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Abstract: Molecular hybridization consists of the combination of two or more non-identical phar-
macophores in a single molecule. It has emerged as a promising strategy that allows the design
of molecular frameworks with enhanced activity and affinity compared to their parent drugs. In
this work, two novel hybrids that combine the well-known anticancer chemotherapeutic agent
5-fluorouracil with antioxidant coumarin derivatives have been synthesized and characterized by
means of a copper-catalyzed azide-alkyne cycloaddition (CuAAC). The conjugates showed good
antioxidant properties and a high tendency to aggregate and form stable nanoparticles in aqueous
media, with regular shape and uniform size. These materials have proven to be preferential cy-
totoxic agents in vitro against human pancreatic cancer cells PANC-1, with an activity superior to
free 5-fluorouracil. These results open up the possibility of exploiting the synergistic combination
between 5-fluorouracil and coumarin derivatives and warrant further investigation of these hybrids
as promising pancreatic anticancer agents.
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1. Introduction

Cancers are a major public health problem and one of the main causes of death
worldwide, nowadays claiming the lives of more than 9 million people a year [1]. Almost
1 in 6 deaths in the world is due to this disease. In most developed countries, cancers are
the second leading cause of death after cardiovascular diseases [2]. Moreover, assuming
the continuation of current trends, cancer cases are expected to increase as a result of the
population ageing and the adoption of unhealthy lifestyles [3,4].

Numerous drugs have been developed to treat cancers, but the incomplete efficacy
of treatments and the undesired side effects associated with current drugs are the main
challenges for therapy. Today, it is well recognized that the combination of drugs with
different mechanisms of action on more than a single target is usually more effective due to
an enhanced synergistic, additive, and potentiating activity [5,6]. Consequently, combina-
tional drug treatment has been adopted as a standard practice in the clinic. Nevertheless,
the traditional cocktails often suffer from different pharmacokinetics for each individual
drug, leading to an uncoordinated biodistribution that limits the improvement in therapeu-
tic efficacy. Thus, new strategies are emerging for the precise and controlled delivery of
multiple therapeutic agents in order to obtain successful clinical outcomes [7,8]. Molecular
hybridization is a rational design strategy that has been used over the years to potentially
achieve the benefits of drug combination. This molecular technique can covalently combine
multiple pharmacophores into a single molecule. It has proven to be an effective tool to
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increase the pharmacological activity and efficacy of the bioactive constituents of the hybrid
molecule and to potentially overcome the resistance to powerful antitumor agents, with
reduced toxicity to other tissues [9-11].

In the last years, click chemistry has been established as one of the most valuable
methods for linking functional moieties. In particular, copper(I)-catalyzed azide-alkyne cy-
cloaddition (CuAAC) has been one of the most prolific and successful click reactions in
different areas of life and material sciences such as drug discovery, bioconjugation applica-
tions, and surface and polymer chemistry [12-14]. CuAAC is a type of Huisgen 1,3-dipolar
cycloaddition based on the formation of 1,4-disubstituted 1,2,3-triazoles between a terminal
alkyne and an aliphatic azide in the presence of copper [15,16]. The formed 1,2,3-triazole
ring is a favorable linker that displays a marked stability to metabolic degradation and ox-
idative/reductive conditions and actively participates in binding to biomolecular targets,
significantly contributing to biological activity [12]. It is an excellent mimetic of amide
bonds [17,18], although due to its high chemical stability, it is still unknown how tria-
zoles are metabolized and more research is needed to determine their biological fate [19].
Thus, this heterocycle is a very well-recognized pharmacophore [19,20] that has been widely
exploited in drug development [21]. 1,2,3-Triazole derivatives have numerous therapeutically
important activities such as anticancer, antifungal, antibacterial, antitubercular, and antiviral
activities [22-25].

In this work, a molecular hybridization approach is adopted by combining 5-fluorouracil
(5-FU) with coumarin scaffolds. 5-FU is a rationally designed analogue of the naturally
occurring pyrimidine uracil that has been part of the therapeutic armamentarium for the
treatment of a number of common malignancies, including colon, breast, and skin can-
cers [26,27]. Unfortunately, 5-FU shows major drawbacks such as a short half-life, erratic
bioavailability, and various undesired side effects [28]. Throughout its long history, differ-
ent strategies have been developed to improve the clinical efficiency of 5-FU such as the
synthesis of new derivatives, combination or conjugation with other types of drugs, and
entrapment or binding to polymers [29-31]. On the other hand, coumarin is a privileged
scaffold in medicinal chemistry due to its vast pharmacological attributes [32]. Coumarin
is a natural hydrophobic drug well-known for its antioxidant capacity. The main function
of antioxidants is to pair off the odd electron present in free radicals via single electron or
hydrogen atom transfer. Free radicals have a wide range of effects on biological systems
and play an important role in the pathogenesis of certain diseases [33]. Several coumarin
derivates also have antibacterial, antifungal, anticoagulant, anti-HIV, anti-inflammatory,
antihypertensive, and anticancer properties [34,35]. In addition, coumarins are not only
effective towards cancer but also capable of reducing the side effects induced by radiother-
apy [36,37]. These anticancer benefits allow the use of coumarin in the development of
promising hybrid molecules.

