2 was added
triethylamine (1 equiv.). The reaction mixture was stirred for 10
minutes at room temperature before a solution of the NHS-
activated uorophore (5 mg, 1 equiv.) in the same solvent (250
mL) was added. The reaction mixture was stirred until no more
starting material was detected on TLC or by analytical HPLC,
and concentrated under vacuum. Pure compounds were iso-
lated in very variable yields aer purication by preparative thin
layer chromatography (compounds 3, 4, 5, 9, 10, 13, 15, 18, 22,
27, 32), chromatography on silica gel (compound 49), prepara-
tive HPLC (compounds 8, 12, 23, 24, 28, 29, 32, 33) or precipi-
tation in diethyl ether and subsequent ltration (compound 34).

General procedure D for coupling of labeling precursor to
NBD chloride. To a solution of the appropriate amine bearing
27018 | RSC Adv., 2023, 13, 27016–27035
labeling precursor (1 equiv.) in methanol (250 mL) in an amber
glass vial under N2 was added NaHCO3 (3 equiv.). The reaction
mixture was stirred for 10 minutes at room temperature before
a solution of NBD chloride (5 mg, 1 equiv.) in the same solvent
(250 mL) was added. Notably, a precipitate soon formed and the
reaction mixture, initially yellow, became darker rapidly. The
reaction mixture was stirred until no more starting material was
detected on TLC or by analytical HPLC, and concentrated under
vacuum. Pure compounds were isolated without further puri-
cation in near quantitative yield (compounds 6, 11, 16, 19,
25, 30).
Synthetic procedures for original compounds 2–19, 21–34, 36–
39, 41, 44, 49

(2) tert-butyl(2S,4R)-2-(((S)-6-amino-1-(tert-butoxy)-1-oxo-
hexan-2-yl)carbamoyl)-4-(benzyloxy)pyrrolidine-1-carboxylate.
The general procedure B (reaction time 90 min) was applied
from 38 (90 mg) to yield compound 2 (36 mg, 58%) as a colorless
oil aer purication by silica gel chromatography (DCM/MeOH,
90/10). 1H NMR (400 MHz, CDCl3) d 7.51 (d, J = 7.7 Hz, 1H),
7.42–7.16 (m, 5H), 4.62–4.06 (3m, 5H), 3.95–3.47 (m, 2H), 3.11–
2.88 (m, 2H), 2.54–2.04 (m, 2H), 1.98–1.50 (m, 6H), 1.44 and 1.43
(2 s, 18H). HRMS: m/z calcd for C27H44N3O6, 506.3225 [M + H]+;
found, 506.3202.

(3) tert-butyl(2S,4R)-4-(benzyloxy)-2-(((S)-1-(tert-butoxy)-6-(3-
(5,5-diuoro-7,9-dimethyl-5H-5l4,6l4-dipyrrolo[1,2-c:2′,1′-f]
[1,3,2]diazaborinin-3-yl)propanamido)-1-oxohexan-2-yl)carba-
moyl)pyrrolidine-1-carboxylate. The general procedure C (reac-
tion time 2 h in DMF) was applied from 2 (8.1 mg) and BDP FL
NHS ester to yield compound 3 (3.0 mg, 24%) as a red solid aer
purication by preparative thin layer chromatography (DCM/
MeOH, 95/5). 1H NMR (400 MHz, CDCl3) d 7.36–7.26 (m, 5H),
7.10 (s, 1H), 6.88 (d, J= 4.0 Hz, 1H), 6.30 (d, J= 4.0 Hz, 1H), 6.11
(s, 1H), 4.48 (d, J = 6.3 Hz, 2H), 4.43–4.29 (m, 2H), 4.28–4.07 (m,
1H), 3.59–3.43 (m, 2H), 3.27 (t, J = 7.2 Hz, 2H), 3.27–3.04 (m,
2H), 2.62 (t, J = 7.4 Hz, 2H), 2.56 (s, 3H), 2.45–2.32 (m, 1H), 2.25
(s, 3H), 2.19–2.05 (m, 1H), 1.84–1.49 (m, 4H), 1.45 (s, 9H), 1.43
(s, 9H), 1.34–1.20 (m, 2H). HRMS: m/z calcd for
C41H57N5O7

10BF2, 780.4319 [M + H]+; found, 780.4321. 98%
HPLC purity (505 nm, Rt = 15.15 min).

(4) tert-butyl(4R)-4-(benzyloxy)-2-(((S)-1-(tert-butoxy)-6-(6-(2-
(4-((E)-2-(5,5-diuoro-7-(1H-pyrrol-2-yl)-5H-5l4,6l4-dipyrrolo
[1,2-c:2′,1′-f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)
hexanamido)-1-oxohexan-2-yl)carbamoyl)pyrrolidine-1-carbox-
ylate. The general procedure C (reaction time 18 h in DMF) was
applied from 2 (4.5 mg) and BDP 650/665 X NHS ester to yield
compound 4 (6.9 mg, 75%) as a blue solid aer purication by
preparative thin layer chromatography (DCM/MeOH, 95/5). 1H
NMR (400 MHz, CDCl3) d 10.45 (s, 1H), 7.62–7.50 (m, 3H), 7.38–
7.25 (m, 5H), 7.24–7.17 (m, 2H), 7.15–7.09 (m, 1H), 7.06–6.85
(m, 8H), 6.69 (t, J = 5.8 Hz, 1H), 6.39 (dt, J = 4.1, 2.3 Hz, 1H),
6.22 (s, 1H), 4.55–4.47 (m, 4H), 4.43–4.39 (m, 2H), 4.23 (s, 1H),
3.93 (q, J = 7.2 Hz, 1H), 3.65 (hept, J = 6.1 Hz, 1H), 3.56 (s, 1H),
3.34 (qd, J = 7.0, 1.9 Hz, 2H), 3.22–3.13 (m, 1H), 3.13–3.02 (m,
1H), 2.22–2.10 (m, 3H), 1.90–1.74 (m, 1H), 1.68–1.50 (m, 3H),
1.48–1.29 (m, 26H). HRMS: m/z calcd for C56H71N7O9

11BF2,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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1034.5369 [M + H]+; found, 1034.5387. 100% HPLC purity
(650 nm, Rt = 14.59 min).

(5) 1-(6-((5-(4-(benzyloxy)-1-(tert-butoxycarbonyl)pyrrolidine-
2-carboxamido)-6-(tert-butoxy)-6-oxohexyl)amino)-6-oxohexyl)-
3,3-dimethyl-2-((E)-3-((Z)-1,3,3-trimethyl-5-sulfoindolin-2-yli-
dene)prop-1-en-1-yl)-3H-indol-1-ium-5-sulfonate. The general
procedure C (reaction time 20 h in DMF) was applied from 2 (3.9
mg) and Sulfo-Cyanine3 NHS ester to yield compound 5 (6.7 mg,
76%) as a pink solid aer purication by preparative thin layer
chromatography (Butanol/AcOH/H2O, 70/18/12).

1H NMR (400
MHz, MeOD) d 8.56 (t, J = 13.5 Hz, 1H), 8.01–7.88 (m, 4H), 7.40
(dd, J = 8.4, 4.5 Hz, 2H), 7.36–7.22 (m, 5H), 6.50 (dd, J = 13.5,
5.9 Hz, 2H), 4.59–4.47 (m, 2H), 4.38 (t, J = 7.9 Hz, 1H), 4.25–4.12
(m, 4H), 3.71 (s, 3H), 3.13 (q, J = 6.7 Hz, 2H), 2.51–2.35 (m, 1H),
2.20 (t, J = 7.3 Hz, 2H), 2.11–2.02 (m, 2H), 1.90–1.81 (m, 2H),
1.79 (s, 12H), 1.70 (t, J= 7.5 Hz, 3H), 1.57–1.27 (m, 28H). HRMS:
m/z calcd for C57H78N5O13

32S2, 1104.5032 [M + H]+; found,
1104.5035. 100% HPLC purity (550 nm, Rt = 5.98 min, solvent
gradient: 0–6 min, 5 to 95% acetonitrile; 6–8 min, 95% aceto-
nitrile; 8–10 min, 95 to 5% acetonitrile; 10–12 min, 5%
acetonitrile).

(6) tert-butyl(2S,4R)-4-(benzyloxy)-2-(((S)-1-(tert-butoxy)-6-
((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxohexan-2-yl)
carbamoyl)pyrrolidine-1-carboxylate. The general procedure D
(overnight reaction) was applied from 2 (15 mg) to yield
compound 6 (20 mg, quant.) as an orange solid. 1H NMR (400
MHz, DMSO) d 8.25–8.12 (m, 1H), 7.65 (d, J = 10.3 Hz, 1H), 7.55
(d, J = 9.3 Hz, 1H), 7.40–7.24 (m, 5H), 5.95–5.79 (m, 1H), 4.54–
4.41 (m, 2H), 4.31–4.01 (m, 3H), 3.82 (t, J = 6.6 Hz, 1H), 3.50–
3.43 (m, 2H), 3.40 (t, J = 6.8 Hz, 2H), 2.36–2.18 (m, 1H), 1.98–
1.84 (m, 1H), 1.77–1.56 (m, 4H), 1.55–1.41 (m, 2H), 1.41–1.18
(m, 20H). HRMS: m/z calcd for C33H45N6O9, 669.3243 [M + H]+;
found, 669.3242. 96% HPLC purity (472 nm, Rt = 14.89 min).

(7) tert-butyl N6-((benzyloxy)carbonyl)-N2-((2S,4R)-4-(benzy-
loxy)pyrrolidine-2-carbonyl)-L-lysinate. The general procedure A
(reaction time 30 min) was applied from 1 (450 mg) to yield
compound 7 (270 mg, 72%) as a yellow oil aer purication by
silica gel chromatography (DCM/MeOH, 95/5). 1H NMR (400
MHz, DMSO-d6) d 8.11 (d, J = 8.0 Hz, 1H), 7.41–7.24 (m, 10H),
7.22 (t, J= 5.8 Hz, 1H), 4.99 (s, 2H), 4.43 (s, 2H), 4.11 (td, J = 8.0,
5.2 Hz, 1H), 4.01–4.04 (m, 1H), 3.70 (t, J = 8.1 Hz, 1H), 3.12 (bs,
1H), 2.99–2.94 (m, 3H), 2.84 (dd, J= 12.1, 4.3 Hz, 1H), 2.14 (dd, J
= 13.6, 8.2 Hz, 1H) 1.78–1.51 (m, 3H), 1.39 (m, 11H), 1.27–1.19
(m, 2H). HRMS: m/z calcd for C30H42N3O6, 540.3068 [M + H]+;
found, 540.3076.

(8) tert-butyl N2-((2S,4R)-4-(benzyloxy)-1-(3-(5,5-diuoro-7,9-
dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2′,1′-f][1,3,2]diazaborinin-
3-yl)propanoyl)pyrrolidine-2-carbonyl)-N6-((benzyloxy)
carbonyl)-L-lysinate. The general procedure C (reaction time 3
days in DMF) was applied from 7 (13.9 mg) and BDP FL NHS
ester to yield compound 8 (9.9 mg, 46%) as a red solid aer
purication by preparative HPLC. 1H NMR (400 MHz, CDCl3)
d 7.38–7.22 (m, 10H), 7.03 (s, 1H), 6.81 (d, J = 4.1 Hz, 1H), 6.20
(d, J = 4.0 Hz, 1H), 6.09 (s, 1H), 5.75–5.69 (m, 1H), 5.11–5.00 (m,
2H), 4.56 (dd, J= 8.0, 5.8 Hz, 1H), 4.50–4.46 (m, 2H), 4.42 (td, J=
8.0, 4.5 Hz, 1H), 4.33–4.26 (m, 1H), 3.64 (dd, J = 10.9, 5.2 Hz,
1H), 3.56 (dd, J = 11.0, 3.6 Hz, 1H), 3.33–3.04 (m, 3H), 2.80–2.55
© 2023 The Author(s). Published by the Royal Society of Chemistry
(m, 2H), 2.52 (s, 3H), 2.48–2.37 (m, 1H), 2.24 (s, 3H), 2.20–2.05
(m, 1H), 1.93–1.82 (m, 1H), 1.70–1.48 (m, 2H), 1.46 (s, 9H), 1.42–
1.22 (m, 2H). HRMS: m/z calcd for C44H55N5O7

10BF2, 814.4163
[M + H]+; found, 814.4177. 97%HPLC purity (510 nm, Rt= 15.68
min).

