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Theranostic system for ratiometric fluorescence
monitoring of peptide-guided targeted drug
deliveryf
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Conjugation of an anticancer drug with a cancer-specific carrier and a fluorescent dye to form a theranostic
system enables real time monitoring of targeted drug delivery (TDD). However, the fluorescence signal from
the dye is affected by the light absorption and scattering in the body, photobleaching, and instrumental
parameters. Ratiometric measurements utilizing two fluorescence signals of different wavelengths are
known to improve sensitivity, reliability and quantitation of fluorescence measurements in biological
media. Herein, a novel theranostic system comprising the anticancer drug chlorambucil (CLB), cancer-
specific peptide octreotide amide (OctA), and a long-wavelength dual fluorescent cyanine dye IRD
enabling ratiometric monitoring of drug delivery was developed and evaluated on the cancer cell line

rsc.li/rsc-advances PANC-1.

1 Introduction

Targeted delivery of anticancer drugs, as compared to conven-
tional chemotherapy, improves therapeutic efficacy and mini-
mizes side effects caused by nonspecific drug distribution." A
basic targeted drug delivery (TDD) system comprises an anti-
cancer drug covalently bound to a cancer-specific carrier such as
a peptide, antibody or nanoparticle.> Peptides have some
advantages as carriers due to their small size, high selectivity,
reduced toxicity, and ease of chemical modification.**
Combining this classical drug-carrier TDD system with a turn-
on fluorogenic dye bound to the drug by means of a biode-
gradable linker predominantly cleavable in target tissue enables
real-time monitoring of the efficacy and accuracy of drug
delivery.® The principle of the drug delivery detection consists of
a noticeable increase in the fluorescence intensity of the fluo-
rogenic dye upon the linker cleavage, with the fluorescence
intensity correlating with the concentration of the released drug
molecules.®

However, the fluorescence signal from the dye is affected by
the light absorption and scattering in the body, kind of bio-
logical tissue and organs, light path depth, dye photobleaching,
and instrumental parameters.” Therefore, the quantitative
measurements of the drug concentration and the drug release
degree® (the ratio between the number of the released drug
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molecules and the number of TDD conjugates accumulated in
tissue sites) are problematic.

The ratiometric measurements using two fluorescence
signals recorded at two different wavelengths are known to
provide effective internal referencing and self-calibration that
greatly improve sensitivity, reliability and quantification in
biological samples.” Ratiometry is unaffected by the sample
nature and the instrumentation.

Recently, several dual fluorescent long-wavelength hepta-
methine cyanine dyes, containing a triggering hydroxyl group in
the central cyclohexene moiety, were proposed for ratiometric
sensing applications such as the determination of cysteine,
hydrogen sulfide, hydrogen polysulfides, and superoxide anion
in living cells.’ One of these dyes was suggested also for the
dual-channel fluorescent in vivo tracking of an activatable pro-
drug delivery."* Nevertheless, to the best of our knowledge,
these heptamethine dyes have never been utilized to create
ratiometric, carrier-driven TDD systems.

In this research, we report on design of a theranostic system
that first combines a cancer-targeting peptide with a new long-
wavelength dual fluorescent (switchable) dye in order to provide
ratiometric monitoring of anticancer drug delivery. This model
system comprises the anticancer drug chlorambucil (CLB)
serving as a DNA alkylator,"* peptide carrier octreotide amide
(OctA) which specifically binds to SSTR-2 and SSTR-5 somato-
statin receptors overexpressed in many human tumor cells,*
and the switchable cyanine dye IRD bound to the drug by means
of a hydrolytically cleavable (biodegradable) ester linker (Fig. 1).
The developed system was evaluated in homogenous solutions
and in human pancreatic cancer (PANC-1) cell line over-
expressing SSTR-2 and STTR-5."*

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Functioning principle of the proposed TDD system comprising
anticancer drug CLB, targeting peptide OctA and a switchable fluo-
rescent dye IRD, which enables ratiometric measurements.

2 Experimental
2.1 General information

All protected amino acids, resin and coupling reagents were
purchased from Tzamal d-Chem Laboratories, Ltd. All other
chemicals were supplied by Alfa Aesar Israel or Sigma-Aldrich.
Octreotide was purchased from Glentham Life Sciences.
Solvents were purchased from Bio-Lab Israel and used as is. Cell
culture medium (CM, 500 mL) contained a RPMI-1640 standard
cell culture medium from Sigma-Aldrich (435 mL), 50 mL fetal
bovine serum (FBS) containing acetylcholinesterase, 5 mL
penicillin (10 000 U mL™"), 5 mL streptomycin (10 mg mL "),
5 mL of 200 mM glutamine, and 5.3 mg 1" phenol red indi-
cator. Chemical reactions were monitored by TLC (Silica gel 60
F-254, Merck). All reagents and solvents were used as received
without further purification.