The drugs were linked together via a CuAAC click reaction as shown in Scheme 1, in
order to combine and synergize their aforementioned attributes. Once the synthesis was
verified using a variety of analytical techniques, the antioxidant capacity of the clicked
conjugates was evaluated using a DPPH (1,1-diphenyl-2-picrylhydrazyl) assay, which
showed promising results. We also prepared stable nanoparticles (NPs) in aqueous media,
whose shape and size were studied via high-resolution scanning electron microscopy (HR-
SEM), dynamic light scattering (DLS), and zeta potential. Finally, the potential use of these
materials as cytotoxic agents against human pancreatic cancer cell line PANC-1 is discussed.
Similar uracil-coumarin hybrids have been previously reported as antibreast cancer and
antibacterial agents, which reveals the great potential of these structures [38].
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Scheme 1. Synthesis of compounds.

2. Materials and Methods
2.1. Materials

1,5-Dibromopentane, 5-fluorouracil, 7-hydroxycoumarin, 4-hydroxycoumarin,
1,1-diphenyl-2-picrylhydrazyl (DPPH), and pyrene were obtained from commercial sources
and were used without further purification. The copper wire, 0.25 mm of diameter, was pur-
chased from Sigma-Aldrich. 1,3-Bis(5-azidopentyl)-5-fluorouracil (5-FUDA) was prepared
as described elsewhere by us [39]. In air- and moisture-sensitive reactions, all glassware
was flame-dried and cooled under argon. All other chemicals used for this study were
provided by domestic suppliers and were analytical grade unless otherwise stated.

2.2. Methods

NMR spectra were acquired at room temperature on a Bruker Avance Neo 500 spec-
trometer. The chemical shifts (5) are reported in ppm and are referenced internally to the
solvent signals of CDCl3 (*H, § = 7.27 ppm; 13C, § = 77.0 ppm) or externally to CFCl; (*F,
0.0 ppm). The coupling constants | are given in Hz. In the 'HNMR spectra, the following
abbreviations are used to describe the peak patterns: s (singlet), d (doublet), t (triplet), m
(multiplet). In the 13C NMR spectra, the nature of the carbons (C, CH, CH,, or CH3) was
determined by performing APT or DEPT experiments. The IR spectra were recorded with
a Jasco FT/IR-4700 spectrophotometer equipped with an attenuated total reflectance (ATR)
accessory. MALDI-TOF mass spectra were recorded on a Bruker Autoflex II spectrometer
in positive detection mode, using dithranol as matrix. Melting points (°C) were measured
on a Biichi M-565 apparatus and are uncorrected. Elemental analyses were performed in a
Thermo Scientific Flash Smart elemental analyzer (Thermo Scientific, Waltham, MA, USA).

2.3. Synthesis
2.3.1. 1-Azido-5-bromopentane (ABrP)

1-Azido-5-bromopentane was prepared according to a literature procedure [40,41].
NaN3 (286 mg, 4.39 mmol) was added in small portions over 2 h to a solution of
1,5-dibromopentane (1.2 mL, 8.8 mmol) in DMF (30 mL) and stirred overnight at 60 °C.
After cooling, water was added and the mixture extracted with EtAcO (x3). The combined
organic extracts were washed with brine, dried (MgSQy), filtered, and the solvent evapo-
rated under reduced pressure. The crude product was purified via column chromatography
(silica gel, hexanes to hexanes/EtAcO, 9:1). ABrP was obtained as a colorless liquid (495 mg,
59%). 'H NMR (CDCl3, 500 MHz) &: 3.43 (t, 2H, ] = 6.5 Hz, CH,Br), 3.31 (t, 2H, ] = 6.5 Hz,
CH,Nj3), 1.87-1.94 (m, 2H, CH,), 1.67-1.61 (m, 2H, CH5), 1.58-1.51 (m, 2H, CH,). 13C NMR
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(CDClI3, 125 MHz) 6: 51.2 (CH;N3), 33.3 (CH;,Br), 32.2, 28.1, 25.3. The spectroscopy data
matched with those reported in the literature.

2.3.2. 7-Propargyloxycoumarin (7-POC)

7-POC was prepared according to a literature procedure [42,43]. To a solution of
7-hydroxycoumarin (umbelliferone) (1 g, 6.17 mmol) in acetone (40 mL), anhydrous potas-
sium carbonate (1 g, 7.23 mmol) and propargyl bromide (0.88 g, 7.40 mmol) were added.
The resulting mixture was stirred at reflux for 8 h. After cooling, the mixture was filtered
and the solvent removed under reduced pressure. The crude product was purified via
crystallization from methanol to give 1.11 g (90%) of the title compound. I'H NMR (CDCl3,
500 MHz) 6: 7.65 (d, 1H, ] =9.0 Hz, CH=), 7.41 (d, 1H, ] = 8.5 Hz, ArH), 6.95 (d, 1H, ] = 2.5 Hz,
ArH), 6.92 (dd, 1H, ] =8.5 Hz, ] = 2.5 Hz, ArH), 6.29 (d, 1H, | = 9.5 Hz, CH=), 4.77 (d, 2H,
J = 2.5 Hz, OCH,), 2.58 (t, 1H, ] = 2.5 Hz, CH=). 3C NMR and APT (CDCl3, 125 MHz)
5:161.0 (C), 160.5 (C), 155.6 (C), 143.2 (CH), 128.8 (CH), 113.6 (CH), 113.1 (C), 113.0 (CH),
102.1 (CH), 77.3 (C=), 76.5 (CH=), 56.2 (CHy). IR (ATR) v: 3274 (C-H, terminal alkyne),
2116 (C=C), 1670 (C=0), 1610, 1269, 1230, 1127, 1010, 825, 716, 636 cm~!. The spectroscopy
data matched with those reported in the literature.