(9) tert-butyl N2-((2S,4R)-4-(benzyloxy)-1-(6-(2-(4-((E)-2-(5,5-
diuoro-7-(1H-pyrrol-2-yl)-5H-5l4,6l4-dipyrrolo[1,2-c:2′,1′-f]
[1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)hexanoyl)pyr-
rolidine-2-carbonyl)-N6-((benzyloxy)carbonyl)lysinate. The
general procedure C (reaction time 3 days in DMF) was applied
from 7 (4.8 mg) and BDP 650/665 X NHS ester to yield
compound 9 (6.0 mg, 62%) as a blue solid aer purication by
preparative thin layer chromatography (DCM/MeOH, 95/5). 1H
NMR (400 MHz, CDCl3) d 10.45 (s, 1H), 7.65–7.49 (m, 3H), 7.38–
7.24 (m, 10H), 7.23–7.16 (m, 2H), 7.04–6.85 (m, 7H), 6.64 (s, 1H),
6.39 (dt, J = 4.3, 2.4 Hz, 1H), 5.86 (s, 1H), 5.16–5.00 (m, 2H),
4.57–4.47 (m, 4H), 4.47–4.37 (m, 2H), 4.35–4.26 (m, 1H), 3.64
(dd, J = 11.0, 5.2 Hz, 1H), 3.49 (dd, J = 11.0, 3.6 Hz, 1H), 3.33–
3.16 (m, 3H), 3.14–3.03 (m, 1H), 2.37 (dt, J = 13.1, 5.6 Hz, 1H),
2.25–2.12 (m, 3H), 1.93–1.80 (m, 1H), 1.71–1.38 (m, 20H), 1.38–
1.28 (m, 2H). HRMS: m/z calcd for C59H69N7O9

10BF2, 1068.5221;
[M + H]+; found, 1068.5265. 100% HPLC purity (650 nm, Rt =

14.97 min).
(10) 1-(6-((2S,4R)-4-(benzyloxy)-2-(((S)-6-(((benzyloxy)

carbonyl)amino)-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)pyr-
rolidin-1-yl)-6-oxohexyl)-3,3-dimethyl-2-((E)-3-((Z)-1,3,3-tri-
methyl-5-sulfoindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium-
5-sulfonate. The general procedure C (reaction time 6 days in
DMF) was applied from 7 (4.1 mg) and Sulfo-Cyanine3 NHS
ester to yield compound 10 (8.6 mg, 94%) as a pink solid aer
purication by preparative thin layer chromatography (Butanol/
AcOH/H2O, 70/18/12).

1H NMR (400 MHz, MeOD) d 8.55 (t, J =
13.5 Hz, 1H), 8.00–7.88 (m, 4H), 7.38 (dd, J = 8.3, 4.2 Hz, 2H),
7.35–7.19 (m, 10H), 6.56–6.42 (m, 2H), 5.03 (s, 2H), 4.61–4.47
(m, 3H), 4.32–4.20 (m, 2H), 4.15–4.05 (m, 2H), 3.72–3.62 (m,
5H), 3.19–3.06 (m, 2H), 2.47–2.38 (m, 1H), 2.36–2.24 (m, 2H),
2.24–2.13 (m, 1H), 2.11–1.99 (m, 1H), 1.85–1.73 (m, 13H), 1.73–
1.58 (m, 4H), 1.56–1.27 (m, 17H). HRMS: m/z calcd for
C60H76N5O13

32S2, 1138.4889 [M + H]+; found, 1138.4889. 99%
HPLC purity (560 nm, Rt = 6.11 min, solvent gradient: 0–6 min,
5 to 95% acetonitrile; 6–8 min, 95% acetonitrile; 8–10 min, 95 to
5% acetonitrile; 10–12 min, 5% acetonitrile).

(11) tert-butyl N2-((2S,4R)-4-(benzyloxy)-1-(7-nitrobenzo[c]
[1,2,5]oxadiazol-4-yl)pyrrolidine-2-carbonyl)-N6-((benzyloxy)
carbonyl)-L-lysinate. The general procedure D (overnight reac-
tion) was applied from 7 (15 mg) to yield compound 11 (20 mg,
quant.) as a brown solid. 1H NMR (400 MHz, DMSO) d 8.91–8.70
(m, 1H), 8.69–8.44 (m, 1H), 7.31 (d, J= 15.9 Hz, 10H), 6.44 (d, J=
9.0 Hz, 1H), 5.57–5.36 (m, 1H), 5.00 (s, 2H), 4.67–4.36 (m, 3H),
4.18–3.80 (m, 2H), 3.69 (dq, J = 10.7, 5.7 Hz, 1H), 3.48 (dd, J =
12.0, 4.6 Hz, 1H), 3.11–2.92 (m, 2H), 2.80–2.58 (m, 1H), 2.40–
2.15 (m, 1H), 1.83–1.50 (m, 2H), 1.36 (s, 13H). HRMS: m/z calcd
for C36H43N6O9, 703.3086 [M + H]+; found, 703.3090. 99% HPLC
purity (473 nm, Rt = 15.02 min).

(12) tert-butyl N2-((2S,4R)-4-(benzyloxy)-1-(3-(5,5-diuoro-7-
((E)-styryl)-5H-5l4,6l4-dipyrrolo[1,2-c:2′,1′-f][1,3,2]diazaborinin-
3-yl)propanoyl)pyrrolidine-2-carbonyl)-N6-((benzyloxy)
RSC Adv., 2023, 13, 27016–27035 | 27019
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carbonyl)-L-lysinate. The general procedure C (reaction time 1
day in DMF) was applied from 7 (5.8 mg) and BDP 570 NHS ester
to yield compound 12 (2.5 mg, 26%) as a purple solid aer
purication by preparative HPLC. 1H NMR (400 MHz, CDCl3)
d 7.68–7.54 (m, 2H), 7.45–7.18 (m, 18H), 7.09–6.94 (m, 2H), 6.89
(dd, J = 13.3, 4.3 Hz, 2H), 6.28 (d, J = 4.1 Hz, 1H), 5.72 (s, 1H),
5.10–4.99 (m, 2H), 4.63–4.39 (m, 4H), 4.34–4.24 (m, 1H), 3.69–
3.51 (m, 2H), 3.38–3.07 (m, 3H), 2.80–2.64 (m, 2H), 2.41 (dt, J =
12.0, 5.6 Hz, 1H), 2.15 (ddd, J= 13.1, 8.1, 4.7 Hz, 1H), 1.87 (d, J=
11.2 Hz, 1H), 1.47 (s, 13H). HRMS: m/z calcd for
C50H57N5O7

11BF2, 888.43136 [M + H]+; found, 888.4333. 98%
HPLC purity (565 nm, Rt = 16.33 min).

(13) tert-butyl N2-((2S,4R)-4-(benzyloxy)-1-(6-(3-(5,5-diuoro-
7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2′,1′-f][1,3,2]diazabor-
inin-3-yl)propanamido)hexanoyl)pyrrolidine-2-carbonyl)-N6-
((benzyloxy)carbonyl)-L-lysinate. The general procedure C
(reaction time 7 h in DMF) was applied from 49 (10.0 mg) and
BDP FL NHS ester to yield compound 13 (4.4 mg, 36%) as a red
solid aer purication by preparative thin layer chromatog-
raphy (DCM/MeOH, 95/5). 1H NMR (400 MHz, CDCl3) d 7.39–
7.25 (m, 10H), 7.07 (s, 1H), 6.91 (d, J = 8.1 Hz, 1H), 6.86 (d, J =
4.1 Hz, 1H), 6.28 (d, J = 4.1 Hz, 1H), 6.10 (s, 1H), 5.93–5.84 (m,
1H), 5.15–5.01 (m, 2H), 4.59–4.28 (m, 5H), 3.74–3.59 (m, 2H),
3.54–3.44 (m, 1H), 3.26 (t, J = 7.5 Hz, 2H), 3.23–3.03 (m, 3H),
2.72 (q, J = 7.2 Hz, 2H), 2.60 (t, J = 7.4 Hz, 2H), 2.55 (s, 3H), 2.37
(dt, J = 12.0, 5.6 Hz, 1H), 2.24 (s, 3H), 2.20–2.10 (m, 2H), 1.92–
1.31 (m, 21H). HRMS: m/z calcd for C50H66N6O8

10BF2, 927.5005
[M + H]+; found, 927.5023. 100% HPLC purity (510 nm, Rt =

13.82 min).
(14) tert-butyl N2-(L-prolyl)-N6-((benzyloxy)carbonyl)-L-lysi-

nate. The general procedure A (reaction time 40 min) was
applied from 41 (500 mg) to yield compound 14 (75 mg, 18%) as
a colorless oil aer purication by silica gel chromatography
(DCM/MeOH, 90/10). 1H NMR (400 MHz, CDCl3) d 8.38 (s, 1H),
7.44–7.28 (m, 5H), 5.68 (s, 1H), 5.12 (d, J= 3.4 Hz, 2H), 4.94–4.65
(m, 1H), 4.24 (d, J = 6.7 Hz, 1H), 3.37 (dt, J = 13.1, 7.1 Hz, 1H),
3.30–3.03 (m, 3H), 2.75–2.49 (m, 1H), 2.25–2.10 (m, 1H), 2.10–
1.98 (m, 1H), 1.98–1.85 (m, 1H), 1.83–1.71 (m, 2H), 1.70–1.37
(m, 6H), 1.44 (s, 9H). HRMS:m/z calcd for C23H36N3O5, 434.2649
[M + H]+; found, 434.2639.

(15) tert-butyl N6-((benzyloxy)carbonyl)-N2-((3-(5,5-diuoro-
7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2′,1′-f][1,3,2]diazabor-
inin-3-yl)propanoyl)-L-prolyl)-L-lysinate. The general procedure
C (reaction time 2 days in acetonitrile) was applied from 14 (5.6
mg) and BDP FL NHS ester to yield compound 15 (3.8 mg, 41%)
as a red solid aer purication by preparative thin layer chro-
matography (DCM/MeOH, 95/5). 1H NMR (400 MHz, CDCl3)
d 7.41–7.24 (m, 5H), 7.19 (d, J = 7.9 Hz, 1H), 7.07 (s, 1H), 6.85 (d,
J = 4.0 Hz, 1H), 6.25 (d, J = 4.0 Hz, 1H), 6.09 (s, 1H), 5.63–5.50
(m, 1H), 5.16–4.99 (m, 2H), 4.49 (dd, J = 7.9, 3.1 Hz, 1H), 4.40
(td, J = 7.8, 4.6 Hz, 1H), 3.57–3.30 (m, 2H), 3.26 (t, J = 7.5 Hz,
2H), 3.23–3.05 (m, 2H), 2.82–2.67 (m, 2H), 2.54 (s, 3H), 2.25 (s,
3H), 2.16–1.97 (m, 2H), 1.95–1.78 (m, 3H), 1.46 (s, 9H), 1.56–1.21
(m, 5H). HRMS: m/z calcd for C37H49N5O6

11BF2, 708.3738 [M +
H]+; found, 708.3749. 97% HPLC purity (510 nm, Rt = 14.45
min).
27020 | RSC Adv., 2023, 13, 27016–27035
(16) tert-butyl N6-((benzyloxy)carbonyl)-N2-((7-nitrobenzo[c]
[1,2,5]oxadiazol-4-yl)-L-prolyl)-L-lysinate. The general procedure
D (reaction time 2 days) was applied from 14 (6.1 mg) to yield
compound 16 (10 mg, quant.) as an orange solid. 1H NMR (400
MHz, MeOD) d 8.53 (d, J = 8.9 Hz, 1H), 7.37–7.24 (m, 5H), 6.38–
6.33 (m, 1H), 5.61–5.40 (m, 1H), 5.08 (s, 2H), 4.26–4.22 (m, 1H),
4.05–3.66 (m, 1H), 3.39–3.35 (m, 2H), 3.22–3.14 (m, 2H), 2.63–
2.51 (m, 1H), 2.45–2.41 (m, 1H), 2.31–2.12 (m, 1H), 1.89–1.84
(m, 1H), 1.78–1.74 (m, 1H), 1.57–1.53 (m, 4H), 1.46 (s, 9H).
HRMS: m/z calcd for C29H37N6O8, 597.2658 [M + H]+; found,
597.2667. 95% HPLC purity (483 nm, Rt = 13.60 min).