2.2 Experimental procedures

NMR: '"H NMR and **C NMR spectra were measured at 300 K on
a Bruker Avance III HD (*H 400 MHz and *C 100 MHz) spec-
trometer and a BBO probe equipped with a Z gradient coil. The
signal of the remaining non-deuterated solvent was used as an
internal standard reference of the chemical shifts (‘"H 6 =
3.31 ppm and "*C § = 49.0 ppm). The samples were dissolved in
CDCl; or MeOD according to their solubility.

LC/MS analyses were performed using an Agilent Technolo-
gies 1260 Infinity (LC) 6120 quadruple (MS), column Agilent SB-
C18, 1.8 mm, 2.1 x 50 mm, column temperature 50 °C, eluent
water-acetonitrile (ACN) + 0.1% formic acid.

HPLC purifications were carried out on an ECOM preparative
system, with dual UV detection at 230 nm and 254 nm. A Phe-
nomenex Gemini® 10 pm RP18 110 A, LC 250 x 21.2 mm
column was used. The column was kept at ambient tempera-
ture. Eluent A (0.1% TFA in water) and B (0.1% TFA in ACN) were
used. A typical elution was a gradient from 100% A to 100% B
over 35 min at a flow rate of 25 mL min .

HRMS was measured in the ESI positive mode using an
Agilent 6550 iFunel Q-TOF LC/MS.
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Cell culture: PANC-1 cell line was cultured in an RPMI-1640
medium supplemented with 2 mM glutamine, 10% fetal bovine
serum (contained acetylcholinesterase) and with penicillin
streptomycin (100 IU mL ™" of each). The cell culture was grown
at a 37 °C incubator in an environment containing 6% CO, to
final concentration ~1 x 10* cell per mL.

2.3 Absorption and fluorescence measurements

Absorption spectra were recorded on a Jasco V-730 UV-Vis
spectrophotometer and the fluorescence spectra were
measured on Edinburgh Instruments FS5 spectrofluorometer.
The absorption and fluorescence spectra (Fig. S1T) and the
quantum yields (@) were measured at 25 °C in 1 cm quartz cells
at ~0.5 uM dye concentrations in 10 mM phosphate buffer pH
7.5 (PB) and RPMI 1640 cell medium pH 7.5 (CM). Excitation
wavelengths were 532 nm and 710 nm. The recorded fluores-
cence spectra were corrected using the wavelength-dependent
instrument sensitivity coefficients. Absorption and emission
maxima were measured with accuracy of £0.3 nm and £+0.5 nm,
respectively, and rounded. For the determination of the
quantum yields, the integrated relative intensities were
measured versus ICG in methanol as the reference (@ = 0.044)"
and Cy3™ in PBS (@ = 0.04).'° The absorbances of the samples
and the references at the excitation wavelength were 0.04-0.06
measured in a 1 cm cell. The absolute quantum yields were
calculated according to eqn (1)."”

P = Oy x (FIFy) x (AglA) (0PIn’y), (1)

where @ is the quantum yield of the reference, Fs and F are the
integrated emission intensities of the reference and the dye
under examination, Ag and A are the absorbances at the exci-
tation wavelength of the reference and the dye under exami-
nation and ng and n are the refractive indexes of the solvents
used for the reference and the dye under examination. The
quantum yield of each sample was independently measured
three times and the average value was taken. The reproducibility
was within 5%.

2.4 Fluorescence measurements of the cleavage rates for
IRD-CLB and 5-CLB

A stock solution of IRD-CLB and 5-CLB in DMSO was added to
10 mM PB pH 7.5 at 25 °C and cell medium pH 7.5. The final
concentration of DMSO was 2.5%. The absorbances of the
resulted solutions at the maximum were 0.10 + 0.02, when
measured in a 1 cm standard quartz cell. The solutions were
incubated at 37 °C during 24 h. The fluorescence spectra were
measured over time (Fig. S11) and the corresponding profiles
were obtained as function of “intensity at maximum vs. time”.
First-order exponential decay functions were fitted to the ob-
tained profiles and the cleavage half-lives (z,,,) were calculated.

2.5 Fluorescence imaging

The images were acquired by Photometrics CoolSNAP HQ2 camera
mounted on an Olympus iX81 fluorescent microscope. For the red
channel a cube comprising a ET560/40x bandpass excitation filter,
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ET630/75m bandpass emission filter and T585lpxr dichroic filter
was used. For the NIR channel a cube comprising a ET740/40x
bandpass excitation filter, ET780lp long pass emission filter and
T770lpxr dichroic filter was used. To monitor drug release, PANC-1
cell line was grown in six-well culture plates, twice washed with PBS
(pH 7.4) and then incubated 10 min with 5-CLB 10 pM solution in
PBS containing 2.5% DMSO. After incubation, the samples were
twice washed thoroughly with PBS pH 7.4 to remove excess conju-
gate and the fluorescence changes immediately measured by using
fluorescent microscope. All images were taken over time at 37 °C
under 6% CO, atmosphere. Concentration of cells in the imaging
experiments was ~1 x 10 cell per mL. The images were taken in
the red and NIR channels. About 10-12 cells were in the entire field
of view for each image. The fluorescence intensities of cells were
quantified as the integrated density of the full image using Image]J
software.”® The imaging experiments were carried out in triplicate.

