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Abstract. The copper(I)-catalyzed azide/alkyne cycloaddition is recognized as one of the most successful
click reactions to access self-assembling amphiphilic polymer-drug conjugates (PDCs). In this way, poor
water-soluble drugs can be linked covalently to hydrophilic poly(ethylene glycol) (PEG) to obtain
PEGylated drug micelles that can be used as versatile carriers for the delivery of diverse therapeutic agents.
In this work, two novel amphiphilic PDCs that combine PEG with privileged scaffolds well-known for their
anticancer properties, such as coumarin and 5-fluorouracil, have been synthesized and characterized. These
conjugates were able to self-assemble into micelles at relatively high critical micellar concentration,
probably due to the large portion of hydrophilic PEG. The micelles allowed to load other anticancer drugs
(paclitaxel, curcumin, and gemcitabine), providing a unique opportunity to develop promising co-delivery
carriers for synergistic cancer therapy. The Korsmeyer-Peppas mathematical model was used for describing
the in vitro kinetics of drug release from the micelles. Similar sustained and controlled drug release profiles
were obtained for paclitaxel and curcumin in both conjugates, which was attributed to the excellent stability
driven by the strong interaction between polymeric conjugates and drugs in the micelle core. In contrast,
the high instability observed for the gemecitabine-loaded micelles provided an initial uncontrolled burst
release of drug. A preliminary in vitro cytotoxicity study of the micelles against human pancreatic cancer
cells PANC-1 and BxPC-3 was also carried out, demonstrating that both coumarin and 5-fluorouracil retain

their anticancer properties after conjugation with PEG.
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Highlights
- Two novel amphiphilic polymer-drug conjugates (PDCs) were prepared via CuAAC reaction.
- These PDCs combine PEG with anticancer agents, such as coumarin and 5-fluorouracil.
- They can self-assemble into micelles and encapsulate other anticancer drugs.
- The micelles exhibit antiproliferative activity against PANC-1 and BxPC-3 cells.

- Promising co-delivery carriers for synergistic cancer therapy can be developed.



1. Introduction

Cancer is among the leading causes of death worldwide. Millions of people around the world are
diagnosed with cancer annually, and more than half of patients eventually die from it [1,2]. Moreover, based
on current trends, cancer cases are expected to increase as a result of population ageing and the adoption of
unhealthy lifestyles and habits [3].

Numerous and innovative drugs have been developed to treat cancers. Nevertheless, the
therapeutic effect of conventional treatments is typically compromised by low bioavailability and
specificity, generating severe systemic toxicity. Tremendous efforts have been made to overcome these and
other issues and improve the therapeutic benefit of cancer therapies [4].

Recently, nanocarriers have generated a growing interest due to the numerous aspects that
remarkably influence the efficacy of treatments [5]. They can be formulated with several materials, e.g.,
liposomes, polymers (macromolecules, micelles o dendrimers) and viruses (viral-like nanoparticles) [6,7].
Among them, polymeric micelles have emerged as promising nanoparticles for the delivery of poorly
soluble anticancer agents. Micelles are formed by the self-assembly of amphiphilic polymers to give nano-
sized vesicles with relatively high stability [8]. These characteristics prolong the blood half-life of
chemotherapeutic agents that can passively accumulate in tumors, especially in poorly vascularized tumors.
The hydrophobic drug can be physically encapsulated in the micelle [9] or linked covalently to the polymer
to give a self-assembling amphiphilic polymer-drug conjugate (PDC) [10,11]. Poly(ethylene glycol) (PEG)
is the most widely used hydrophilic polymer because it acts as an efficient steric protector, shows a high
degree of biocompatibility, has low toxicity, and has been approved by the Food Drug Administration
(FDA) [12]. Thus, poor water-soluble drugs can be conjugated with PEG to obtain PEGylated drug micelles
[13].

Many creative conjugation strategies have been proposed to furnish PDCs with functions that
make them competent in specific applications, including pharmaceutical. In this context, the click chemistry
has emerged as a powerful and chemoselective tool for the attachment of targeting ligands to polymeric
drug carriers [14]. In particular, the copper(I)-catalyzed azide/alkyne cycloaddition (CuAAC) has shown
as one of the most prolific and successful click reactions, characterized by high yields and selectivity with
little or no by-products [15,16]. The regioselective 1,2,3-triazole ring formed in this reaction is a favorable
linker that displays a marked stability to hydrolytic, oxidizing, and reducing conditions. It also resists
metabolic degradation and can favor the binding of biomolecular targets, substantially enhancing the
pharmacological activity [17]. Thus, it is a very well-recognized pharmacophore that has been widely
exploited in the development of anticancer agents [18].

In this work, 4-azidomethyl-7-methoxycoumarin (AMMC) and 1,3-bis(5-azidopentyl)-5-
fluorouracil (5-FUDA) were conjugated to methoxy PEG alkyne (mPEG-alkyne, molecular weight 2000
Da) via click chemistry to prepare two amphiphilic PDCs, CouPEG and 5-FUPEG, respectively. Both
coumarin and 5-fluorouracil are privileged scaffolds well-known for their anticancer properties [19,20].
The novel amphiphilic conjugates self-assembled into micelles that were used to encapsulate other
anticancer drugs such as paclitaxel (PTX), curcumin (CUR), and gemcitabine (GEM), providing a unique
opportunity to exploit the potential synergy of dual/multiple therapy (Figure 1). Paclitaxel is highly

lipophilic and has a powerful anticancer effect on pancreatic, ovarian, breast, and non-small cell lung