(17) N6-((benzyloxy)carbonyl)-N2-((2S,4R)-4-(benzyloxy)pyrro-
lidine-2-carbonyl)-L-lysine. A procedure adapted from the
general procedure A (the reaction mixture was stirred overnight
at room temperature) was applied from 1 (514 mg) to yield
compound 17 (125 mg, 32%) as a white solid aer purication
by silica gel chromatography (DCM/MeOH, 90/10). 1H NMR (400
MHz, DMSO) d 9.93 (bs, 1H), 8.73 (d, J = 7.6 Hz, 1H), 7.41–7.25
(m, 11H), 5.00 (s, 2H), 4.51 (s, 2H), 4.30–4.15 (m, 3H), 3.30 (s,
2H), 2.98 (q, J = 6.5 Hz, 2H), 2.54 (d, J = 7.1 Hz, 1H), 1.87 (ddd, J
= 14.2, 10.4, 4.6 Hz, 1H), 1.79–1.68 (m, 1H), 1.67–1.57 (m, 1H),
1.47–1.36 (m, 2H), 1.36–1.27 (m, 2H). HRMS: m/z calcd for
C26H34N3O6, 484.2442 [M + H]+; found, 484.2430.

(18) N2-((2S,4R)-4-(benzyloxy)-1-(3-(5,5-diuoro-7,9-dimethyl-
5H-4l4,5l4-dipyrrolo[1,2-c:2′,1′-f][1,3,2]diazaborinin-3-yl)prop-
anoyl)pyrrolidine-2-carbonyl)-N6-((benzyloxy)carbonyl)-L-lysine.
The general procedure C (reaction time 5 days in DMF) was
applied from 17 (6.2 mg) and BDP FL NHS ester to yield
compound 18 (4.0 mg, 41%) as a red solid aer purication by
preparative thin layer chromatography (DCM/MeOH, 95/5). 1H
NMR (400 MHz, CDCl3) d 7.41 (d, J = 7.6 Hz, 1H), 7.41–7.12 (m,
10H), 7.04 (s, 1H), 6.83 (d, J = 3.9 Hz, 1H), 6.22 (d, J = 4.0 Hz,
1H), 6.09 (s, 1H), 5.65–5.47 (m, 1H), 5.12 and 5.05 (2 s, 2H), 4.66
(t, J = 7.0 Hz, 1H), 4.55–4.42 (m, 3H), 4.35–4.24 (m, 1H), 3.72–
3.62 (m, 1H), 3.62–3.53 (m, 1H), 3.23 (t, J = 7.2 Hz, 2H), 3.20–
3.08 (m, 2H), 2.70 (t, J = 7.5 Hz, 2H), 2.52 (s, 3H), 2.46–2.34 (m,
2H), 2.23 (s, 3H), 1.97–1.80 (m, 1H), 1.79–1.59 (m, 1H), 1.60–1.27
(m, 4H). HRMS: m/z calcd for C40H47N5O7

11BF2, 758.3531 [M +
H]+; found, 758.3527. 96% HPLC purity (505 nm, Rt= 9.03 min).

(19) N2-((2S,4R)-4-(benzyloxy)-1-(7-nitrobenzo[c][1,2,5]oxa-
diazol-4-yl)pyrrolidine-2-carbonyl)-N6-((benzyloxy)carbonyl)-L-
lysine. The general procedure D (overnight reaction) was
applied from 17 (7.0 mg) to yield compound 19 (8.0 mg, quant.)
as an orange solid. 1H NMR (400 MHz, MeOD) d 8.50 (d, J =
9.1 Hz, 1H), 7.51–7.01 (m, 11H), 6.26 (s, 1H), 5.11 (s, 2H), 4.71–
4.46 (m, 4H), 4.20 (s, 1H), 3.31 (s, 3H), 3.22–3.08 (m, 2H), 2.79 (t,
J = 6.4 Hz, 2H), 2.48 (s, 2H), 1.97–1.61 (m, 2H), 1.60–1.39 (m,
4H). HRMS:m/z calcd for C32H35N6O9, 647.2460 [M +H]+; found,
647.2465. 99% HPLC purity (483 nm, Rt = 8.48 min).

(21) tert-butyl (2S,4R)-2-((((S)-6-amino-1-(tert-butoxy)-1-oxo-
hexan-2-yl)amino)methyl)-4-(benzyloxy)pyrrolidine-1-carbox-
ylate. The general procedure B (reaction time 3 h) was applied
from 39 (355 mg) to yield compound 21 (180 mg, 74%) as a pale
yellow oil aer purication by silica gel chromatography (DCM/
MeOH, 90/10). 1H NMR (400 MHz, CDCl3) d 7.44–7.19 (m, 5H),
4.49 (d, J= 12.9 Hz, 2H), 4.21–3.28 (5m, 5H), 3.13–2.72 (2m, 4H),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.57–1.34 (6m, 8H), 1.45 (s, 18H). HRMS: m/z calcd for
C27H46N3O5, 492.3432 [M + H]+; found, 492.3436.

(22) tert-butyl(2S,4R)-4-(benzyloxy)-2-((((S)-1-(tert-butoxy)-6-
(3-(5,5-diuoro-7,9-dimethyl-5H-5l4,6l4-dipyrrolo[1,2-c:2′,1′-f]
[1,3,2]diazaborinin-3-yl)propanamido)-1-oxohexan-2-yl)amino)
methyl)pyrrolidine-1-carboxylate. The general procedure C
(reaction time 3 days in DMF) was applied from 21 (12.4 mg)
and BDP FL NHS ester to yield compound 22 (4.0 mg, 21%) as
a red solid aer purication by preparative thin layer chroma-
tography (DCM/MeOH, 95/5). 1H NMR (400 MHz, CDCl3) d 7.41–
7.23 (m, 5H), 7.10 (s, 1H), 6.88 (d, J = 4.1 Hz, 1H), 6.29 (d, J =
4.0 Hz, 1H), 6.12 (s, 1H), 5.85–5.63 (m, 1H), 4.58–4.39 (m, 2H),
4.19–3.75 (m, 3H), 3.59–3.31 (m, 2H), 3.26 (t, J = 7.5 Hz, 2H),
3.21–3.11 (m, 2H), 3.05–2.91 (m, 1H), 2.78 (dd, J = 11.5, 6.4 Hz,
1H), 2.61 (t, J = 7.5 Hz, 2H), 2.56 (s, 3H), 2.42–2.28 (m, 1H), 2.25
(s, 3H), 2.17–1.99 (m, 2H), 1.57–1.22 (m, 24H). HRMS: m/z calcd
for C41H59N5O6

10BF2, 765.4557 [M + H]+; found, 765.4562. 98%
HPLC purity (510 nm, Rt = 16.70 min).

(23) tert-butyl(4R)-4-(benzyloxy)-2-((((S)-1-(tert-butoxy)-6-(6-
(2-(4-((E)-2-(5,5-diuoro-7-(1H-pyrrol-2-yl)-5H-5l4,6l4-dipyrrolo
[1,2-c:2′,1′-f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)
hexanamido)-1-oxohexan-2-yl)amino)methyl)pyrrolidine-1-
carboxylate. The general procedure C (reaction time 1 h in
acetonitrile) was applied from 21 (3.8 mg) and BDP 650/665 X
NHS ester to yield compound 23 (4.1 mg, 50%) as a blue solid
aer purication by preparative HPLC. 1H NMR (400 MHz,
CDCl3) d 10.45 (s, 1H), 7.62–7.55 (m, 3H), 7.37–7.17 (m, 7H),
7.05–6.84 (m, 7H), 6.59 (s, 1H), 6.39 (dt, J = 4.2, 2.4 Hz, 1H),
5.72–5.46 (m, 1H), 4.55–4.44 (m, 4H), 4.14–3.70 (m, 3H), 3.61–
3.48 (m, 1H), 3.35 (q, J = 6.8 Hz, 2H), 3.18 (q, J = 6.7 Hz, 2H),
3.12–2.91 (m, 1H), 2.79–2.58 (m, 2H), 2.54–2.38 (m, 1H), 2.19–
2.08 (m, 3H), 2.00 (s, 3H), 1.79–1.11 (m, 29H). HRMS: m/z calcd
for C56H73N7O8

10BF2, 1019.5613 [M + H]+; found, 1019.5630.
96% HPLC purity (645 nm, Rt = 17.01 min).

(24) 1-(6-((5-(((4-(benzyloxy)-1-(tert-butoxycarbonyl)pyrroli-
din-2-yl)methyl)amino)-6-(tert-butoxy)-6-oxohexyl)amino)-6-
oxohexyl)-3,3-dimethyl-2-((E)-3-((Z)-1,3,3-trimethyl-5-sulfoindo-
lin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium-5-sulfonate. The
general procedure C (reaction time 45 min in acetonitrile) was
applied from 21 (3.3 mg) and Sulfo-Cyanine3 NHS ester to yield
compound 24 (3.0 mg, 40%) as a pink solid aer purication by
preparative HPLC. 1H NMR (400 MHz, MeOD) d 8.57 (t, J =

13.5 Hz, 1H), 8.02–7.87 (m, 4H), 7.40 (dd, J = 8.3, 2.7 Hz, 2H),
7.37–7.25 (m, 5H), 6.49 (dd, J = 13.4, 4.7 Hz, 2H), 4.60–4.47 (m,
4H), 4.37–4.32 (m, 1H), 4.21–4.12 (m, 3H), 4.10–3.77 (m, 2H),
3.75–3.66 (m, 4H), 3.17–3.04 (m, 4H), 2.95–2.77 (m, 3H), 2.18 (t, J
= 7.3 Hz, 2H), 1.91–1.83 (m, 1H), 1.79 (s, 12H), 1.74–1.59 (m,
5H), 1.53–1.35 (m, 23H). HRMS: m/z calcd for C57H81N5O12

32S2,
545.7656 [M + 2H]2+; found, 545.7650. 95% HPLC purity
(550 nm, Rt = 8.86 min).

(25) tert-butyl(2S,4R)-4-(benzyloxy)-2-((((S)-1-(tert-butoxy)-6-
((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxohexan-2-yl)
amino)methyl)pyrrolidine-1-carboxylate. The general procedure
D (reaction time 2 days) was applied from 21 (15 mg) to yield
compound 25 (20 mg, quant.) as a pale yellow solid. 1H NMR
(400 MHz, DMSO) d 8.41 and 8.16 (2d, J = 9.7 Hz, 1H), 7.39–7.20
(m, 5H), 6.34 and 6.21 (2d, J = 9.7 Hz, 1H), 4.53–4.34 (m, 2H),
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.15–4.03 (m, 1H), 3.85–3.70 (m, 1H), 3.64–3.41 (m, 3H), 3.27–
3.13 (m, 1H), 2.97 (t, J = 6.5 Hz, 1H), 2.74–2.57 (m, 1H), 2.48–
2.38 (m, 1H), 2.11–1.92 (m, 3H), 1.67 (p, J = 7.3 Hz, 2H), 1.58–
1.29 (m, 23H). HRMS: m/z calcd for C33H47N6O8, 655.3450 [M +
H]+; found, 655.3453. 96% HPLC purity (463 nm, Rt = 18.51
min).

(26) tert-butyl N6-((benzyloxy)carbonyl)-N2-(((2S,4R)-4-(ben-
zyloxy)pyrrolidin-2-yl)methyl)-L-lysinate. The general procedure
A (reaction time 45 min) was applied from 20 (500 mg) to yield
compound 26 (160 mg, 38%) as a yellow oil aer purication by
silica gel chromatography (DCM/MeOH, 90/10). 1H NMR (400
MHz, CDCl3) d 7.40–7.21 (m, 10H), 5.28 (s, 1H), 5.07 (s, 2H),
4.52–4.41 (m, 2H), 4.23–4.13 (m, 1H), 3.66–3.54 (m, 1H), 3.34–
3.07 (m, 5H), 2.85 (dd, J = 12.0, 4.1 Hz, 1H), 2.59 (dd, J = 12.3,
8.1 Hz, 1H), 2.15–2.05 (m, 1H), 1.76–1.57 (m, 2H), 1.58–1.21 (m,
5H), 1.44 (s, 9H). HRMS: m/z calcd for C30H44N3O5, 526.3275 [M
+ H]+; found, 526.3288.