2.6 Cytotoxicity test

The cytotoxicity of the peptide-drug conjugates was determined
by measuring the mitochondrial enzyme activity, using
a commercial XTT assay kit. PANC-1 cell line was cultured in
RPMI medium containing 10% heat-inactivated Fetal Bovine
Serum (FBS), 2 mM glutamine, 1% penicillin and streptomycin;
and cultured at 37 °C in a humidified incubator with 6% CO,.
Cells were initiated in microplate wells at a concentration of 24
x 10" and allowed to adhere for 24 h. Then the cells were
washed with PBS pH 7.4 buffer twice, then PBS buffer contain-
ing 2.5% DMSO and different concentrations of the 5-CLB, CLB
and OctA (1.6, 3.1, 6.2, 12.5, and 25 puM) were added and the
cells were incubated for an additional 10 min. The solvent was
removed; all the wells were washed with PBS and cultured for
24 h in fresh medium without drug substances. The cells were
washed again, a fresh medium containing the XTT reagent was
added, and the cells were incubated for 2 h. The absorbance in
the wells were measured with a TECAN Infinite M200 ELISA
reader at both 480 nm and 680 nm; the latter being the back-
ground absorbance. The difference between these measure-
ments was used for calculating the percent of Growth Inhibition
(GI) in test wells compared to the cells that were exposed only to
the medium with 2.5% DMSO. All the tests were done in trip-
licate (Fig. S47).

2.7 Competitive SSTRs' mediated delivery

In a series of experiments, PANC-1 cell line was incubated for
10 min in PBS buffer contained 2.5% DMSO with a constant
concentration of 5-CLB (10 uM) and variable concentration of
octreotide (1%, 3x and 10x molar excess) and washed out. Then
the fluorescence images were taken in the NIR channel in
60 min after the incubation and a plot of the total fluorescence
intensity vs. [Oct]/[5-CLB] ratio was obtained (Fig. S57).

2.8 Synthesis and characterization

The syntheses of 2-chloro-3-(hydroxymethylene)cyclohex-1-ene-
1-carbaldehyde (1), quaternized indolenines 2 and 3 were
previously reported.*®
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2.8.1 2-(2-(3-(2-(1-(5-Carboxypentyl)-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-1,3,3-tri-
methyl-3H-indol-1-ium bromide (4). Quaternized indolenine 2
(0.9 g, 3.2 mmol, 1.0 equiv.) was dissolved at 80 °C in 50 mL of
a mixture of toluene and dioxane (1 : 1). Compound 1 (0.55 g,
3.2 mmol, 1 equiv.) was added to the obtained solution and
stirred at 80 °C for 4 h. The solution was cooled to room
temperature and filtered out; the product was precipitated from
solution with 100 mL of hexane. The precipitate was dissolved
in 50 mL of toluene and dioxane (1:1). Then a mixture of
quaternized indolenine 3 (1.1 g, 3.2 mmol, 1.0 equiv.) in 10 mL
NMP was added to the reaction mixture and heated at 80 °C for
4 h. The resulted mixture was cooled to room temperature and
the product was precipitated with 100 mL of diethyl ether to give
cyanine 4 (1.2 g, 56% yield) as a green solid. The product 4 was
used in the next step without purification. For NMR and MS
analyses, 50 mg of cyanine 4 was purified by column flash
chromatography (silica gel, DCM : methanol, 90 : 10), yielding
purified product 4 (17 mg). '"H NMR (400 MHz, CDCl;) 6 = 8.36
(d,J = 13.7, 1H), 8.32 (d, ] = 14.1, 1H), 7.45-7.32 (m, 4H), 7.25-
7.14 (m, 4H), 6.22 (d, ] = 14.2, 1H), 6.18 (d, J = 14.0, 1H), 4.15 (t,
J=7.6,2H),3.71 (s, 3H), 2.72 (t,] = 6.2, 4H), 2.53 (t,] = 7.2, 2H),
1.98 (p,J = 6.4, 2H), 1.87 (p,J = 7.5, 2H), 1.78 (p, ] = 7.5, 2H),
1.71 (s, 12H), 1.62-1.50 (m, 2H). "*C NMR (101 MHz, CDCl;) 6 =
176.12, 172.75, 172.72, 150.89, 144.92, 144.31, 142.97, 142.19,
141.20, 140.98, 129.10, 128.94, 127.98, 127.96, 125.62, 125.32,
122.38, 122.24, 111.20, 110.79, 101.68, 101.42, 49.54, 49.26,
44.78, 34.57, 32.13, 28.27, 28.22, 27.09, 26.77, 26.72, 26.37,
24.64, 20.82. ESI-HRMS m/z (M") caled (M) 583.3086, found
583.3099 (M") (Fig. S2-S57).