2.3.3. Click Product CP1

A mixture of 5-FUDA (35 mg, 0.1 mmol), 7-POC (40 mg, 0.2 mmol), N,N,N',N',N"’-
pentamethyldiethylenetriamine (PMDTA, 18 mg, 0.1 mmol), and copper wire (635 mg,
10 mmol) in toluene (10 mL) was heated to 80 °C and stirred overnight under argon
atmosphere. Then, the copper was removed and the solvent evaporated under vac-
uum. The crude product was purified via column chromatography (silica gel, EtAcO
to EtOAc/MeOH, 9:1) to give 70 mg (93%) of an oil that became a colorless solid after the
addition of Et;O. The solid was filtered off and dried under high vacuum for several hours.
Mp 66.7-67.5 °C. 'H NMR (CDCl3, 500 MHz) &: 7.68 (s, 2H, 2 x CH= triazole), 7.64 (d, 2H,
J=9.5Hz, 2xCH=), 7.39 (d, 2H, | = 8.5 Hz, ArH), 7.22 (d, 1H, Jgr = 5.0 Hz, N-CH=CE),
6.95-6.90 (m, 4H, ArH), 6.26 (d, 1H, ] =9.5 Hz, CH=), 6.25 (d, 1H, | = 9.5 Hz, CH), 5.25 (s,
2H, OCHy), 5.25 (s, 2H, OCHy), 4.42-4.37 (m, 4H, 2xCHy), 3.94 (t, 2H, ] = 7.5 Hz, CHy), 3.71
(t, 2H, | = 7.5 Hz, CHy), 2.03-1.96 (m, 4H, 2xCHy), 1.77-1.65 (m, 8H, 4xCH,), 1.41-1.33
(m, 4H, 2xCHp). 3C NMR and DEPT (CDCl;, 125 MHz) &: 161.3 (C), 161.3 (C), 161.0
(©),161.0 (C), 157.1 (d, Jc.r = 24.8 Hz, CF-CO-NH), 155.7 (C), 149.7 (C), 143.3 (CH), 143.3
(CH), 143.1 (C), 142.9 (C), 140.0 (d, Jcr = 234.1 Hz, C-F), 128.9 (CH), 128.9 (CH), 126.5 (d,
Jc-r =31.8 Hz, CH=), 123.0 (C), 113.5 (CH), 113.4 (CH), 113.0 (C), 112.9 (C), 112.8 (CH), 112.7
(CH), 102.1 (CH), 102.1 (CH), 62.3 (CH,), 62.3 (CH3), 50.1(CH>), 50.0 (CH,), 49.5 (CH»),
41.3 (CH,), 29.6 (CH>), 28.1 (CH,), 26.5 (CH,), 23.4 (CH,), 23.2 (CH,). °F NMR (CDCl3,
470 MHz) 6: —164.4. IR (ATR) v: 1724 (C=0), 1708 (C=0), 1681, 1650, 1608, 1275, 1228, 1120,
1002, 832, 758, 727 cm~!. MALDI-TOF MS (dithranol) m/z: 753.6 [M+H]". Anal. Calcd for
CsgH37FNgOg: C, 60.63; H, 4.95; N, 14.89. Found: C, 61.29; H, 4.95, N, 15.39.

2.3.4. 4-Propargyloxycoumarin (4-POC)

4-POC was synthesized according to a literature procedure [44,45]. To a solution
of 4-hydroxycoumarin (1 g, 6.17 mmol) in acetone, anhydrous potassium carbonate (1 g,
6.17 mmol) and propargylbromide (0.88 g, 7.40 mmol) were added. The resulting mixture
was stirred at 50 °C for 18 h. Then, the mixture was cooled and the solvent removed
under reduced pressure. The residue was treated with 15 mL of water and extracted with
EtAcO (x3). The combined organic extracts were dried (MgSQOy), filtered, and the solvent
evaporated under reduced pressure. The crude was purified via crystallization from a
mixture of EtAcO/hexanes to give 0.68 mg (55%) of the title compound as a colorless solid.
'H NMR (CDCls, 500 MHz) &: 7.85 (dd, 1H, ] = 8.0 Hz, ] = 1.5 Hz, ArH), 7.59-7.55 (m,
1H, ArH), 7.34 (dd, 1H, ] = 8.5 Hz, ] = 1.0 Hz, ArH), 7.31-7.28 (m, 1H, ArH), 5.85 (s, 1H,
CH=), 4.88 (d, 2H, ] = 2.5 Hz, OCHy), 2.68 (t, 1H, ] = 2.5 Hz, CH=). '3C NMR and APT
(CDCl3, 125 MHz) é: 164.2 (C), 162.4 (C), 153.3 (C), 132.5 (CH), 124.0 (CH), 123.0 (CH),
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116.7 (CH), 115.3 (C), 91.7 (CH), 77.8 (=CH), 75.7 (=C), 56.8 (CH;). IR (ATR) n: 3227 (C-H,
terminal alkyne), 2125 (C=C), 1670 (C=0), 1684, 1611, 1567, 1494, 1353, 1240, 1109, 933, 842,
687 cm L. The spectroscopy data matched with those reported in the literature.