(27) tert-butyl N2-(((2S,4R)-4-(benzyloxy)-1-(3-(5,5-diuoro-
7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2′,1′-f][1,3,2]diazabor-
inin-3-yl)propanoyl)pyrrolidin-2-yl)methyl)-N6-((benzyloxy)
carbonyl)-L-lysinate. The general procedure C (overnight reac-
tion in DMF) was applied from 26 (12.2 mg) and BDP FL NHS
ester to yield compound 27 (5.8 mg, 32%) as a red solid aer
purication by preparative thin layer chromatography (DCM/
MeOH, 95/5). 1H NMR (400 MHz, CDCl3) d 7.37–7.25 (m, 10H),
7.04 (s, 1H), 6.85 (d, J= 4.0 Hz, 1H), 6.31 (d, J= 4.0 Hz, 1H), 6.10
(s, 1H), 5.08 (s, 2H), 4.54–4.39 (m, 3H), 4.32–4.24 (m, 1H), 4.20–
4.15 (m, 1H), 4.02–3.90 (m, 1H), 3.60–3.49 (m, 2H), 3.37–3.22
(m, 3H), 3.22–3.15 (m, 2H), 3.14–2.96 (m, 2H), 2.69–2.63 (m,
2H), 2.54 (s, 3H), 2.24 (s, 3H), 2.19–1.95 (m, 4H), 1.61–1.31 (m,
11H). HRMS:m/z calcd for C44H57N5O6

11BF2, 800.4370 [M + H]+;
found, 800.4371. 96% HPLC purity (510 nm, Rt = 16.47 min).

(28) tert-butyl N2-(((2S,4R)-4-(benzyloxy)-1-(6-(2-(4-((E)-2-(5,5-
diuoro-7-(1H-pyrrol-2-yl)-5H-5l4,6l4-dipyrrolo[1,2-c:2′,1′-f]
[1,3,2]diazaborinin-3 yl)vinyl)phenoxy)acetamido)hexanoyl)pyr-
rolidin-2-yl)methyl)-N6-((benzyloxy)carbonyl)lysinate. The
general procedure C (reaction time 45 min in acetonitrile) was
applied from 26 (4.1 mg) and BDP 650/665 X NHS ester to yield
compound 28 (5.2 mg, 62%) as a blue solid aer purication by
preparative HPLC. 1H NMR (400 MHz, CDCl3) d 10.45 (s, 1H),
7.62–7.50 (m, 3H), 7.39–7.17 (m, 12H), 7.02 (d, J = 4.5 Hz, 1H),
6.99–6.93 (m, 3H), 6.91 (d, J = 4.3 Hz, 1H), 6.87 (t, J = 3.9 Hz,
2H), 6.72–6.59 (m, 1H), 6.39 (dt, J= 4.4, 2.4 Hz, 1H), 5.08 (s, 2H),
4.89 (s, 1H), 4.58–4.37 (m, 4H), 4.33–4.12 (m, 2H), 4.09–3.97 (m,
1H), 3.60–3.41 (m, 2H), 3.34 (q, J = 6.8 Hz, 2H), 3.17 (q, J =
6.7 Hz, 2H), 3.07–2.93 (m, 1H), 2.75 (td, J = 11.6, 6.7 Hz, 1H),
2.64 (d, J = 11.0 Hz, 1H), 2.47–2.26 (m, 1H), 2.24–2.14 (m, 2H),
2.14–2.02 (m, 1H), 1.76–1.22 (m, 22H). HRMS: m/z calcd for
C59H71N7O8

11BF2, 1054.5420 [M + H]+; found, 1054.5437. 95%
HPLC purity (645 nm, Rt = 19.07 min).

(29) 1-(6-((2S,4R)-4-(benzyloxy)-2-((((S)-6-(((benzyloxy)
carbonyl)amino)-1-(tert-butoxy)-1-oxohexan-2-yl)amino)methyl)
pyrrolidin-1-yl)-6-oxohexyl)-3,3-dimethyl-2-((E)-3-((Z)-1,3,3-tri-
methyl-5-sulfoindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium-
5-sulfonate. The general procedure C (reaction time 45 min in
acetonitrile) was applied from 26 (3.6 mg) and Sulfo-Cyanine3
NHS ester to yield compound 29 (1.3 mg, 17%) as a pink solid
RSC Adv., 2023, 13, 27016–27035 | 27021
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aer purication by preparative HPLC. 1H NMR (400 MHz,
CD3OD) d 8.55 (t, J = 13.4 Hz, 1H), 7.99–7.87 (m, 4H), 7.41–7.25
(m, 13H), 6.47 (dd, J = 13.3, 6.8 Hz, 2H), 5.05 (d, J = 7.6 Hz, 2H),
4.64–4.45 (m, 5H), 4.38–4.31 (m, 1H), 4.29–4.17 (m, 2H), 4.12 (t, J
= 7.7 Hz, 2H), 3.87–3.76 (m, 1H), 3.68 (s, 3H), 3.46–3.32 (m, 1H),
3.19 (t, J = 6.4 Hz, 1H), 3.15–3.06 (m, 2H), 2.94 (dd, J = 13.2,
4.2 Hz, 1H), 2.71–2.56 (m, 3H), 2.38–2.16 (m, 2H), 1.78 (s, 12H),
1.72–1.56 (m, 2H), 1.56–1.33 (m, 16H). HRMS: m/z calcd for
C60H76N5O12

32S2, 1122.4926 [M − H]−; found, 1122.4950. 99%
HPLC purity (560 nm, Rt = 10.09 min).

(30) tert-butyl N2-(((2S,4R)-4-(benzyloxy)-1-(7-nitrobenzo[c]
[1,2,5]oxadiazol-4-yl)pyrrolidin-2-yl)methyl)-N6-((benzyloxy)
carbonyl)-L-lysinate. The general procedure D (overnight reac-
tion) was applied from 21 (15 mg) to yield compound 30 (20 mg,
quant.) as a brown residue. 1H NMR (400 MHz, DMSO) d 8.47 (d,
J = 8.6 Hz, 1H), 7.45–7.12 (m, 10H), 6.58–6.29 (m, 1H), 4.99 (s,
2H), 4.66–3.96 (m, 7H), 3.81–3.59 (m, 1H), 3.02–2.90 (m, 3H),
2.63–2.53 (m, 1H), 2.32–1.97 (m, 3H), 1.55–1.07 (m, 15H).
HRMS: m/z calcd for C36H45N6O8, 689.3293 [M + H]+; found,
689.3292. 97% HPLC purity (493 nm, Rt = 16.20 min).

(31) tert-butyl(2S,4R)-2-((2-amino-N-((S)-6-(((benzyloxy)
carbonyl)amino)-1-(tert-butoxy)-1-oxohexan-2-yl)acetamido)
methyl)-4-(benzyloxy)pyrrolidine-1-carboxylate. The general
procedure B (reaction time 60 min) was applied from 44 (32 mg,
0.035 mmol) to yield compound 31 (7.7 mg, 32%) as a colorless
lm aer purication by silica gel chromatography (DCM/
MeOH, 90/10). 1H NMR (400 MHz, CDCl3) d 7.41–7.22 (m,
10H), 6.10 (s, 1H), 5.15–5.04 (m, 2H), 4.95 (t, J = 6.1 Hz, 1H),
4.55–4.39 (m, 2H), 4.25–4.12 (m, 1H), 4.12–3.86 (m, 4H), 3.76
(td, J= 20.2, 4.3 Hz, 1H), 3.50 (dd, J= 11.8, 3.8 Hz, 1H), 3.39 (dd,
J = 11.9, 5.4 Hz, 1H), 3.32 (dd, J = 14.4, 4.1 Hz, 1H), 3.17 (q, J =
6.6 Hz, 2H), 2.16–2.03 (m, 1H), 2.02–1.75 (m, 3H), 1.66–1.18 (m,
22H). HRMS: m/z calcd for C37H55N4O8, 683.4014 [M + H]+;
found, 683.4014.

(32) tert-butyl(2S,4R)-4-(benzyloxy)-2-((N-((S)-6-(((benzyloxy)
carbonyl)amino)-1-(tert-butoxy)-1-oxohexan-2-yl)-2-(3-(5,5-
diuoro-7,9-dimethyl-5H-5l4,6l4-dipyrrolo[1,2-c:2′,1′-f][1,3,2]
diazaborinin-3-yl)propanamido)acetamido)methyl)pyrrolidine-
1-carboxylate. The general procedure C (reaction time 2 days in
DMF) was applied from 31 (7.7 mg) and BDP FL NHS ester to
yield compound 32 (0.5 mg, 5%) as a red solid aer purication
by preparative thin layer chromatography (DCM/MeOH, 95/5)
and subsequent preparative HPLC. 1H NMR (400 MHz, CDCl3)
d 7.47–7.16 (m, 10H), 7.05 (s, 1H), 6.86 (s, 1H), 6.66–6.51 (m,
1H), 6.27 (d, J = 4.0 Hz, 1H), 6.10 (s, 1H), 5.08 (s, 2H), 4.59–4.39
(m, 3H), 4.23–3.91 (m, 5H), 3.69–3.36 (m, 5H), 3.34–3.25 (m,
2H), 3.19 (s, 2H), 2.68 (q, J = 7.6 Hz, 2H), 2.54 (s, 3H), 2.24 (s,
3H), 1.56–1.30 (m, 25H). HRMS: m/z calcd for C51H67N6O9

11BF2,
957.5103 [M + H]+; found, 957.5106. 95% HPLC purity (505 nm,
Rt = 16.87 min).

(33) tert-butyl(2S,4R)-4-(benzyloxy)-2-((N-((S)-6-(((benzyloxy)
carbonyl)amino)-1-(tert-butoxy)-1-oxohexan-2-yl)-2-(6-(2-(4-((Z)-
2-(5,5-diuoro-7-(1H-pyrrol-2-yl)-5H-5l4,6l4-dipyrrolo[1,2-
c:2′,1′-f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)hex-
anamido)acetamido)methyl)pyrrolidine-1-carboxylate. The
general procedure C (reaction time 2 h in acetonitrile) was
applied from 31 (5.3 mg) and BDP 650/665 X NHS ester to yield
27022 | RSC Adv., 2023, 13, 27016–27035
compound 33 (3.9 mg, 40%) as a blue solid aer purication by
preparative HPLC. 1H NMR (400 MHz, CDCl3) d 10.45 (s, 1H),
7.63–7.50 (m, 3H), 7.40–7.26 (m, 10H), 7.24–7.18 (m, 1H), 7.05–
6.84 (m, 7H), 6.72–6.60 (m, 1H), 6.43–6.35 (m, 1H), 5.07 (s, 2H),
4.54 (d, J = 4.7 Hz, 2H), 4.51–4.40 (m, 2H), 4.23–3.90 (m, 5H),
3.45–3.31 (m, 3H), 3.23–3.12 (m, 2H), 2.61 (t, J = 7.2 Hz, 1H),
2.39–2.20 (m, 3H), 2.12–1.96 (m, 2H), 1.84–1.26 (m, 35H).
HRMS: m/z calcd for C66H82N8O11

10BF2, 1211.6169 [M + H]+;
found, 1211.6176. 97% HPLC purity (645 nm, Rt = 17.10 min).