2.8.2  6-(3,3-Dimethyl-2-(2-(2-0x0-3-(2-(1,3,3-
trimethylindolin-2-ylidene)ethylidene)cyclohexylidene)
ethylidene)indolin-1-yl)hexanoic acid (RD). Compound 4 (1 g,
1.5 mmol, 1 equiv.) was dissolved in 50 mL of dry DMF. Then
anhydrous sodium acetate (0.37 g, 4.5 mmol, 3 equiv.) was
added and the mixture was heated at 90 °C for 2 h. After reaction
completed (LC/MS monitoring), the solvent was evaporated
under reduced pressure, dissolved in DCM and extracted with
water, organic phase was dried with anhydrous sodium sulfate
and the crude product was purified using column flash chro-
matography (silica gel, DCM : dioxane, 85 : 15). The product RD
was obtained after evaporation as a red-pink oil (0.27 g, 32%
yield). "H NMR (400 MHz, MeOD) ¢ = 8.19 (d, J = 13.0 Hz, 2H),
7.26 (d,J = 7.5 Hz,2H), 7.21 (t,/ = 7.7 Hz, 2H), 6.94 (t, ] = 7.4 Hz,
2H), 6.87 (d,J = 7.9 Hz, 2H), 5.59 (d, ] = 13.3 Hz, 1H), 5.53 (d,] =
13.2 Hz, 1H), 3.85-3.75 (m, 2H), 3.28 (s, 3H), 2.61 (t, ] = 5.8 Hz,
4H), 2.31 (t, J = 7.2 Hz, 2H), 1.91-1.81 (m, 2H), 1.80-1.67 (m,
4H), 1.65 (s, 12H), 1.47 (m, 2H). ESI-MS m/z (M") caled 564.3,
found 565.0 (M + H") (Fig. S6-S87).

2.8.3  2-(2-(2-((4-(4-(bis(2-chloroethyl)amino)phenyl)buta-
noyl)oxy)-3-(2-(1-(5-carboxypentyl)-3,3-dimethylindolin-2-yli-
dene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1,3,3-trimethyl-3H-
indol-1-ium (IRD-CLB). Dye RD (40 mg, 0.07 mmol, 1 equiv.)
was dissolved in 3 mL of DCE. Then a mixture of CLB (43 mg,
0.14 mmol, 2 equiv.), BTC (25 mg, 0.1 mmol, 0.7 equiv.) and
collidine (55 pl, 0.42 mmol, 6 equiv.) in 3 mL DCE was added.

This journal is © The Royal Society of Chemistry 2019
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The reaction mixture was stirred for 2 h, evaporated and puri-
fied by RP chromatography; the fractions were lyophilized to
give purified IRD-CLB (23 mg, 67% yield). "H NMR (400 MHz,
MeOD) 6 = 7.68 (d,J = 14.2, 1H), 7.64 (d, ] = 13.7, 1H), 7.44-7.32
(m, 4H), 7.30-7.19 (m, 4H), 7.15 (d, J = 8.8, 2H), 6.76 (d, ] = 9.0,
2H), 6.14 (d, J = 14.6, 1H), 6.11 (d, J = 14.1, 1H), 4.08 (t, ] = 7.4,
2H), 3.74 (t,] = 7.4, 4H), 3.63 (t, ] = 6.6, 4H), 3.59 (s, 3H), 2.82 (t,
J=8.0,2H),2.71 (t,] = 7.2, 2H), 2.63 (t, ] = 6.3, 4H), 2.26 (t, ] =
7.2, 1H), 2.09 (p, J = 8.3, 2H), 1.91 (p, J = 5.9, 2H), 1.78 (p, ] =
7.6,2H), 1.64 (p,J = 7.3, 2H), 1.50 (s, 6H), 1.49 (s, 6H), 1.47-1.37
(m, 2H). **C NMR (101 MHz, MeOD) § = 174.26, 173.11, 172.56,
161.13, 146.47, 144.26, 143.62, 142.38, 141.73, 141.20, 131.10,
131.01, 129.92, 126.46, 126.27, 123.40, 123.28, 123.25, 123.12,
113.68, 112.12, 112.08, 101.80, 101.31, 54.50, 50.29, 50.24,
49.85, 44.91, 41.78, 34.97, 34.77, 34.38, 31.71, 28.68, 28.51,
28.35, 28.00, 27.39, 25.71, 25.35, 25.29, 22.08. ESI-HRMS m/z
(M") caled 850.4112, found 850.4126 (M") (Fig. S9-S121).