2.3.5. Click Product CP2

A mixture of 5-FUDA (49.33 mg, 0.14 mmol), 4-POC (61.66 mg, 0.31 mmol), PMDTA
(25 mg, 0.14 mmol), and copper wire (88.97 mg, 10 mmol) in toluene (10 mL) was heated
to 80 °C and stirred overnight under argon atmosphere. Then, the copper was removed
and the solvent evaporated under vacuum. The crude product was purified via column
chromatography (silica gel, EtAcO to EtOAc/MeOH, 9:1) to give 94 mg (89%) of an orange
oil that became a colorless solid after the addition of Et,O. The solid was filtered off and
dried under high vacuum for several hours. Mp 69.3-71.8 °C. 'H NMR (CDCl3, 500 MHz)
5:7.81(dd, 1H, ] =8.0Hz, ] =1.5 Hz, ArH), 7.80 (dd, 1H, ] =8.0 Hz, | = 1.5 Hz, ArH), 7.75
(s, 1H, CH= triazole), 7.74 (s, 1H, CH= triazole), 7.58-7.52 (m, 2H, ArH), 7.33-7.31 (m, 2H,
ArH), 7.27-7.21 (m, 3H, ArH and N-CH=CF), 5.89 (s, 1H, CH=), 5.85 (s, 1H, CH=), 5.37 (s,
2H, OCHy), 5.35 (s, 2H, OCHy;), 4.46—4.41 (m, 4H, 2xCHy), 3.97 (t, 2H, ] = 7.5 Hz, CH;), 3.72
(t,2H, ] =7.5 Hz, CHy), 2.06-1.98 (m, 4H, 2xCH}), 1.79-1.68 (m, 4H, 2xCH}), 1.43-1.35 (m,
4H, 2xCHj,). 3C NMR and DEPT (CDCl3, 125 MHz) &: 165.0 (C), 164.9 (C), 162.6 (C), 162.6
(©),157.2(d, Jcr = 24.8 Hz, CF-CO-NH), 153.3 (C), 149.8 (C), 141.5 (C), 141.4 (C), 140.0 (d,
Jc-r = 234.0 Hz, C-F), 132.6 (CH), 132.5 (CH), 126.6 (d, Jc.r = 32.0 Hz, CH=), 123.9 (CH),
123.9 (CH), 123.5 (CH), 123.4 (CH), 123.2 (CH), 123.1 (CH), 116.8 (CH), 116.7 (CH), 115.5 (C),
115.4 (C), 91.2 (CH), 91.1 (CH), 62.6 (CHy), 50.2 (CH>), 50.1 (CH3), 49.5 (CHy), 41.3 (CH)),
29.6 (CHy), 29.5 (CHy), 28.1 (CHy), 26.5 (CHy), 23.4 (CHy), 23.2 (CH). F NMR (CDCl3,
470 MHz) §: —164.3. IR (ATR) v: 1724 (C=0), 1708 (C=0), 1650, 1608, 1275, 1228, 1120,
1002, 832, 758, 727 cm~'. MALDI-TOF MS (dithranol) m/z: 751.5 [M-H]*. Anal. Calcd for
C3gH37FNgOs: C, 60.63; H, 4.95; N, 14.89. Found: C, 60.65; H, 5.68, N, 13.58.

2.4. In Vitro Antioxidant Activity

The antioxidant potential of the newly synthesized compounds was evaluated in vitro
via their scavenging effect on DPPH radicals [46]. The hydrogen atom or electron donating
ability of the compounds was measured from the bleaching of the purple-colored methanol
solution of DPPH. Thus, a methanolic solution of each compound (2 mL) at five different
concentrations (10, 20, 30, 40, and 50 uM) was added to a methanolic solution of DPPH
(2mL, 100 uM). The mixtures were incubated at 37 °C (approximately the corporal tem-
perature) for 30 min in the dark. The reduction of DPPH radicals was then determined by
measuring the absorbance of the resulting solutions at A = 516 nm. The percentage of free
radical scavenging activity was calculated according to Equation (1).

control absorbance — sample absorbance
control absorbance

% Scavenging = x100 (1)

The ICs) values (effective concentration at which radicals were scavenged by 50%)
were calculated by interpolation from the linear regression analysis. Experiments at differ-
ent concentrations were carried out in triplicate.

2.5. Preparation of CP1 and CP2 Nanoparticles

The solvent evaporation technique was used for the preparation of nanoparticles.
Briefly, a solution of click product (5 mg) in acetone (10 mL) was stirred for 4 h at room
temperature in a round-bottom flask. Then, 10 mL of Milli-Q water was added dropwise at
a speed of 2 mL h~! under continuous stirring. After the formation of stable emulsion, the
acetone was removed under vacuum. Finally, the NPs were diluted for further experiments
with Milli-Q water to a precise concentration (107°~10~! mg mL ™).
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2.6. Determination of the Critical Aggregation Concentration (CAC)

A stock solution of pyrene was prepared at a concentration of 1 mg mL ! (4.9 x 1073 M)
in acetone, which was further diluted to a 4.9 x 10~* M solution. The pyrene solution
(10 pL) was transferred to empty vials and the acetone was allowed to evaporate completely
before adding 2 mL of nanoparticles solution in Milli-Q water at different concentrations.
The final concentration of pyrene in each vial was maintained at 2.45 x 10~% M. The samples
were vigorously stirred overnight and then filtered with a 0.45 um polytetrafluoroethylene
(PTEE) filter to remove the unencapsulated dye. The emission spectra were recorded at
room temperature from 350 to 500 nm at the excitation wavelength of 335 nm, using a
1 cm quartz cell. Both slits of excitation and emission were set at 2.5 nm throughout all
experiments. Plotting the ratio of the fluorescence intensities at 385 nm (I3) and 374 nm (I;)
against the logarithm of the concentration of each nanoparticles sample (Isg5/I374 vs. log C)
gave a curve where the point of inflection was equal to the CAC.