(34) 1-((S)-10-(((2S,4R)-4-(benzyloxy)-1-(tert-butoxycarbonyl)
pyrrolidin-2-yl)methyl)-9-(tert-butoxycarbonyl)-3,11,14-trioxo-1-
phenyl-2-oxa-4,10,13-triazanonadecan-19-yl)-3,3-dimethyl-2-
((E)-3-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)prop-1-en-1-
yl)-3H-indol-1-ium-5-sulfonate. The general procedure C (reac-
tion time 2 h in acetonitrile) was applied from 31 (4.6 mg) and
Sulfo-Cyanine3 NHS ester to yield compound 34 (7.4 mg, 96%)
as a pink solid aer precipitation in diethyl ether and ltration.
1H NMR (400 MHz, MeOD) d 8.56 (t, J = 13.4 Hz, 1H), 8.02–7.87
(m, 4H), 7.44–7.24 (m, 12H), 6.49 (dd, J = 13.8, 2.4 Hz, 2H), 5.04
(d, J = 6.1 Hz, 2H), 4.64–4.42 (m, 5H), 4.26–3.91 (m, 6H), 3.75–
3.64 (m, 5H), 3.18–3.07 (m, 4H), 2.43–2.26 (m, 3H), 2.11–1.69
(m, 16H), 1.62–1.26 (m, 27H). HRMS: m/z calcd for
C67H89N6O15

32S2
+, 1281.5822 [M + H]+; found, 1281.5844. 97%

HPLC purity (550 nm, Rt = 9.29 min).
(36) tert-butyl N6-(((9H-uoren-9-yl)methoxy)carbonyl)-N2-

(tert-butoxycarbonyl)-L-lysinate. Commercial N-alpha-t-butox-
ycarbonyl-L-lysine t-butyl ester hydrochloride (3.38 g, 1 equiv.)
was added to a 10% NaHCO3 aqueous solution (100 mL). The
reaction mixture was stirred for 10 minutes at 0 °C before
a solution of Fmoc N-hydroxysuccinimide ester (3.36 g, 1 equiv.)
in THF (130 mL) was added dropwise. The reaction mixture was
stirred overnight until no more starting material was detected
on TLC and was then partitioned between water (300 mL) and
Et2O (100 mL). Layers were separated and the aqueous layer was
extracted with Et2O (100 mL). The combined organic layers were
washed with a saturated NH4Cl aqueous solution (300 mL) and
brine (200 mL), dried over MgSO4, ltered and concentrated
under vacuum to a solid residue. Stirring in Et2O at room
temperature and ltration of the suspension afforded
compound 36 (3.90 g, 75%) as a pure white solid. 1H NMR (400
MHz, CDCl3) d 7.77 (d, J = 7.5 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H),
7.40 (t, J = 7.5 Hz, 2H), 7.31 (td, J = 7.5, 1.2 Hz, 2H), 5.13–4.97
(m, 1H), 4.83 (br, 1H), 4.39 (d, J = 7.1 Hz), 4.26–4.11 (m, 2H),
3.27–3.13 (m, 2H), 1.83–1.71 (m, 1H), 1.65–1.31 (m, 23H).
HRMS: m/z calcd for C30H41N2O6, 525.2959 [M + H]+; found,
525.2952.

(37) tert-butyl N6-(((9H-uoren-9-yl)methoxy)carbonyl)-L-
lysinate. The general procedure A (reaction time 75 min) was
applied from 36 (870 mg) to yield compound 37 (900 mg, 99%)
as a white solid used in the next synthetic step without further
purication. 1H NMR (400MHz, DMSO) d 8.44 (bs, 3H), 7.89 (d, J
= 7.5 Hz, 2H), 7.68 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H),
7.37–7.25 (m, 3H), 4.29 (d, J = 6.9 Hz, 2H), 4.20 (t, J = 6.9 Hz,
1H), 3.82 (t, J = 6.0 Hz, 1H), 2.98 (t, J = 6.2 Hz, 2H), 1.77 (q, J =
7.1 Hz, 2H), 1.44 (s, 9H), 1.44–1.11 (m, 6H). HRMS:m/z calcd for
C25H33N2O4, 425.2435 [M + H]+; found, 425.2422.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(38) tert-butyl(2S,4R)-2-(((S)-6-((((9H-uoren-9-yl)methoxy)
carbonyl)amino)-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)-4-
(benzyloxy)pyrrolidine-1-carboxylate. Starting from commercial
Na-Boc-trans-4-Hyp(Bn)-OH (250 mg, 0.78 mmol, 1 equiv.) and
lysine 37 (330 mg, 1 equiv.), compound 38 was synthesized
following the procedure reported for compound 1. Compound
38 (555 mg, yield 98%) was isolated as a pale yellow oil aer
workup without further purication. 1H NMR (400 MHz, CDCl3)
d 7.76 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.39 (t, J =
7.4 Hz, 2H), 7.35–7.22 (m, 7H), 7.03 (d, J = 7.6 Hz, 1H), 5.22 (s,
1H), 4.56–4.30 (m, 6H), 4.29–4.16 (m, 2H), 3.61–3.43 (m, 2H),
3.26–3.02 (m, 2H), 2.50–2.34 (m, 1H), 2.25–2.09 (m, 1H), 1.92–
1.75 (m, 1H), 1.72–1.49 (m, 4H), 1.46–1.34 (m, 19H). HRMS: m/z
calcd for C42H54N3O8

+, 728.3905 [M + H]+; found, 728.3918.
(39) tert-butyl(2S,4R)-2-((((S)-6-((((9H-uoren-9-yl)methoxy)

carbonyl)amino)-1-(tert-butoxy)-1-oxohexan-2-yl)amino)
methyl)-4-(benzyloxy)pyrrolidine-1-carboxylate. Starting from
aldehyde 43 (270 mg, 0.90 mmol) and lysine 37 (230 mg, 0.54
mmol), compound 39 was synthesized following the procedure
reported for compound 20. Compound 39 (315 mg, yield 81%)
was isolated as a colorless oil aer purication by chromatog-
raphy on silica gel (cHex/EtOAc, 50/50). 1H NMR (400 MHz,
CDCl3) d 7.76 (d, J= 7.5 Hz, 3H), 7.59 (d, J= 7.4 Hz, 3H), 7.40 (t, J
= 7.4 Hz, 3H), 7.36–7.28 (m, 10H), 4.92–4.76 (m, 1H), 4.59–4.33
(m, 5H), 4.21 (t, J= 7.0 Hz, 1H), 4.02–3.89 (m, 1H), 3.85–3.50 (m,
2H), 3.47–3.30 (m, 2H), 3.24–3.13 (m, 2H), 2.86–2.73 (m, 1H),
2.73–2.56 (m, 1H), 2.56–2.40 (m, 1H), 2.24–2.07 (m, 3H), 1.70–
1.32 (m, 24H). HRMS: m/z calcd for C42H56N3O7, 714.4113 [M +
H]+; found, 714.4121.

(41) tert-butyl(S)-2-(((S)-6-(((benzyloxy)carbonyl)amino)-1-
(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)pyrrolidine-1-carbox-
ylate. Starting from commercial N-(tert-butoxycarbonyl)-L-
proline (1.00 g, 4.65 mmol) and H-Lys(Z)-OtBu$HCl (1.73 g, 4.65
mmol), compound 41 was synthesized following the procedure
reported for P1.23 Compound 41 (2.29 g, yield 93%) was isolated
as a colorless oil aer workup without further purication. 1H
NMR (400 MHz, CDCl3) d 7.49–7.23 (m, 5H), 7.13 (bs, 1H), 6.63
(bs, 1H), 5.08 (s, 2H), 4.57–4.34 (m, 1H), 4.34–4.15 (m, 1H), 3.59–
3.25 (m, 2H), 3.25–3.02 (m, 2H), 2.38–1.14 (3m, 10H), 1.45 and
1.44 (2s, 18H). HRMS: m/z calcd for C28H44N3O7, 534.3174 [M +
H]+; found, 534.3167.

(44) tert-butyl(2S,4R)-2-((2-((((9H-uoren-9-yl)methoxy)
carbonyl)amino)-N-((S)-6-(((benzyloxy)carbonyl)amino)-1-(tert-
butoxy)-1-oxohexan-2-yl)acetamido)methyl)-4-(benzyloxy)pyrro-
lidine-1-carboxylate. To an ice-cold solution of compound 20
(1.00 g, 1 equiv.) in dry DCM (30 mL) under N2 was added
a solution of compound 46 in dry DCM (20 mL) dropwise. Aer
the addition, the reaction mixture was allowed to reach room
temperature and stirred for 30 minutes before water (50 mL)
was added. Layers were separated and the aqueous layer was
extracted with DCM (50 mL). The combined organic layers were
washed with brine (100 mL), dried over MgSO4, ltered and
concentrated under vacuum without heating to a pale yellow
residue (1.38 g, yield 95%) which was used without further
purication. 1H NMR (400 MHz, CDCl3) d 7.76 (d, J = 7.5 Hz,
2H), 7.60 (d, J = 7.4 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.36–7.20
© 2023 The Author(s). Published by the Royal Society of Chemistry
(m, 12H), 5.90–5.70 (m, 1H), 5.07 (s, 2H), 4.50 (q, J= 8.7 Hz, 2H),
4.41–4.32 (m, 2H), 4.22 (t, J = 7.2 Hz, 1H), 4.12–3.95 (m, 3H),
3.87–3.34 (m, 4H), 3.28–3.11 (m, 2H), 2.33–2.20 (m, 1H), 2.12–
1.94 (m, 3H), 1.62–1.22 (m, 24H). HRMS: m/z calcd for
C37H55N4O8, 905.4695 [M + H]+; found, 905.4688.

(49) tert-butyl N2-((2S,4R)-1-(6-aminohexanoyl)-4-(benzyloxy)
pyrrolidine-2-carbonyl)-N6-((benzyloxy)carbonyl)-L-lysinate.
Compound 49 was obtained directly from 7 (178 mg) and Fmoc-
protected compound 47 (148 mg) by applying the general
procedure C in DMF over a long reaction time (4 days).
Compound 49 (10 mg, 3.5%) was isolated as a pale lm aer an
unoptimized purication by chromatography on silica gel
(DCM/MeOH, 90/10). 1H NMR (400MHz, DMSO) d 8.68–8.08 (m,
1H), 7.48–7.15 (m, 10H), 5.00 (s, 2H), 4.55–4.45 (m, 2H), 4.41 (t, J
= 7.8 Hz, 1H), 4.26–4.18 (m, 1H), 4.18–4.05 (m, 1H), 4.05–3.96
(m, 1H), 3.70–3.62 (m, 2H), 3.61–3.54 (m, 2H), 3.52–3.42 (m,
1H), 3.03–2.93 (m, 2H), 2.91–2.83 (m, 2H), 2.68 (q, J = 7.2 Hz,
1H), 2.32–2.08 (m, 4H), 2.08–1.88 (m, 1H), 1.65–1.25 (m, 18H).
HRMS: m/z calcd for C36H53N4O7, 653.3909 [M + H]+; found,
653.3917.
Biological evaluation

Cell culture. SUM1315 (MO2, ASTERAND, NY, USA) and
DU4475 (HTB-123™, ATCC®, Manassas, Virginia, USA) cell
lines were used for the biological evaluation. Cell lines were
checked for the absence of mycoplasma contamination (Myco-
plasmacheck® test, Eurons Genomics, Luxembourg, Lux-
embourg). Aer liquid nitrogen cryopreservation in the
Biological Resource Center of the Jean Perrin Comprehensive
Cancer Center, identied under No. BB-0033-00075 (Clermont-
Ferrand, France), each cell line was maintained in its pre-
conised cell culture medium at 37 °C under 5% CO2 in
a humidied incubator. SUM1315 cells were cultured in Ham's
F-12 medium (Gibco, Dublin, Ireland), supplemented with 5%
decomplemented fetal calf serum (Eurobio Scientic, Paris,
France), 10 mM HEPES buffer (Sigma, Darmstadt, Germany), 4
mg mL−1 insulin (Novo Nordisk, Bagsværd, Denmark), 10 ng
mL−1 epidermal growth factor (Sigma, Darmstadt, Germany)
and 20 mg mL−1 gentamicin (Panpharma, Paris, France).
DU4475 cells were cultured in RPMI 1640 medium (Gibco,
Dublin, Ireland) supplemented with 10% decomplemented
fetal calf serum and 20 mg mL−1 gentamicin.