A

B SPPS —

Qv ——
—

Rink Amide resin abec ¢ 4 OctA

Thr - Cys - Thr - Lys - DTrp - Phe - Cys - DPhe - GABA-NH,

v
(HoCls

H
N
O/ ~OCT-GABA —u/&o RD

OctA
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Scheme 1 (A) Synthesis of RD and IRD-CLB. BDL is a biodegradable
ester linker. Reaction conditions: a—toluene/dioxane (1 : 1, v/v), reflux
4 h; b—toluene/dioxane/NMP (5 : 5 : 2, v/v/v), reflux 4 h; c—=NaOAc in
DMF, 90 °C; 2 h; d—BTC, collidine, DCE, 2 h, RT. (B) Synthesis of 5-
CLB. Reaction conditions: a—Fmoc removal: 20% piperidine in NMP;
b—coupling: PyBOP (2 equiv.), AA (2 equiv.), DIPEA (8 equiv.), 1.5 h; c—
cyclization step: I; (10 equiv.) in DMF—H,O (4 : 1, v/v), 2 h; d—HATU,
DIPEA, RD, NMP; e—BTC, collidine, DCE; CLB; f — TFA.
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2.8.4 Solid phase synthesis of octreotide amide-GABA-NH,,
(OctA-GABA-NH,). The synthesis of the cyclic peptide octreotide
was done according to the previously described procedure.*
Rink amide resin (0.65 mmol g~ ') was placed in a sintered glass
bottom and swelled in NMP by agitation overnight. The Fmoc
group was removed from the resin by treatment with 20%
piperidine/NMP (2 x 15 min). The completion of the removing
of Fmoc was monitored by ninhydrin test (blue). After washing
the resin with NMP (7 x 2 min), a mixture of Fmoc-Thr(Trt)-OH
(2 equiv.), DIPEA (8 equiv.) and PyBOP (2 equiv.) in NMP was
added. The reaction was carried out for 1.5 h at room temper-
ature. The peptidyl resin was washed with NMP (5 x 2 min). The
completion of the reaction was monitored by ninhydrin test
(vellow). Then a linear SPPS was applied using standard Fmoc
procedures introducing the amino acids in the following order:
Fmoc-Cys(Acm)-OH, Fmoc-Thr(Trt)-OH, Fmoc-Lys(Boc)-OH,
Fmoc-DTrp(Boc)-OH, Fmoc-Phe-OH, Fmoc-Cys(Acm)-OH,
Fmoc-DPhe-OH, Fmoc-GABA-OH. All the couplings were per-
formed in NMP with 2-fold excess of amino acid, DIPEA (8
equiv.) and PyBop (2 equiv.) for activation. Each coupling cycle
was conducted for 1.5 h. The completion of each coupling
reaction and Fmoc removal were monitored by the ninhydrin
test. After the coupling of the last amino acid, the sequence was
cyclized by I, (10 eq.) in DMF : H,O (4 : 1) for 2 h, washed with
DMF : H,0 (4:1) 5 x 2 min, DCM 5 X 2 min, chloroform 5 x
2 min, 2% ascorbic acid in DMF, and DMF 5 x 2 min. Then N-
terminus Fmoc was deprotected using regular procedure
yielding the cyclic peptidyl residue (OctA-GABA-NH,) on Rink
amide resin ready for next conjugation.

2.8.5 Synthesis of OctA-GABA-IRD-CLB (5-CLB). A mixture
of RD (40 mg, 72 pmol, 1.2 equiv.), HATU (35 mg, 90 umol, 1.5
equiv.) and DIPEA (50 pl, 300 pmol, 5 equiv.) in NMP was stirred
for pre-activation for 2 min and consequently added to the OctA-
GABA-NH, immobilized on solid phase (synthesized from
100 mg, loading 0.6 mmol g ). The coupling reaction was
carried out for 1.5 h at room temperature. After coupling
(ninhydrin test - yellow), the peptidyl resin was washed with
4 mL NMP (5 x 2 min) and 4 mL DCE (5 x 2 min). Thereafter,

Normalized absorbance (a.u.)
Normalized fluorescence (a.u.)

700
Wavelength (nm)

600

Fig. 2 Normalized absorption and emission spectra of RD, IRD-CLB,
and 5-CLB measured at ¢ = 0.6 uM in PB (solid line) and CM (dashed
line). The excitation wavelength was 532 nm for RD and 720 nm for
IRD-CLB and 5-CLB.
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CLB (37 mg, 120 pmol, 2 equiv.) was activated by treatment with
BTC (26 mg, 90 umol, 1.5 equiv.) and collidine (45 ul, 300 pmol,
6 equiv.) in 4 mL DCE for 1 min and added to the peptidyl resin.
The reaction was carried out for 2 h. After coupling, the peptidyl
resin was washed with 4 mL DCE (5 x 2 min). Cleavage proce-
dure for 5-CLB on Rink amide resin: 5-CLB on the peptidyl-resin
was treated with the cold TFA without scavengers for 1.5 h.
Noteworthy, addition of the scavengers like TIS or EDT lead to
the decomposition of the product. The solvent was removed
under a gentle flow of N,, cold Et,O added and the crude
product was precipitated from Et,0. The obtained crude 5-CLB
was purified by preparative RP HPLC, the fractions were
lyophilized yielding purified 5-CLB (12.6 mg, 10.8% total yield
calculated by peptide loading 0.6 mmol g~', HPLC purity >
97%). ESI-HRMS m/z (M') caled 1949.8925, found 650.9694
(M'+2H")/3, 975.9507 (M'+H")/2 (Fig. S13 and S141).