2.7. Dynamic Light Scattering (DLS)

The apparent hydrodynamic size of the nanoparticles was obtained via the direct
solution method and determined using a DLS instrument with a Zetasizer Nano ZSP of
Malvern. The light source was a 10 mW He-Ne laser operating at a fixed wavelength of
633 nm, a scattering angle of 90°, and a temperature of 36 °C (the corporal temperature,
approximately). The hydrodynamic diameter, Dy, which can be defined as the diameter of
a hypothetical sphere that diffuses at the same rate as the particle under investigation, was
calculated using the Stokes-Einstein equation, Equation (2) [47]:

. kBXT
37X X Dygyg

@)

Dy

where kg is the Boltzmann coefficient (1.380 x 10723 J K~1), T is the absolute temperature,
n is the medium viscosity, and Dy avg is the translational diffusion coefficient. In our case,
the viscosity of the water was considered (0.001 kg m~! s~!) due to the high dilution of the
samples. The measurements were carried out at different concentrations in triplicate, and
the software calculated the polydispersity index.

The zeta potential (), also termed the electrokinetic potential, is the potential at
the slipping/shear plane of a colloid particle moving under an electric field. The zeta
potential is the key parameter that controls electrostatic interactions in particle dispersions,
and as such, it is important in understanding the stability of colloidal dispersions and
is very well-known to be an important indicator of the stability of nanoparticles [48].
The stability of CP1 and CP2 nanoparticles was analyzed via { measurements, using the
laser Doppler microelectrophoresis technique with fitting to the Smoluchowski equation
employing a Z-Sizer Nano ZS (from Malvern Instruments). This procedure allows ¢ of
particle suspensions to be determined with a diameter comprised within 3.8 nm to 100 um.
All the measurements were carried out in triplicate.

2.8. High Resolution Scanning Electron Microscopy (HR-SEM)

The morphology of the nanoparticles was determined via HR-SEM at room tempera-
ture using a ZEISS GeminiSEM 500 FE-SEM with a PIN-diode BSE detector. The average
size was determined using Image] software. Samples were prepared via dropwise addition
of the solution onto a glass plate followed by solvent evaporation in air.

2.9. Viability Assays: Cell Culture

The human pancreatic cancer cell lines PANC-1 and BxPC3 and the normal human
control skin fibroblasts CRL-2072 were obtained from the American Type Culture Collec-
tion ((PANC-1) ATCC® CRL-1469™; (BxPC3) ATCC® CRL-1687™; (CCD-1059Sk) ATCC®
CRL-2072™). PANC-1 cells were maintained in RPMI-1640 medium (Sigma Aldrich, Darm-
stadt, Germany). BxPC3 and CRL-2072 were maintained in DMEM medium (Dulbecco’s
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modified Eagle’s medium; Sigma Aldrich, Darmstadt, Germany). All cell cultures were
supplemented with 10% fetal bovine serum and antibiotics (penicillin 100 IU mL~! and
streptomycin 100 g mL~!, Sigma Aldrich, Darmstadt, Germany) and kept at 37 °C in an
atmosphere of 5% COs.

2.10. Viability Assays: MTT Assay

In vitro MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays
were used to assess the cytotoxic activity of 5-FU, 5-FUDA, CP1 and CP2 nanoparticles,
4-HC, 7-HC, 4-POC, and 7-POC against PANC-1, BxPC3, and CRL-2072 cells. The MTT
assay is based on the conversion of MTT into formazan crystals by living cells, which
determines mitochondrial activity. Thus, 10,000 cells per well were seeded in 96-well plates
in DMEM (100 pL), and after allowing the cells to adhere to the bottom of the well, different
concentrations of 5-FU, 5-FUDA, CP1 and CP2 nanoparticles, 4-HC, 7-HC, 4-POC, and
7-POC in DMEM (100 puL) were added. The cells were incubated at 37 °C for 24 h or 48 h
and 5% CO;. Then, the culture medium was replaced by 100 uL of fresh DMEM containing
0.5 mg mL~! of MTT and incubated for another 2.5 h. Finally, the MTT-containing medium
was removed, and the purple formazan crystals were dissolved by adding 100 pL of
dimethyl sulfoxide to each well. The absorbance of MTT was measured in a Dynex Spectra
MR (Chantilly, VA, USA) at 570 nm with background subtracted at 650 nm. All values were
normalized with respect to control wells as indicated in Equation (3).

Cell Viability (%) = (Absorbance,.q/ Absorbance ontror) X 100 3)

Each experiment was conducted in triplicate or sextuplicate, and the average data
are presented.

The MTT assay is suitable for the measurement of drug sensitivity in established cell
lines as well as primary cells. For dividing cells (usually cell lines), the decrease in cell
number reflects cell growth inhibition and the drug sensitivity is then usually specified as
the concentration of the drug that is required to achieve 50% growth inhibition as compared
to the growth of the untreated control (50% inhibitory concentration, ICsg) [49].

2.11. Viability Assays: Morphology Analysis—Optical Microscopy Images

The effect of the different drugs on cell morphology after 24 h incubation was studied
using optical microscopy. PANC-1 morphology was imaged via optical microscopy using a
Nikon ECLIPSE Ti-U microscope (Tokyo, Japan) at 10x and 20 %, before the corresponding
cell proliferation assay.

2.12. Viability Assays: Statistical Analysis

The GraphPad PRISM software 6.01 was used for the statistical analysis. Evaluations
between experimental groups were performed with one-way ANOVA with multiple com-
parisons followed by Dunnett’s post hoc test. Statistical significance was considered at the
0.05 level.