Flow cytometry. DU4475 cells were prepared in their culture
medium maintained at 37 °C. Cells were incubated with uo-
rescent conjugates, which were dissolved in DMSO beforehand
and then diluted in culture medium at 1 mM. The nal DMSO
concentration remained at 0.1% for all cell conditions. Cellular
uorescence intensity was measured aer 5, 15, 30, 60 and 120
minutes of incubation, using blue excitation laser (488 nm) of
LSRII (Becton Dickinson, Franklin Lakes, NJ, USA) or Guava®
easyCyte™ 5HT (Luminex, Austin, Texas, USA) ow cytometers
with adapted uorescence lters (530/30 nm, 525/30 nm, 575/
26 nm, or 595/50 nm lters). Cells were then centrifuged (125 g,
5 minutes) and the cell pellet was resuspended in PBS at 4 °C.
Fluorescence intensity was then monitored aer 5, 15, 60, 120
and 180 minutes aer resuspension as previously described.
RSC Adv., 2023, 13, 27016–27035 | 27023
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Cellular distribution imaging. For the adherent SUM1315
cell line, cells were seeded in IbiTreat 8-well m-slides (Ibidi®,
Gräfelng, Germany) at a concentration of 50 × 103 cells per
well. Slides were maintained for 3 days at 37 °C in a humidied
incubator in order to obtain homogeneous conuent culture.
The suspension DU4475 cells were directly harvested from the
culture ask. For both cell lines, cells were xed with a 4% para-
formaldehyde (PFA, Sigma, Darmstadt, Germany) solution
before being incubated in a 1 mM uorescent conjugate PBS
solution for 1 h. Three successive washes of 20 minutes were
then conducted in PBS before imaging with a Cytation™3 MV
(BioTek®, Winooski, VT, USA) uorescent microscopy module
(M = 40×, uorescence lters = GFP, RFP or Cy5). Cells mean
uorescence intensity was calculated with Gen5 3.08 soware
(BioTek®) for three independent experiments. For each condi-
tion, uorescence intensity was measured from 10 different
imaging elds. For P-gp silencing, SUM1315 cells were exposed
72 hours to specic ABCB1 siRNAs diluted at 50 nM in culture
medium and lipofectamine solution (Ambion®, reference
AM51331 assay ID #4123/ABCB1, sequences 5′ > 3′:
GGAUAUUAGGACCAUAAAUtt (sense), AUUUAUGGUC-
CUAAUAUCCtg (Antisense)). Cells were then xed with para-
formaldehyde 4% solution and stained with uorescent conju-
gates or specic antibodies as previously described.

Immunouorescence co-localization imaging. SUM1315
cells were seeded in IbiTreat 8-well slides at a concentration of
50 × 103 cells per well and maintained at 37 °C in a humidied
incubator until the cell layer reached 60% of conuence. Cells
were then xed with a 4% PFA solution. Fluorescent conjugate
staining was conducted as previously described before anti-P-gp
immunostaining. Aer a 1 hour aspecic sites saturation step
with 1% bovine serum albumin (Sigma, Darmstadt, Germany)
PBS solution, cells were incubated with clone F4 anti-P-gp
monoclonal mouse antibody (Invitrogen, Carlsbad, CA, USA,
catalog # MA5-13854, diluted at 1/75) for one hour. Three
successive washes were then carried out in PBS before incuba-
tion with secondary goat anti-mouse Alexa Fluor™ 647 nm
antibody or anti-mouse Alexa Flour™ 488 nm (Invitrogen,
Carlsbad, CA, USA, catalog #A21236 or #A11001 diluted at 1/
800). Cells were nally imaged with Cytation™3 MV (BioTek®,
Winooski, VT, USA) uorescent microscopy module (M = 40×,
uorescence lters = GFP, RFP, & Cy5). The co-localization
study and determination of Pearson's correlation coefficients
was performed using JaCoP2 plugin of ImageJ soware (NIH,
Bethesda, MD, USA). The mean of Fisher transforms corre-
sponding to Pearson correlation coefficients obtained on 10
different microscope elds was used.

Results and discussion
Design of P-gp targeted uorescent conjugates

A number of structurally unrelated compounds have been
described to interact with the highly polyspecic P-gp, resulting
in a wealth of structures from which uorescence labeling can
be investigated. However, the goal of our study was to obtain
uorescent conjugates that would bind to P-gp without being
transported, allowing us to monitor a uorescent signal
27024 | RSC Adv., 2023, 13, 27016–27035
representative of the protein expression at the cell level and not
its activity. As a consequence, only non competitive P-gp
inhibitors were considered for conjugation while reviewing
the literature and the vast majority of P-gp interacting
compounds described as substrates were ignored. We also paid
attention to any data regarding the selectivity for P-gp over other
MDR proteins, especially BCRP, which shares an extensive
overlap of substrates with our target protein. This allowed us to
further rene our search and identify two short peptidic deriv-
atives, P1 and P2, as attractive candidates for the development
of selective P-gp targeted uorescent constructs (Fig. 1A). The
formers were described recently and resulted from a reversin
structure optimization for selective and potent P-gp binding.23

Their affinity to the protein was ascribed to both the hydro-
phobic nature of their side chains protected with bulky
aromatic or alkyl groups, and the high level of constraint
brought by the proline residue. Most importantly, the authors
reported that the most potent compound P2 behaved as a non
competitive inhibitor with low cytotoxicity. Additionally, from
a practical point of view, the peptide scaffold lends itself to
facile analog generation by employing the nitrogen atoms as
conjugation handles (Fig. 1A), either aer removal of a protect-
ing group via a standard procedure or even directly in the case
of P2. Finally, previous reports mention a large binding pocket
for P-gp, likely to offer some exibility in accommodating large
ligands.23 Taking all these points into consideration, we
reasoned that the peptidic scaffold was versatile enough and
a good starting point to generate a panel of P-gp targeted uo-
rescent conjugates with varying degrees of hydrophobic and
aromatic character, and also various emitting wavelengths.

Five well-characterized uorophores were employed in our
study to derivatize the peptidic scaffold, based either on
a cyanine, a boron dipyrromethene (BODIPY), or the 7-
nitrobenz-2-oxa-1,3-diazole (NBD) core. Specically, the sulfo-
cyanine 3 (SCy3), the BODIPY FL (BDP FL), the BODIPY 650/665
X (BDP X), the BODIPY 564/570 (BDP 570) and NBD were chosen
(Fig. 1B). This selection allowed us to vary the optical properties
of our compounds as well as determining characteristics likely
to inuence their affinity for the P-gp target and/or their cell
distribution (e.g. steric hindrance, overall charge, cell perme-
ability) as highlighted by many reports.11,14,24 Fluorophores were
most oen conjugated directly to the peptidic moiety, but
aliphatic linkers were also used to produce some derivatives and
potentially generate structure–activity relationships (SAR)
(Fig. 1C). As a whole, following our design criteria, we synthe-
sized a series of 25 peptides for their evaluation as P-gp targeted
uorescent conjugates. All the detailed structures and related
physicochemical properties are summarized in Table 1.
Exploration of synthetic routes

To access nal uorescent conjugates, our general synthetic
strategy relied on two main points: (i) using one of the nitrogen
atoms of the peptidic scaffold as a conjugation handle, while
maintaining other functional groups responsible for P-gp
affinity; (ii) performing the conjugation in the last step of our
synthetic routes with reaction to commercial uorophores
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Structures of previously described potent and selective P-gp inhibitors P1 and P2. Nitrogen atoms used as conjugation handles to
fluorophores are shown in red; (B) structures of the five fluorophores used in the study. (C) Schematic illustration of the synthetic approach for
fluorescent conjugates from commercial amino acids. Fluorophores were conjugated to the peptidic scaffold in the last step of the synthesis,
either directly or via an aliphatic linker.
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activated by an N-hydroxysuccinimide ester group (NHS) or to
NBD chloride (Fig. 1C). Of note, the use of NBD chloride
represents the easiest way to introduce this uorophore but in
our case it also provided an alternative non amide bond mode
of conjugation, with potential to enlarge SAR.25,26 General
procedures for conjugation are detailed in the experimental
section (i.e., procedures C and D). Importantly, yields were
unoptimized. As a consequence, yields were highly variable,
oen moderate and sometimes low, independently of the
conjugation site. It is noteworthy that in the case of NDB
coupling through nucleophilic substitution, yields were
consistently excellent.

In our strategy, P1 and P2 were key intermediates as they
should allow access to amine labeling precursor aer standard
deprotection procedures. Therefore, those compounds were
synthesized as previously reported.23 It is obvious from P2
structure that a nitrogen atom is directly available for conju-
gation (Fig. 1A). Unfortunately, coupling attempts with BDP FL
NHS ester systematically failed in our hands, probably because
of high steric hindrance. As a consequence, a glycinil spacer was
© 2023 The Author(s). Published by the Royal Society of Chemistry
introduced beforehand. Fmoc-Glycinyl chloride 46 was thus
synthesized in two steps according to previous reports and then
reacted with P2 to afford Fmoc protected intermediate 44
(Scheme 1).27,28 Subsequent deprotection in standard conditions
gave amine bearing uorescent labeling precursor 31, which
was further reacted in a nal step with NHS ester activated
uorophores, leading to novel compounds 32, 33, 34 in variable
yields (Scheme 1).

We next envisioned that a selective deprotection of the Boc-
proline residue would lead to another interesting platform
(secondary amine), either for direct coupling or for introduction
of a spacer arm (Scheme 2). The challenge here was to use
classical acidic conditions for Boc deprotection while leaving
intact the tert-butylic ester protecting the C end of the peptidic
scaffold, which could be detrimental for P-gp binding.29

Therefore, a classical procedure was adapted by performing
acidic deprotection using chlorhydric acid in 1,4-dioxane over
very short reaction times and at low temperature. This proce-
dure allowed us to isolate labeling precursors 26 and 7, from P2
and P1 respectively (Scheme 2). From intermediate 26, direct
RSC Adv., 2023, 13, 27016–27035 | 27025
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Table 1 25 compounds designed, synthesized and evaluated as P-gp targeted fluorescent conjugates: structures and physicochemical
properties

Compound Y R1 R2 R3 R4 R5 clog Pa lEx/Em
b [nm]

3 C]O H OBn Boc OtBu BDP FL 7.1 503/510
4 C]O H OBn Boc OtBu BDP X 9.1 650/660
5 C]O H OBn Boc OtBu SCy3 2.7 559/569
6 C]O H OBn Boc OtBu NBD 6.9 463/540
8 C]O H OBn BDP FL OtBu Cbz 8.6 505/510
9 C]O H OBn BDP X OtBu Cbz 9.8 650/662
10 C]O H OBn SCy3 OtBu Cbz 3.4 556/572
11 C]O H OBn NBD OtBu Cbz 6.6 463/540
12 C]O H OBn BDP570 OtBu Cbz 9.7 565/575
13 C]O H OBn CO(CH2)5NH-BDP FL OtBu Cbz 8.2 500/510
15 C]O H H BDP FL OtBu Cbz 7.0 505/528
16 C]O H H NBD OtBu Cbz 5.4 463/537
18 C]O H OBn BDP FL OH Cbz 7.3 505/522
19 C]O H OBn NBD OH Cbz 5.2 468/537
22 CH2 H OBn Boc OtBu BDP FL 7.5 502/525
23 CH2 H OBn Boc OtBu BDP X 9.5 638/681
24 CH2 H OBn Boc OtBu SCy3 0.8 558/578
25 CH2 H OBn Boc OtBu NBD 7.4 462/540
27 CH2 H OBn BDP FL OtBu Cbz 8.9 505/522
28 CH2 H OBn BDP X OtBu Cbz 10.1 638/678
29 CH2 H OBn SCy3 OtBu Cbz 1.4 560/581
30 CH2 H OBn NBD OtBu Cbz 7.1 467/543
32 CH2 COCH2NH-BDP FL OBn Boc OtBu Cbz 10.1 505/522
33 CH2 COCH2NH-BDP X OBn Boc OtBu Cbz 12.1 646/676
34 CH2 COCH2NH-SCy3 OBn Boc OtBu Cbz 5.7 556/578

a Calculated with ChemDraw 20.1. b Maximum excitation and emission wavelengths evaluated in ethanol.

Scheme 1 Synthesis of fluorescent conjugates 32–34. reagents and
conditions: (a) dry DCM, N2, Fmoc-glycinyl chloride 46, 0 °C to rt,
30 min; (b) dry DMF, N2, diethylamine, rt, 1 h; (c) dry DMF (32)/
acetonitrile (33, 34), N2, triethylamine, NHS-activated fluorophore, rt, 2
days (32)/2 h (33, 34).
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conjugation led to another series of uorescent conjugates
(compounds 27–30, Scheme 2A). Despite the presence of two
secondary amines, no regioselectivity issue was encountered, as
27026 | RSC Adv., 2023, 13, 27016–27035
the proline is much more accessible than the hindered ami-
nomethylene group of the P2 scaffold, as previously experi-
mented. Variable yields were observed, from very low for SCy3
NHS ester coupling to excellent for substitution reactions with
NBD chloride. From key intermediate 7, nal conjugation pro-
ceeded in moderate to excellent yields to generate another
series of nal uorescent peptides (compounds 8–12, Scheme
2B). Compound 7 was also used to access amine 49, which
presents a 6-aminohexanoic linker (Scheme 2B). Briey, NHS
ester 48 was obtained in two steps from commercial 6-amino
hexanoic acid via a Fmoc protected intermediate according to
well described procedures.30,31 Subsequent reaction with inter-
mediate 7 in basic conditions led to unprotected amine 49,
which was further coupled to NHS ester activated BDP FL to
yield uorescent peptide 13 (Scheme 2B).