3 Results and discussion

As compared to many other sensing applications, the dyes used
in theranostic conjugates must have a reactive functionality for
binding to the targeting carrier. We synthesized a new asym-
metric, switchable NIR dye IRD that was modified with a single
carboxylic functionality to facilitate coupling with the carrier.
The dye was isolated in its deprotonated, red emitting “keto”
form RD (Scheme 1A). The synthesis was performed starting
from carbaldehyde 1 that was subsequently reacted with qua-
ternized indolenines 2 and 3 to form the cyanine dye 4 (one-pot
reaction), which was then converted to the aimed RD dye.

Then, starting from RD, we synthesized the TDD conjugate
OctA-GABA-IRD-CLB (5-CLB) comprising the IRD dye bound to
the anticancer drug CLB by means of a biodegradable ester
linker (BDL) at one side, and to the targeting peptide OctA via
a non-cleavable GABA linker at the other side (Scheme 1B).
GABA was introduced to avoid steric hindrance of the receptor
recognition pharmacophore of the peptide carrier.*

The ester bond, which is known to be rapidly hydrolyzed by
esterases in the tumor,” was employed as a biodegradable
moiety. This linker is sufficiently stable in various peptide
conjugated anticancer agents such as cilengitide-CLB, angio-
pep-2-paxlitaxel and GnRH-doxorubicin, upon target delivery of
these agents via the bloodstream to cancer tissue.>*

In order to investigate the impact of the OctA peptide on the
spectral properties and drug release kinetics of the developed 5-CLB
system, we also synthesized an IRD-CLB platform (Scheme 1A). The
latter was obtained by the condensation of RD with CLB pre-
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activated by treatment with triphosgene and collidine. The 5-CLB
conjugate was synthesized on Rink amide resin (RAM) by solid
phase peptide synthesis (SPPS). The N-terminus of the resin bound
OctA-GABA peptidyl residue was coupled with pre-activated RD
using HATU and DIPEA (Scheme 1B) followed by reaction with pre-
activated CLB (BTG, collidine). The crude 5-CLB was obtained by the
TFA promoted cleavage of the aimed TDD conjugate from the solid
support.

The spectral properties of the RD dye and its conjugates IRD-
CLB and 5-CLB were measured at the 0.6 uM concentrations in
10 mM phosphate buffer pH 7.5 (PB) and acetylcholinesterase
containing cell culture medium pH 7.5 (CM). The obtained
absorption and emission spectra are shown in Fig. 2 while the
spectral characteristics are presented in Table 1.

RD dye in PB has Ap,Abs = 555 nm (e~57 000 M~ cm™);
AmaxAbs = 643 nm and the fluorescence quantum yield (&)
9.9%. In CM, which due to the presence of proteins is a more
hydrophobic and less polar media, the spectral bands are blue-
shifted by 29 nm and 17 nm, respectively, and the @ is about 4
fold decreased (2.6%). Conjugation of RD with CLB to form IRD-
CLB causes a pronounced red-shift of the absorption and
emission bands to the NIR region (by 220 nm and 152 nm,
respectively, in PB and even more, 259 nm and 178 nm in CM)
and a 2.8 fold increase in the & (160 000 M~ " ¢cm ™). The &y, after
conjugation decreases by factor of 3.4 (IRD-CLB) and 6.6 (5-CLB)
in PB but increases by factor of 2.4 in CM. Binding of IRD-CLB
to OctA-GABA to form conjugate 5-CLB causes a minor effect on
the spectral bands.

As both CLB-bound and unbound forms of the dye (RD and
IRD) are fluorescent and the emissions of these forms lie in
different spectral regions, red and NIR respectively, this dye is
suitable for the ratiometric fluorescence measurements. In
addition, the long-wavelength emission of RD and IRD reduces
interference from auto-absorption and auto-fluorescence of
biological samples and is therefore beneficial for sensing
applications in particular in vivo.

In the proposed mode of action, the biodegradable ester
linker (BDL) in IRD-CLB and 5-CLB can be hydrolyzed to release
free CLB molecules and, accordingly, IRD turns into RD, which
is accompanied by a considerable change in the spectral prop-
erties. The time-dependent emission spectra of IRD-CLB and 5-
CLB were recorded in PB and CM (Fig. S1A-S1D, ESIT) using the
excitation wavelengths 720 nm and 532 nm. The first wave-
length enabled monitoring of the decrease in the concentration
of these conjugates, while the second one enabled monitoring

Table 1 Absorption (AnaxAb) and emission (AnaxFl) maxima, extinction coefficients (¢) and fluorescence quantum yields (®¢) of RD dye and IRD-
CLB and 5-CLB conjugates measured at 25 °C in 10 mM phosphate buffer pH 7.5 (PB) and cell medium pH 7.5 (CM)

PB:ACN (4:1,v/v)

CM : ACN (4: 1, viv)

Dye/conjugate Amax Ab (nm) eM ' xem™! Amax F1 (nm) Pr (%) Amax Ab (nm) Amax F1 (nm) Dr (%)

RD 555 57 000 643 9.9 £0.8 526 626 2.6 £0.1
IRD-CLB 775 160 000 795 2.9 £ 0.3 785 805 6.3 £ 0.5
5-CLB 783 160 000 796 1.5 £ 0.2 787 805 5.9+ 0.4
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of the increase in the concentration of the resulted red fluo-
rescent products, RD and OctA-RD, correspondingly, which
should correlate with concentration of the released CLB mole-
cules. Only the NIR fluorescence of IRD-CLB and 5-CLB was
detected when excited at 720 nm and only the red fluorescence
of RD and OctA-RD was detected when excited at 532 nm. No
spillover between these two emission spectra was observed:
IRD-CLB and 5-CLB exhibited no detectable emission when
excited at 532 nm, and therefore no compensation was required
to analyze the red and NIR signals.