3. Results and Discussion
3.1. Synthesis and Characterization of CP1 and CP2

The synthetic routes to click products CP1 and CP2 are given in Scheme 1. Firstly,
1-azido-5-bromopentane (ABrP) was obtained from 1,5-dibromopentane and sodium azide.
Subsequent reaction with 5-fluorouracil (5-FU) under basic conditions (DBU) yielded
1,3-bis(5-azidopentyl)-5-fluorouracil (5-FUDA). In parallel, coumarin derivatives 7-POC
and 4-POC were prepared from the corresponding hydroxycoumarins (7-HC and 4-HC,
respectively) via treatment with propargyl bromide in presence of potassium carbonate.
Finally, conjugates CP1 and CP2 were accessed via CuAAC using Cu wire as copper source
and PMDTA as ligand. The chemical structures of CP1 and CP2 were fully characterized
via NMR, FT-IR, MALDI-TOF mass spectrometry (Figures S1-528 in the Supplementary
Materials), and elemental analysis. The characteristic triazole protons appeared as singlets
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at 7.75-7.68 ppm in the 'H NMR spectra of CP1 and CP2 (Figures S13 and S23, respectively).
Regarding the IR spectra, the typical azide band of 5-FUDA (2089 cm ™!, Figure S7) and the
terminal acetylene bands of 7-POC (3274 and 2116 cm ™!, Figure S12) and 4-POC (3227 and
2125 cm ™!, Figure S22) are not observed in the spectra of CP1 and CP2 (Figures S17 and 527,
respectively), confirming the successful synthesis of the click conjugates.

3.2. In Vitro Antioxidant Evaluation

The antioxidant activities of the CP1 and CP2 conjugates, as well as the precursor
coumarin derivatives, have been assessed in vitro by means of the DPPH radical scavenging as-
say. Ascorbic acid was employed as a reference standard. The results expressed as mean + SD
(standard deviation), along with ICsg values obtained via regression analysis, are summa-
rized in Table 1. All compounds were tested at five different concentrations of 10, 20, 30,
40, and 50 uM, exhibiting significant dose-dependent scavenging activities that ranged
from 48.37 to 90.95% compared to the standard ascorbic acid (45.78-95.42%). It is worth
noting that both conjugates exhibited a higher antioxidant activity (ICs 2.82 and 5.38 uM,
respectively) than the standard (ICsg = 11.42 uM). CP1 showed a lower ICs5y than CP2 even
though the IC5( for precursor 7-HC was higher than that of 4-HC (13.82 vs. 1.55 uM).

Table 1. Antioxidant capacity (%) of the synthesized compounds (DPPH method) @.

Compound 10 uM 20 uM 30 uM 40 uM 50 uM I1C5p (uM)
7-HC 50.42 £0.23 51.08 £+ 0.32 52.67 £ 0.08 50.32 £0.16 67.39 £+ 0.04 13.82 £ 0.06
7-POC 48.37 +0.12 48.53 + 0.04 49.36 4+ 0.04 50.04 £+ 0.42 50.33 4+ 0.03 295+ 0.15
CP1 52.28 4+ 0.30 53.6. £0.12 55.17 £ 0.24 55.31 £ 0.75 56.80 £+ 0.46 2.82 £0.32
4-HC 71.98 + 0.01 79.98 + 0.01 85.42 £ 0.06 88.07 £+ 0.04 90.95 £+ 0.01 1.55 £ 0.01
4-POC 59.71 4+ 0.44 60.73 +0.12 61.82 £+ 0.07 62.38 £+ 0.05 63.07 £ 0.17 1.34 +£0.25
CP2 59.14 + 0.14 69.48 £+ 0.67 75.38 £0.23 79.30 £+ 0.05 83.15 + 0.59 5.38 £ 0.38
Ascorbic acid 45.78 £ 0.37 67.73 £ 0.29 78.91 + 0.98 87.45 + 0.41 95.42 +0.45 1142 + 0.17

2 Results are expressed as mean values & SD (standard deviation), n = 3, p < 0.05.

3.3. Preparation and Characterization of CP1 and CP2 Nanoparticles

The amphiphilic hybrids CP1 and CP2 could self-assemble and form nanoparticles in
aqueous solution, presumably with the hydrophobic coumarin moieties located in the inner
part of the particles and the hydrophilic 5-FU and 1,2,3-triazole groups in the outer part. The
NPs were prepared using the solvent evaporation technique, and the critical aggregation
concentration (CAC) was determined using the pyrene fluorescence probe method [50]. The
data obtained confirmed that both click products exhibited a high tendency to aggregation,
even at relatively low concentrations with a CAC of 0.0014 mg-mL~! (1.8 mM) for CP1 and
0.0018 mg mL~! (2.3 mM) for CP2 in Milli-Q water (Figure 1).
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Figure 1. Measurement of the CAC via the pyrene fluorescence probe method; (A) CP1 and (B) CP2.

The average particle size and size distribution are also important parameters for drug
self-delivery systems. The hydrodynamic size and size distribution of the CP1 and CP2
NPs were evaluated via DLS at a concentration higher than the CAC, i.e., 0.1 mg mL~1,
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and the morphology was determined via HR-SEM, as shown in Figure 2. The HR-SEM
showed a spherical morphology for the NPs with average sizes of 114.34 & 34.62 nm for
CP1 and 93.19 =+ 28.12 nm for CP2 (Figure 2A,B). On the other hand, the DLS analysis
revealed a monomodal size distribution peak with a z-averaged diameter of 104.0 nm as
well as a calculated polydispersity index (PDI) of 0.367 for CP1 and 123.0 nm with PDI
0.371 for CP2 (Figure 2C,D). As expected, the data from HR-SEM images do not exactly
match with the information received from DLS, although both results are consistent. DLS
is an intensity-based technique while HR-SEM is a number-based technique, which makes
them fundamentally different [51].