Fluorescent P1 analogues 15, 16, 18 and 19 also present
a uorophore on the proline residue but supplementary struc-
tural modications likely to impact their P-gp binding were
brought to the peptidic scaffold in order to enlarge SAR (Table
1). Precisely, compounds 15 and 16 miss the benzyloxy group
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of fluorescent conjugates 8–13, 18–19, 27–30. Reagents and conditions: (a) 4 N HCL in 1,4-dioxane, N2, 0 °C , rt, 30–
45 min; (b) dry DMF (8, 9, 10, 12, 13, 27) or acetonitrile (28, 29), N2, triethylamine, NHS-activated fluorophore, rt, 45 min (28, 29)/12 h (27)/1 day
(12)/3 days (8, 9)/6 days (10) or dry MeOH, N2, NaHCO3, NBD chloride, rt, overnight (11, 30); (c) dry DMF, N2, triethylamine, 6-(Fmoc-amino)
caproic acid NHS ester 48, rt, 4 days; (d) dry DMF, N2, triethylamine, NHS-BDP FL, rt, 7 h; (e) 4 N HCL in 1,4-dioxane, N2, 0 °C , rt, overnight; (f) dry
DMF, N2, triethylamine, NHS-BDP FL, rt, 5 days (18) or MeOH, N2, NaHCO3, NBD chloride, rt, overnight (19).

Scheme 3 Synthesis of fluorescent conjugates 15–16. Reagents and
conditions: (a) dry DCM, N2, ethyl chloroformate, triethylamine, N-
(tert-butoxycarbonyl)-L-proline, 0 °C for 2 h , rt, overnight; (b) 4 N HCL
in 1,4-dioxane, N2, 0 °C , rt, 40 min; (c) dry acetonitrile, N2, triethyl-
amine, NHS-BDP FL, rt, 2 days or MeOH, N2, NaHCO3, NBD chloride,
rt, 2 days.
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(OBn) on position 4 of the proline ring and compounds 18 and
19 present a polar and hydrophilic carboxylic acid functional
group. For the synthesis, harsh acidic conditions applied to P1
allowed both Boc deprotection and conversion of the tert-butylic
ester to acid to furnish intermediate 17 (Scheme 2B). This
compound was subsequently used to access analogues 18 and
19 in moderate to quantitative yields aer coupling to BDP FL
and NBD uorophores, respectively. Conjugates 15 and 16 were
prepared in three steps from a commercial lysine and Boc
protected proline (Scheme 3). To that end, very similarly to P1,
peptidic intermediate 41 was obtained in high yield in a rst
step by the mixed anhydride method in presence of ethyl
chloroformate. Subsequent selective Boc deprotection in
conditions described earlier led to labeling precursor 14, and
nal coupling offered the desired compounds in excellent
yields. Noteworthy, conjugation on this site to BDP FL via NHS
ester coupling proceeded in much higher yield (i.e. 97%) than
for analogues substituted on position 4 of the proline ring such
as 8 (46%), 18 (41%) or 27 (32%). This result suggests that the
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 27016–27035 | 27027
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Scheme 4 Synthesis of fluorescent conjugates 3–6, 22–25. Reagents and conditions: (a) 10%NaHCO3 aqueous solution, THF, Fmoc-NHS, 0 °C ,
rt, overnight; (b) 4 N HCL in 1,4-dioxane, N2, 0 °C , rt, 75 min; (c) MeOH, (4R)-benzyloxy-(2S)-formyl-pyrrolidine-1-carboxylic acid tert-butyl
ester, NaBH3CN, CH3COOH, rt, 3 h; (d) dry DMF, N2, diethylamine, rt, 60min; (e) dry DMF (3, 4, 5, 22)/acetonitrile (23, 24), N2, triethylamine, NHS-
activated fluorophore, rt, 2 h (3)/18 h (4)/20 h (5)/3 days (22)/1 h (23)/45 min (24) or MeOH, N2, NaHCO3, NBD chloride, rt, overnight (6)/2 days
(25).
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OBn group on this position lessen the nucleophilicity of the
nitrogen atom and/or contributes to steric hindrance.

Finally, regarding the use of the lysine lateral chain as
a conjugation site, a similar well known and adapted depro-
tection strategy from P1 and P2 would lead ideally to the free
primary amine before the nal coupling step (Fig. 1A/C).
Therefore, it was rst attempted to determine conditions
leading to rapid and selective deprotection of the Cbz group of
the lateral chain. However, experimental conditions would
systematically lead to concomitant Boc deprotection and/or
benzyl group removal on the proline moiety. It appeared that
accessing a primary amine on this site imposed to elaborate
a whole different synthetic scheme. The chosen strategy relied
again on Fmoc chemistry, which can provide selective depro-
tection conditions over tert-butylic esters, Boc and Cbz groups
(Scheme 4). Key intermediate lysine 37 was prepared in a 74%
yield over two steps from commercial Boc protected lysine tert-
Fig. 2 Fluorescence characteristics (excitation and emission wavelength
gp targeted fluorescent conjugates and commercial NHS-activated fluo

27028 | RSC Adv., 2023, 13, 27016–27035
butylic ester: the primary amine was Fmoc protected in the rst
step yielding intermediate 36, which afforded lysine 37 upon
reaction in acidic conditions. From lysine 37, the Fmoc pro-
tected P1 analogue 38 was prepared in excellent yield by the
mixed anhydride method. Subsequent selective Fmoc depro-
tection required to test several conditions, but nally led in
a 58% yield to primary amine 2, which was then conjugated to
the selected uorophores BDP FL, BDP X, Scy3 and NBD to give
new uorescent peptides 3–6 (yields 24–100%, Scheme 4).
Lysine 37 also allowed access to Fmoc protected P2 analogue 39
via a reductive amination step involving sodium cyanoborohy-
dride as the reducing agent. Subsequent deprotection and
coupling in conditions described earlier furnished the series of
nal uorescent peptides 22–25 (yields 21–100%, Scheme 4).

All intermediates and nal uorescent compounds were
puried via column chromatography or reversed-phase HPLC,
identied and characterized by classical analytical methods (1H
s) determined from spectra recorded in ethanol solutions for all new P-
rophores (BDP FL, BDP X, BDP 570 and SCy3 series).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cell uptake kinetics analyses were performed by flow cytometry. P-gp expressing DU4475 cells were incubated with a fluorescent
conjugate (3–5, 8, 10, 12, 13 or 30) at 1 1 mM in cell culture media for 2 h at 37 °C and then rinsed in cold PBS (4 °C) for 3 h. Diagram shows
normalized cells MFI at different time points upon incubation with a selected compound (0 to 120 min) and PBS rinse (120 to 300 min), and for
control (unstained) cells. White arrows indicate the last data point before rinsing. Data were normalized tomaximal MFI for each condition. For all
compounds, MFI increased rapidly and then decreased during PBS rinse but remained higher than for control cells at all time points.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 27016–27035 | 27029
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NMR, UV-vis spectroscopy and ESI-HRMS (ESI Data†)). All nal
uorescent peptides (i.e. 3–6, 8–13, 15, 16, 18, 19, 22–25, 27–30,
32–34) were obtained in >95% purity. Before biological evalua-
tion, uorescence spectra were recorded for all nal conjugated
compounds and also for commercial NHS activated uo-
rophores. With regards to excitation and emission wavelengths,
which span over a large part of the visible spectrum, results
showed no important differences between compounds bearing
the same uorophore, demonstrating that peptide conjugation
did not affect the uorescence characteristics of the uorophore
(Table 1, Fig. 2). With a library of 25 new P-gp targeted uo-
rescent peptides displaying different lipophilicity and optical
properties at hands, the next step was to contrast their in vitro
performance and interrogate their potential as efficient uo-
rescent conjugates for selective P-gp detection and quantica-
tion in a series of cell-based experiments.
Biological evaluation

Cell uptake of uorescent conjugates. To validate that
conjugation of the P-gp targeting peptidic moiety to a uo-
rophore was not detrimental for cell uptake, we rst performed
ow cytometry and quantitative imaging studies. Two breast
cancer cell lines were chosen. The DU4475 cell line presents an
elevated basal expression level for P-gp, whereas the SUM1315
cell line expression level is lower, as determined by western blot
experiments in previous distinct reports.19,32 In this study, in
order to precisely determine their relative expression level,
quantitative immunouorescence microscopy using an anti-P-
gp antibody was performed on both cell lines. A ratio of 2.4
was obtained when comparing uorescence intensity
measurements in DU4475 cells to measurements in SUM1315
cells. Conrmation of a marked differential expression of our
target protein comforted us in selecting the DU4475/SUM1315
cell pair as a model for the biological evaluation of our conju-
gates, with regard to cell uptake and selective binding.

Flow cytometry experiments were carried out by incubating
a suspension of DU4475 cells in cell culture media at 37 °C with
the following compounds (1 mM): 3, 8, 13 (BDP FL series), 4
(BDP X series), 5, 10 (SCy3 series), 12 (BDP 570 series) and 30
(NBD series). This compound selection was considered as
representative of our panel as they present all the uorophores
chosen for our study, different conjugation sites and a linker in
the case of 13. Cell uptake kinetics was evaluated by comparing
the mean uorescence intensity of cells (MFI) to the control
(unstained cells) at different time points over 2 hours (Fig. 3).

Fluorescence signal was detectable for all compounds from
the earlier time point (5 min), probing a very rapid cell uptake
irrespective of the nature of the uorophore and of the conju-
gate structure in general. As soon as 15 minutes and no longer
than 60 minutes aer incubation started, a plateau was
observed in each experiment, suggesting that the cell–medium
equilibrium was reached. Aer two hours, cells were removed
from cell culture medium and rinsed with cold PBS for 3 hours,
during which the MFI was regularly measured. A strong
decrease was observed and a lower plateau was reached rapidly
for all compounds. We noted that normalized values at the
27030 | RSC Adv., 2023, 13, 27016–27035
plateau seemed to be dependent on the type of uorophore as
the lowest values were observed for the SCy3 derivatives, inter-
mediate values for the BODIPY derivatives, and the higher value
for the NBD derivative 30. Beyond that, it is noteworthy that for
all compounds the MFI remained systematically higher –

although very close for compound 5 – than for its corresponding
control (unstained cells). This could be explained by a novel
cell–medium equilibrium, but could also result, at least
partially, from a high affinity intracellular binding of our
compounds. Overall, these results showed that the structural
modications that were brought to the peptidic scaffold were
never detrimental for cell uptake.