Upon the hydrolytic cleavage, the NIR emission band (Fyr)
related to IRD decreases and the red emission band (Freq) of RD
increases (Fig. S1A-S1D, ESIf). Based on the time-dependent
emission spectra, the drug cleavage profiles for IRD-CLB and
5-CLB were obtained (Fig. 3A) and the drug release rates were
quantified by the half-lives (t4,,). First-order exponential decay
functions were fitted to the profiles (Fig. 3A) and the 74, were
calculated. The half-life of the CLB cleavage for IRD-CLB is
about 7,/,-60 h in PB and t,,,-6.7 h in CM, while for 5-CLB 14/,

5/CM rp/cm A

T 5-CLB/PB X
3
8 0.8
3
S IRD-CLB / PB
(5] A
g o IRD-CLB / CM
S
=
e 0.44
=
kS|
&’ 0.2
0.0 7 T T T T )
0 100 200 300 400 500 600
Time (min)
4+ B
IRD-CLB/CM
3_
‘ 5-CLB/CM
L
\g 2_
LLM
1_
5'C'-‘§'/PB IRD-CLB / PB
0=z . ; \ .
0 100 200 300 400 500 600
Time (min)

Fig. 3 The CLB cleavage profiles (A) and the ratiometric curves (Freq/
Fnir) (B) for IRD-CLB and 5-CLB (c = 0.6 pM) measured in PB (dashed
line) and CM (solid line) at 25 °C after incubation at 37 °C. The fluo-
rescence intensities for 5-CLB and IRD-CLB were measured using the
excitation wavelength (A,) 720 nm while for 5 and RD A, was 532 nm.
The experiments were carried out during 24 h but only the initial 10 h
time scale is shown.
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Fig. 4 Inhibition of the PANC-1 growth by 5-CLB, CLB and OctA. At
the end of 20 min incubation period and subsequent washing, cell
growth was assessed using the XTT assay at 24 h. The inhibition for
each concentration point is represented by the mean =+ standard error
for each independent experiment conducted in triplicate.

43.5 h and 4.4 h, respectively. This indicates that the conjuga-
tion of OctA with IRD-CLB to form 5-CLB slightly accelerates the
CLB release rate by ~1.4 fold in PB and ~1.5 fold in CM. The
cleavage rate in CM is about 9-10 fold faster compared to that in
PB.

Then the ratiometric curves (the changes in the Fred/Fnir
ratio over time) measured for IRD-CLB and 5-CLB conjugates in
PB and CM were obtained (Fig. 3B). Both the intensity based
and ratiometric curves can be correlated with the concentration
of the released CLB drug molecules and the drug release degree
by known methods.>* However, in contrast to the intensity
based profiles (Fig. 3A), the ratiometric measurements are
advantageous because they are independent of the initial TDD
conjugate concentration, the sample and instrumental setup.”

According to the LC/MS, the ester bond cleavage resulting in
the release of free CLB molecules occurs much faster compared
to the hydrolysis of chlorine atoms (Fig. S2 and S37).

o
o
1

o
[}
"

o
N
h

Fluorescence intensity (a.u.)
o
s

o
o

T T T T T T T T 1

2 3 4 5 6 7 8 9 10
[Oct] / [5-CLB]

Fig. 5 Decrease of the normalized fluorescence intensity of PANC-1
after incubation with 5-CLB (10 pM) and Oct at different [Oct]/[5-CLB]
ratios at 60 min after incubation. The fluorescence intensity for each
concentration point was measured in the NIR channel and represented
by the mean + standard error for three independent experiments.
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In the next step, application of the 5-CLB conjugate was
studied in the TDD monitoring in a PANC-1 cell line. First,
enhanced cytotoxicity of 5-CLB versus free CLB to PANC-1 was
verified by the XTT cell survival assay.* In this assay, cytotoxicity
of 5-CLB to PANC-1 was compared to that of CLB and OctA
added separately. The compounds taken at equal concentra-
tions up to 25 uM were incubated with cells at 37 °C for 10 min,
washed out, and then the growth inhibition compared to naive
cells was assessed after 24 h. The 5-CLB was found to cause
a noticeably higher growth inhibition compared to CLB or OctA
(Fig. 4).

The SSTRs' mediated delivery of 5-CLB was assessed by
testing whether free OctA can competitively inhibit delivery of 5-
CLB to PANC-1. These cells were incubated for 10 min at 37 °C
in PB with 5-CLB (10 uM) and increasing concentrations of OctA
(x1, x3 and x10 molar excess) and both compounds were
washed out. Fluorescence images were taken in the NIR channel
(IRD emission) at 60 min after the incubation and fluorescence
intensities remaining in the cells were measured.