A B
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35 30
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3 PDI=0.367 PDI=0.371
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10 100 1000 10,000 10 100 1000 10,000
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Figure 2. (A,B) HR-SEM images of CP1 and CP2 NPs, respectively. (C,D): DLS analysis of CP1 and
CP2 NPs, respectively (c = 0.1 mg mL~'). The corresponding histograms are shown in the insets.

Additionally, DLS and zeta potential measurements were carried out at a range of
time intervals to evaluate the stability of the nanoparticles (1-18 days). The results are
summarized in Table 2, and they reveal that the CP1 and CP2 NPs remained stable for at
least one week. The colloids lost stability and agglomerated /flocculated from day 9 for
CP1 and day 7 for CP2 since they were closer to the isoelectric point, i.e., the point where
the zeta potential is equal to zero.

Table 2. Influence of storage on diameter, PDI, and zeta potential of CP1 and CP2 NPs with the
extension of time in water 2.

CP1 NPs CP2 NPs

(TD‘;’;; DLS (nm) PDI Z (mV) zﬂf; PDI Z (mV)
1 104.0 + 15.4 0.367 ~31.8+3.0 123.0 + 4.0 0.371 ~30.6 + 3.2
2 137.8 + 9.3 0.546 ~301 +36 1292 4+ 1.9 0.436 304 +36
3 117.4 + 823 0.506 —31.8+34 110.4 + 14.0 0.473 308437
4 201.9 + 46.7 0.733 ~30.1+35 1319 + 43 0.539 ~302+32
5 1173 4+ 17.9 0.899 _318+47 124.8 4+ 29.7 0.496 ~30.6 + 3.0
6 2105 + 60.3 0.556 —30.1+55 1153 + 24.3 0.543 311420
7 1783 + 19.1 0.369 ~31.8+3.0 234.1 4 20.2 1.000 —9.78 + 3.6
8 104.6 + 92.4 0.437 ~301+38 2995 + 25.7 1.000 991 +30
9 228.0 -+ 36.9 0.522 ~15.0 + 4.1 368.9 + 70.7 0.872 —9.89 4+ 3.6
10 380.4 + 67.2 0.553 172447 360.1 & 104.8 0.502 372430
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CP1 NPs CP2 NPs

Time DLS

(Days) DLS (nm) PDI ¢ (mV) (nm) PDI ¢ (mV)
11 3949 +76.4 0.553 —145+£5.0 304.6 + 38.3 0.308 -390 £33
12 381.0 £ 70.6 0.492 —7.04 £58 405.3 4+ 58.9 0.388 —3.76 £3.5
13 321.6 = 80.6 0.624 —12.1£3.0 317.1 £59.1 0.588 —13.2+39
14 2149 +95.8 0.424 —11.3+5.1 311.8 +186.9 0.588 —12.6 £4.0
15 248.4 4+ 98.2 0.620 —11.7 £ 2.6 597.7 +234.1 0.533 —125+ 3.4
16 469.2 + 96.7 0.490 —3.69 £ 5.1 609.9 £+ 215.0 0.385 —441+29
17 304.6 4+ 130.7 0.423 —292 +3.6 683.1 £ 321.7 0.340 —4.03 £3.2
18 405.3 + 201.8 0.608 —3.69 £4.3 661.4 +178.3 0.416 —4.07 £2.8

2 Concentration = 0.1 mg mL™1.

3.4. Preliminary Efficacy Assessment in Cell Culture: Cell Viability

The cell viability of pancreatic cancer PANC-1 and BxPC3 cells, compared to that of
normal human control fibroblasts CRL-2072, was evaluated via treatment with different
doses of 5-FU, 5-FUDA, and CP1 and CP2 NPs for 24 h through an in vitro MTT assay.
Figure 3 shows that all compounds promoted cell proliferation (hormetic effect) at con-
centrations lower than 0.01 mM in PANC-1 and CRL-2072. Hormesis is widely found
in a great variety of chemotherapeutic agents (included 5-FU) and natural compounds
isolated from plants [52-54]. Nevertheless, at concentrations higher than 0.1 mM, cells
gradually decreased their viability with the increase of drug concentration, indicating a
dose-dependent antiproliferative activity. CP1 and CP2 NPs were more cytotoxic than 5-FU
over the dose range 0.0001-1 mM on PANC-1 but did not increase cell demise on BxPC3
and CRL-2072. In this latter cell line, only 5-FU and 5-FUDA were able to significantly
decrease cell viability. In order to characterize the efficacy of the drugs, the maximum
inhibitory concentration (ICsg) for PANC-1 was also determined. The IC5y &= SD values of
5-FUDA, CP1, and CP2 fitted to an exponential equation were calculated using Excel soft-
ware (Microsoft). The mean ICsq + SD values were 5.5061 + 0.003 mM, 0.7699 + 0.0021 mM,
and 2.2841 £ 0.0085 mM, respectively. Nevertheless, the ICsy for 5-FU could not be de-
termined because the cell viability was greater than 50%, which is in line with previous
work [55,56]. According to the literature, the ICsy value for 5-FU after incubation for 48 h
with PANC-1 cells (37 °C, 5% CO,) was 12.66 uM [57].
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Figure 3. Cell viability of PANC-1, BxPC3, and CRL-2072 cells treated with CP1 and CP2 NPs, 5-FU,
and 5-FUDA at different doses (from 0.0001 mM to 1 mM) after 24 h of incubation time. Values
represent means of three to six replicates 4= SD of one representative experiment. * p < 0.05, CP1 NPs
group. # p < 0.05, 5-FU group. ## p < 0.05, 5-FUDA group.