We next aimed to demonstrate in an imaging-based experi-
ment that our compounds could provide a uorescent signal
intensity closely dependent on the P-gp expression level of
a given cell line. Indeed, when a selective binding is achieved for
a uorescent molecule, the expression level of the targeted
protein determines the uorescent signal intensity in imaging
experiments. Therefore, DU4475 and SUM1315 breast cancer
cell lines, which differentially express P-gp as determined by
immunouorescence intensity measurements (Fig. 4A, top
row), were used in this assay.19,32 For each compound testing,
cells were rst xed, incubated with a 1 mM PBS solution for 1 h,
washed three times to remove unbound compound and imaged
with a Cytation™3 MV (BioTek®, USA) uorescence microscopy
module. Working on xed cells eliminated the potential bias
related to cytotoxicity, although this was not observed in our
previously reported study.20 Quantitative studies were nally
performed with optimized imaging parameters for each
compound by measuring the mean uorescence intensity in
cells. First of all, a measurable uorescent signal was detected
in each experimental condition thus supporting the previous
conclusion in ow cytometry. Fig. 4A (bottom row) shows this
result in the case of representative BDP FL conjugate 8, and also
reveals a higher affinity (superior MFI) for the highest express-
ing DU4475 cells compared to SUM1315 cells, suggesting
a selective binding to P-gp. This was conrmed in P-gp knock-
down SUM1315 cells previously exposed to specic siRNAs (see
Experimental section), for which both immunolabeling and
compound 8 uorescent signals were extinguished (Fig. 4A).
Importantly, we actually observed that all compounds showed
a higher affinity for DU4475 cells compared to SUM1315 cells.
Indeed, when calculating the same signal intensity ratio as in
our preliminary immunouorescence microscopy experiment,
values were systematically superior to 1.0 (Fig. 4B). Given the
high number of tested compounds, this provided quite
compelling evidence that, regardless of structural consider-
ations, P-gp interaction plays a determining role in the cell
binding mode of our peptidic compounds. As a matter of fact,
Fig. 4B also reveals that for a rather large number of
compounds, ratio values differ from the 2.4 reference value
obtained in the control immunouorescence experiment. For
example, in the series of BDP FL conjugated peptides,
compounds 8 and 13 gave close ratio values of 2.3 and 2.6
respectively, while compounds 22 and 27 gave much lower
values of 1.3 and 1.7, respectively. As a whole, while establishing
an evident link between the P-gp expression level and cell
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Quantitative fluorescence imaging studies were performed on DU4475 and SUM1315 cells, which present a differential basal P-gp
expression. Cells were fixed, incubated with a fluorescent conjugate at 1 mM for 1 h, rinsed with PBS (3×) and imaged on a Cytation™3 MV
(BioTek®, USA). For each condition, cells MFI was measured from 10 different imaging fields with optimized imaging parameters, which were
kept constant for each fluorophore. (A) Images shows the P-gp immunolabeling (green signal, top row) and the distribution of conjugate 8 (BDP
FL series, green signal, bottom row) in DU4475 cells, SUM1315 cells and P-gp knockdown SUM1315 cells. MFI is higher in DU4475 cells (higher P-
gp expression level) as compared to MFI in SUM1315 cells (lower P-gp expression level), and no detectable signal was observed in control P-gp
knockdown SUM1315 cells. (B) Histogram showsDU4475/SUM1315 cells MFI ratiosmeasured for each P-gp-targeted fluorescent conjugates and
for immunolabeling. Ratios are all superior to 1 (black solid line).
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binding, our results also suggested that in our experimental
conditions some compounds staining might not be limited to
the plasma membrane as in the immunolabeling experiment.
Consequently, we pursued our investigation with intracellular
distribution studies.

Cellular distribution and immunouorescence co-
localization imaging studies. We examined the intracellular
distribution of all uorescent conjugates and their colocaliza-
tion with P-gp at the cell membrane, the main site of P-gp
expression. To that end, adherent xed SUM1315 cells were
rst incubated with compounds in the same conditions as for
© 2023 The Author(s). Published by the Royal Society of Chemistry
quantitative imaging studies (1 mM/1 h/3 rinses) and were then
co-stained with a uorescent anti-P-gp antibody before acqui-
sition of images (see Experimental section). Fluorescence
patterns analysis and Pearson correlation coefficient calcula-
tions were performed to evaluate the colocalization of
compounds with P-gp. Moreover, in order to conrm that the
cell distribution of our compounds was not driven by their
uorescent moiety only, control imaging experiments were
performed with the four commercial NHS ester uorophores
BDP FL, BDP 570, BDP X and SCy3 (ESI Data Fig. S1†).
RSC Adv., 2023, 13, 27016–27035 | 27031
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Fig. 5 Intracellular distribution and immunofluorescence co-localization studies were performed by fluorescence imaging on SUM1315 cells for
the 25 new P-gp-targeted conjugates. Cells were fixed, incubated with a fluorescent conjugate at 1 mM for 1 h, rinsed with PBS (3×) and then co-
stained with a fluorescent anti-P-gp antibody before imaging on a Cytation™3 MV (BioTek®, USA). Images show characteristic staining patterns.
(A) Immunostaining fluorescence pattern (red). The bottom panel (zoom) reveals the punctate pattern. (B) Compound 11 distribution (green). (C)
Co-localization of compound 11 and immunostaining (orange).
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Immunostaining showed an ubiquitous cell repartition for
P-gp with a punctate uorescence pattern possibly resulting
from P-gp proteins clustering at the cell membrane (Fig. 5A).
Most strikingly, several BDP FL, BDP 570 and NBD uorophore
bearing compounds (3, 6, 8, 11, 12, 13, 15, 22, 27, 30) led also to
this characteristic staining pattern, suggesting a good colocal-
ization, mostly driven by the P-gp targeting moiety (Fig. 5B/C/
6A–C). Noteworthy, this was conrmed by the very different and
highly diffuse staining patterns that were obtained in control
experiments with BDP FL NHS ester and BDP FL 570 ester
(Fig. S1†). The BDP 570 conjugate 12 and the BDP FL
compounds in general gave bright images and high Pearson
coefficients (0.66 to 0.84), except for compounds 15, 18 and 32,
for which values dropped below 0.50. This showed that both the
OBn group on position 4 of the proline residue and the tert-
butylic ester of the lysine residue were important structural
features for selective P-gp binding, and it also suggested that
functionalizing the free secondary amine of P2 was highly
detrimental. Beyond that, conjugation on other sites
(compounds 3, 8, 13, 22, 27) and introduction of a spacer arm
(compound 13) appeared as acceptable structural modications
for retaining P-gp binding (Fig. 6A/B). In the NBD series, similar
results were observed for compounds 16 and 19, which miss the
OBn group and the tert-butylic ester respectively, supporting the
established SAR. Interestingly, we found that compounds 11
and 30 bearing the uorophore on the proline residue gave
much better results than their analogues 6 and 25, for which the
NBD motif was introduced on the lateral chain of the lysine.
27032 | RSC Adv., 2023, 13, 27016–27035
Indeed, Pearson coefficients were 0.73 and 0.76 in the case of
compounds 11 and 30, respectively, but values fell to around 0.4
for analogues 6 and 25 (Fig. 5B).

Compounds conjugated to the BDP X uorophore gave
a more diffuse signal throughout the cells with intense uo-
rescence from the perinuclear region, possibly in the endo-
plasmic reticulum (Fig. 6D/E). Interestingly, this was also
observed upon incubation with BDP X NHS ester, indicating
that this cell distribution might be partially driven by the uo-
rophore itself (Fig. S1†). Another striking feature that we noted
is the localization of the uorescent compounds at the
membrane of intracellular vesicle-like structures, particularly
visible for P2 derivatives 23, 28 and 33, for which Pearson
coefficients were lower than for P1 derivatives 4 and 9 (Fig. 6D/
E). Actually, it was previously reported that the use of the large
and lipophilic BDP X uorophore for small molecule labeling
could strongly inuence the pharmacokinetics and pharmaco-
dynamics of the resulting compound, thus requiring optimized
staining protocols with longer wash steps.33 In our study, we
chose to compare the intracellular distribution of our conju-
gates following the same staining procedure regardless of the
uorophore. So, it appeared that while further investigations
would be necessary in the case of some BDP X conjugated
compounds in order to obtain high contrast images, conjugates
4 and 9 led to Pearson coefficients among the higher values, all
series considered (Fig. 7).

Finally, staining with SCy3 labeled compounds led to a very
different but characteristic pattern, which was observed for all
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05093a


Fig. 6 Intracellular distribution study was performed by fluorescence imaging for the 25 new P-gp-targeted conjugates. Cells were fixed,
incubated with a fluorescent conjugate at 1 mM for 1 h, rinsed with PBS (3×) before imaging on a Cytation™3 MV (BioTek®, USA). Images show
characteristic staining patterns for fluorescent conjugates of different series. (A) Compound 13 (green) distribution. (B) Compound 3 (green)
distribution. (C) Compound 12 (orange) distribution. (D) Compound 4 (red) distribution. (E) Compound 28 distribution (red). The bottom panel
(zoom) reveals staining of intracellular vesicle-like structures. (F) Compound 10 distribution (orange). The bottom panel (zoom) reveals staining of
filamentous structures in the cytoplasmic region (white arrows).
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compounds (5, 10, 24, 29 and 34), irrespective of structural
considerations like the conjugation site for example (Fig. 6F).
For this series of compounds, Pearson coefficients were low,
varying from 0.36 to 0.46 with a mean value of 0.39, which
indicates intracellular distribution and poor colocalization with
the P-gp at the cell membrane, its main site of expression.
Notably, the distribution of uorescence was by no mean
comparable to the nuclear staining observed in the control
experiment with SCy3 NHS ester (Fig. S1†). This clearly indi-
cated that distribution and cell binding were inuenced by the
peptidic targeting moiety. Precisely, the uorescence distribu-
tion was not uniform but revealed instead lamentous struc-
tures in the cytoplasmic region, strongly reminiscent of
© 2023 The Author(s). Published by the Royal Society of Chemistry
mitochondria. Interestingly, it was previously reported that
physiochemical properties for mitochondrial localization were
closely related to those for P-gp inhibition, hence binding.34

Therefore, this series of SCy3 labeled compounds might be of
interest to deepen this investigation and possibly clarify the link
between distribution to mitochondria and P-gp expression.

Fig. 7 summarizes for all compounds the Pearson coefficient
and the MFI ratio measured in the quantitative cell binding
study. Taken together, cell binding and colocalization data
revealed important SAR and uncovered the high capacity of
several uorescent conjugates – i.e. 3, 8, 13, 22, 27 in the BDP FL
series, 12 in the BDP 570 series, 4, 9 in the BDP X series, and 11,
30 in the NBD series – to selectively target P-gp at the plasma
RSC Adv., 2023, 13, 27016–27035 | 27033
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Fig. 7 Diagram summarizing how structural features of the 25 new fluorescent conjugates (P1/P2 derivative and fluorophore structure) influence
P-gp binding as determined by quantitative cell binding assay (cells MFI ratio) and intracellular distribution and immuno-fluorescence coloc-
alization studies (Pearson correlation coefficient).
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membrane. Yet, it is important to acknowledge that in the eld
of uorescent small molecules development, successful coloc-
alization studies can be associated with higher Pearson values
than those in the present report. Most certainly, it mainly stems
from the ability of our compounds to permeate cells and target
intracellular P-gp, unlike anti-P-gp antibodies, which are highly
specic but inherently limited to targeting P-gp at the cell
membrane. As mentioned earlier, it is undisputed that P-gp is
mainly expressed at the plasma membrane where it plays its
defensive role, but it is also well established that P-gp is local-
ized in cellular organelles.1,35 Those intracellular localizations
can be linked to synthesis and cell trafficking but can also
mediate drug resistance, as evidenced by recent reports.35

Therefore, if our hypothesis is conrmed – further studies are
underway – this will not only designate our compounds as
innovative tools to study the role of P-gp in a large variety of
samples via simple protocols, but also facilitate a deeper
investigation of its implication in drug resistance with regards
to its expression in intracellular organelles.
Conclusions

Following a rational design, we have conceived original multi-
step synthetic routes to generate a library of 25 uorescent
compounds sharing a common peptidic structure derivatized
with different aliphatic and aromatic groups, and displaying
varying uorophores. All compounds have been evaluated as P-
gp targeted uorescent conjugates in cell cultures. Most
importantly, results of this investigation have clearly validated
the P-gp targeting peptidic moiety as a versatile scaffold to build
efficient conjugates, while conrming important SAR and
generating new ones. In our methodology, with a relevant
tumoral cell model and control immunostaining experiments,
27034 | RSC Adv., 2023, 13, 27016–27035
we have successfully identied compounds and experimental
conditions allowing (i) the sensitive determination of a differ-
ential expression level between cell lines, and (ii) the selective
detection of P-gp at the cell membrane, its main site of
expression. This represents an original and innovative example
of a small molecule-based approach for selective direct detec-
tion and quantication of P-gp in cells. We contend that this
approach holds key advantages over the principal existing
methods for protein detection such as immunouorescence or
immunoblotting, especially as it eschews the use of costly
antibodies and the associated heavy, time-consuming proto-
cols. Moreover, the varying lipophilicity of our new cell-
permeant uorescent conjugates revealed different staining
patterns, which can be exploited to study intracellular P-gp in
addition to its role at the plasma membrane. As a proof-of-
concept reported herein, we have applied our methodology on
simple models of cultured cells, but further studies will allow us
to leverage the selectivity of our uorescent conjugates for
detecting and quantifying P-gp in a variety of more complex
biological samples such as spheroids or clinical tumor samples.
Ultimately, we are condent that the uorescent conjugates
reported herein will nd innovative applications through
simple ow cytometry or imaging based methodologies for
detecting and quantifying P-gp. As an alternative to antibody-
based methods, this approach will facilitate the preclinical
and clinical evaluation of this relevant protein as a biomarker of
resistance, especially in cancer treatments.
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