Fluorescence of 5-CLB that accumulated in the cells
decreased proportionally to the OctA concentration, indicating
that these two compounds compete for the same binding sites,
i.e. SSTRs (Fig. 5).

Then we conducted the ratiometric fluorescence imaging
monitoring of CLB release from the 5-CLB delivered into the
PANC-1. The cells were incubated with 5-CLB for 10 min to allow
accumulation of the conjugate. Then fluorescence images were
taken over time in two channels. The NIR channel enabled
measurements of the signal from 5-CLB and the red channel
detected the signal from the RD formed upon the CLB release.

Time NIR fluorescence Overlay of the Red, NIR Red fluorescence
(min) channel and bright field images channel
(IRD signal) (RD signal)

- -

60 A

) - |

) - ‘

) - |

Fig.6 The time-dependentimages of PANC-1 cell line stained with 5-
CLB that were obtained in the fluorescence NIR and red channels and
overlaid with transmitted light images. The NIR signal is represented
with blue pseudo-color. See also Movie S1 (ESIt).
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Fig.7 The CLB cleavage profiles obtained by fluorescence imaging of
PANC-1 cell line stained with 5-CLB. (1) — Decrease of the Byr. (2) —
Increase of the Bgreq. (3) — Ratiometric curve (Breq/Bnir). (4) — Ratio-
metric curve in logarithmic scale [lg(Breq/Bnir)l. Curves 1 and 2
represent the mean =+ standard error for three independent
experiments.

The representative time-dependent fluorescence images ob-
tained in the red and NIR channels and an overlay of these
images with bright field images are shown in Fig. 6 (see also
Movie S1, ESIt). In these illustrations, the NIR channel is rep-
resented by blue pseudo-color, while the red channel is shown
with red color.

The Fig. 6 shows that the fluorescence intensity of IRD (in
the NIR channel) decreases with time while the RD signal (in the
red channel) increases. Simultaneously, in the overlay images,
the NIR fluorescence turns to red, signaling the drug release.
The time-dependent changes in cell brightness in the NIR and
red channels (Bxig and Bgeq) are shown in Fig. 7 (curves 1 and 2).
Using these curves, the half-life of the CLB release in the PANC-1
cell line was estimated to be about 200 min. Ratiometric curves
obtained from the two signals (Bgea/Bxir) are presented in Fig. 7
(curve 3). By taking the ratio between the red and NIR intensities
over time, the concentration of the released CLB drug can be
directly correlated to these kinetic curves.”

On the base of the drug cleavage profile (Fig. 7) we calculated
the change of the CLB release degree over time (Drug degree =
ccs/Cs.cts = 1 — Byg) (Fig. S17,1 curve 1) and the relative
concentration of free CLB molecules estimated as ccpg = [Bred/
(Brea * Bnir)]*x100% (Fig. S17,1 curve 4). The absolute CLB
concentrations can be found after calibration by using standard
solutions with known drug and/or dye concentration.

4 Conclusions

In summary, we designed the new theranostic system 5-CLB
comprising the anticancer drug chlorambucil (CLB), SSTR
specific peptide OctA and a long-wavelength dual fluorescent
dye IRD. The synthetic approach to this system was elaborated.
The spectral properties, drug cleavage kinetics and cytotoxicity
of 5-CLB were investigated, and the effect of the conjugation of
OctA peptide on these properties was studied. 5-CLB exhibits
absorption and emission in the NIR spectral region while upon

This journal is © The Royal Society of Chemistry 2019
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the drug release the fluorescence turns red. OctA peptide has
a minor effect on the spectral properties.

It was shown by XTT cell survival assay that 5-CLB has
a greatly increased cytotoxicity in a human pancreatic cancer
(PANC-1) cell line compared to free CLB or free OctA. The SSTRs’
mediated delivery of the OctA-guided 5-CLB to PANC-1 was
confirmed by a fluorescently monitored competitive binding of
5-CLB vs. free OctA.

The hydrolytically mediated CLB release from 5-CLB was
monitored using the red and NIR channels by the two tech-
niques: spectrofluorimetry (in phosphate buffer and acetylcho-
linesterase containing culture medium) and fluorescent
microscopy (in the PANC-1 cell line). The corresponding kinetic
curves of CLB release were obtained.

Finally, the 5-CLB conjugate was demonstrated to enable real
time ratiometric monitoring of targeted delivery of the anti-
cancer drug CLB in the PANC-1 cell line.

To conclude, the model 5-CLB system was utilized in the in
vitro imaging study to prove the principle of the ratiometric
fluorescence monitoring of peptide-guided anticancer drug
delivery, investigation of drug release kinetics and determina-
tion of the drug release degree. The proposed approach of
combining a long-wavelength dual fluorescent dye with
a peptide carrier could be useful for the development of more
advanced TDD systems enabling ratiometric fluorescence drug
delivery monitoring in vivo.
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