5-FU and 5-FUDA only induced a 5-8% decrease in PANC-1 cell survival at the highest
dose tested (1 mM). In contrast, 5-FUDA significantly affected the survival of BxPC3 at
1 mM, and 5-FU and 5-FUDA elicited a remarkable decrease in CRL-2072 cell viability,
enhancing the cytotoxic effect. On the other hand, CP1 and CP2 NPs were more cytotoxic
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than 5-FU and 5-FUDA in PANC-1. Moreover, CP1 NPs exhibited a lower ICsy value
than CP2 NPs, which indicates a better antiproliferative effect. Figure 4 and Figure 529
(Supplementary Materials) show the observed morphological changes and cell demise,
which are consistent with the dose-dependent outcome of the MTT assay.

CP1 NP CP2 NP 5-FU 5-FUDA
0.0001 pM

Figure 4. Microscopic images (magnification 20 x) of PANC-1 cells after 24 h treatment with 5-FU,
5-FUDA, and CP1 and CP2 NPs in MTT assays at different concentrations.

An additional MTT assay study was also conducted for the coumarins derivatives as
they are natural compounds with pharmacological properties, including known chemother-
apeutic activity. Due to their poor solubility in water, the MTT tests had to be carried out
with 1% or 2% DMSO as cosolvent (Figure 5). The effect of a series of hydroxycoumarin
derivatives against the human pancreatic cancer cell line PANC-1 had been assessed in
previous works. Specifically, 7-HC was tested in vitro for its preferential cytotoxicity on
PANC-1 cells and no appreciable cytotoxicity was detected, even at 200 uM [58]. Nev-
ertheless, various 3-substituted 4-anilino-coumarins have shown promising results as
antiproliferative drugs on MCF-7, HepG2, HCT116, and PANC-1 cancer cell lines [59].
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Some 4-(1,2,3-triazol-1-yl)coumarin conjugates have also exhibited antiproliferative activ-
ities in vitro against human breast carcinoma MCF-7 cells, colon carcinoma SW480 cells,
and lung carcinoma A549 cells [60].
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Figure 5. (A) Cell viability of PANC-1, BxPC3, and CRL-2072 cells treated with 4-HC, 7-HC, 4-POC,
and 7-POC at different doses (from 0.0001 uM to 1 uM, in a solution of water with 1-2% DMSO) after
48 h of incubation (MTT assay). Values represent means of three replicates + SD of one representative
experiment. * p < 0.05, 7-HC group. # p < 0.05, 4-POC group. ## p < 0.05, 7-POC group. (B) Microscopic
images (magnification 20 x) of the PANC-1 cells after treatment.

In this work, significant toxicity was detected for the maximum tested concentration
dose (1 mM). Thus, 4-POC and 7-POC showed a higher percentage of cytotoxicity than
4-HC and 7-HC in all cell lines (Figure 5), which helps us to understand why CP1 NPs
have a greater effect against PANC-1 cells than CP2 NPs. Moreover, 7-HC was also able to
induce a higher loss of cell viability in BxPC3 and CRL-2072 at 1 mM.

4. Conclusions

The synthesis of two novel triazole-linked 5-fluorouracil-coumarin conjugates, CP1
and CP2, were developed via a CuAAC reaction. DPPH radical scavenging assays showed
better antioxidant activity for both conjugates than that of the reference standard ascorbic
acid. Due to their amphiphilic features, they can self-assemble into nanoparticles with
regular shape, uniform size, and good stability in aqueous media. The pyrene fluorescence
probe method, HR-SEM, and DLS measurements allowed the CAC and the size of the
aggregates to be determined. The potential of these materials as cytotoxic agents was
tested against human pancreatic cancer cell lines PANC-1 and BxPC3 compared to normal
human control fibroblasts CRL-2072. The results of the MTT assay demonstrated that
CP1 and CP2 nanoparticles exhibit higher cytotoxicity in PANC-1 (IC50 = 0.77 mM and
2.28 mM, respectively) than 5-FU (ICs = 5.51 mM) after 24 h of incubation. The presence
of a 7-propargyloxycoumarin residue in the hybrid structure appears to lead to a greater
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effect than the presence of a 4-propargyloxycoumarin moiety. These results should enable
the development of new and powerful pancreatic anticancer agents based on 5-fluorouracil
and coumarin derivatives after suitable design of the molecules.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics14102152/s1, Figure S1: 'H NMR of ABrP, Figure S2: 3C NMR of ABrP.
Figure S3: 'H NMR of 5-FUDA. Figure S4: 13C NMR of 5-FUDA. Figure S5: DEPT of 5-FUDA.
Figure S6: 1F NMR of 5-FUDA. Figure S7: FT-IR of 5-FUDA. Figure S8: MALDI-TOF MS of 5-FUDA.
Figure S9: 'H NMR of 7-POC. Figure S10: '*C NMR of 7-POC. Figure S11: APT of 7-POC. Figure S12:
FT-IR of 7-POC. Figure S13: '"H NMR of CP-1. Figure S14: '3C NMR of CP-1. Figure S15: DEPT
of CP-1. Figure S16: 1°F NMR of CP-1. Figure S$17: FT-IR of CP-1. Figure S18: MALDI-TOF MS of
CP-1. Figure S19: '"H NMR of 4-POC. Figure S20: '3C NMR of 4-POC. Figure S21: APT of 4-POC.
Figure S22: FT-IR of 4-POC. Figure 523: 'H NMR of CP-2. Figure S24: 1*C NMR of CP-2. Figure S25:
DEPT of CP-2. Figure S26: 1°F NMR of CP-2. Figure S27: FT-IR of CP-2. Figure 528: MALDI-TOF MS
of CP-2. Figure 529: Microscopic images (magnification 10 x) of PANC-1 cells in MTT assays.
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