cancers [21]. Curcumin possesses various beneficial activities for human health, such as antioxidant,
antiviral, anti-inflammatory, and anticancer agent (included pancreatic cancer) [22,23]. Nevertheless, its
effectiveness is limited due to low water solubility, poor oral bioavailability, and rapid systemic
elimination. Gemcitabine is a potent hydrophilic drug approved for the treatment of an unusually broad
spectrum of tumors, although it shows a severely limited therapeutic efficacy due to its rapid metabolic
inactivation [24]. Due to the pharmacological strength and limitations of these drugs, they were chosen as
a model to explore the drug loading capacities and release profiles of the CouPEG and 5-FUPEG micelles.
The drug release data were fitted to the Korsmeyer-Peppas model to predict the kinetics and release
mechanisms. Finally, a preliminary in vifro cytotoxicity assay of the blank micelles against human

pancreatic cancer cell lines PANC-1 and BxPC-3 was carried out.
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Figure 1. Chemical structures of paclitaxel (PTX), curcumin (CUR), and gemcitabine (GEM).
2. Experimental

2.1. Materials and methods

5-Fluorouracil, curcumin, gemcitabine hydrochloride, methoxy poly(ethylene glycol) alkyne (mPEG-
alkyne, 2000 g/mol), copper wire (diameter 0.25 mm), and carbon dioxide (purity 99.8%) were obtained
from commercial sources and used without further purification. Paclitaxel was provided by the Hospital
General de Ciudad Real (Spain). 1-Azido-5-bromopentane (ABrP) was prepared according to a literature
procedure [25,26]. 4-Azidomethyl-7-methoxycoumarin (AMMC) was prepared as described elsewhere by
some of us [27]. All other chemicals used for this study were provided by domestic suppliers and were
analytical grade.

NMR spectra were acquired at room temperature on a Bruker Advance Neo 500 or a Bruker Advance
Neo 400 spectrometer. The chemical shifts (8) are reported in ppm and are referenced internally to the
solvent signals of CDCl; (*H, § = 7.27 ppm; 1*C, § = 77.0 ppm) or externally to CFCl; (*°F, 0.0 ppm). The
coupling constants J are given in Hz. In the 'H NMR spectra, the following abbreviations are used to
describe the peak patterns: s (singlet), d (doublet), t (triplet), m (multiplet). In the *C NMR spectra, the
nature of the carbons (C, CH, CH, or CH;3) was determined by performing a DEPT experiment. Gel
Permeation Chromatography (GPC) measurements were performed with a Viscotek chromatograph with
two columns (Styragel HR2 and Styragel HRO0.5) at 35 °C with a flow of 1 mL-min! and THF as eluent.
The IR spectra were recorded with a with a Jasco FT/IR-4700 or a PerkinElmer spectrophotometer equipped
with an attenuated total reflectance (ATR) accessory. MALDI-TOF mass spectra were carried out using a
Bruker Autoflex II TOF/TOF spectrometer in positive detection mode, using dithranol as matrix. Elemental

analyses were performed in a Thermo Scientific Flash Smart elemental analyzer.



2.2. Synthesis of conjugates

2.2.1. Synthesis of 1,3-bis(5-azidopentyl)-5-fluorouracil (5-FUDA).

A solution of 5-fluorouracil (260 mg, 2 mmol), 1-azido-5-bromopentane (802 mg, 4.2 mmol), and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU, 850 pL, 6 mmol) in acetonitrile (5 mL) was heated under reflux for
1.5 h under argon. After cooling, 1M aqueous HCl was added and the mixture was extracted with EtAcO
(%3). The combined organic layers were dried (MgSQOs), the solution filtered, and the solvent evaporated
under reduced pressure. The crude product was purified by column chromatography (silica gel,
hexanes/EtAcO, 6:4) to give 388 mg (81%) of the title product as a colorless oil. 'H NMR (CDCl;, 500
MHz) J: 'H NMR (CDCls, 500 MHz) &: 7.21 (d, 1H, J= 5.5 Hz, CH=), 3.98 (t, 2H, J = 7.5 Hz, CH,), 3.74
(t, 2H, J=17.5 Hz, CH), 3.33-3.26 (m, 4H, 2xCHy), 1.78-1.62 (m, 8H, 4xCHa), 1.47-1.40 (m, 4H, 2xCHa).
13C NMR and DEPT (CDCl, 125 MHz) é: 157.1 (d, J = 24.7 Hz, CF-CO-NH), 149.8 (NH-CO-NH), 140.0
(d, J=233.9 Hz, C-F), 126.3 (d, J = 32.0 Hz, CH=), 51.2 (CHz), 51.0 (CHs), 49.7 (CHz), 41.7 (CH,), 28.4
(CHb), 28.4 (CH>), 26.9 (CH>), 23.9 (CH>), 23.6 (CHz). F NMR (CDCl;, 470 MHz) &: —164.4. IR (ATR)
v: 2089 (N3), 1712, 1680, 1649, 1469, 1349, 1257, 758 cm™'. MALDI-TOF MS (dithranol) m/z: 325.3
[M+H-N]*. Anal. Calcd for C14H2:1FN3O»: C, 47.72; H, 6.01; N, 31.80. Found: C, 47.75; H, 6.03, N, 31.88.

2.2.2. Synthesis of mPEG-coumarin (CouPEG).

The synthesis of CouPEG was performed in supercritical CO, (scCO;) according to a previous
work [25].iError Mareador no definido. |0)imolar amounts of mPEG-alkyne (11.6 mg, 0.05 mmol) and AMMC
(105 mg, 0.05 mmol) together with copper wire (317 mg, 5 mmol) were reacted at 13 MPa and 35 °C for
24 h. After cooling, the reactor was depressurized with a flow rate of 3 L/min and tweezers were used to
separate the copper. The title compound was obtained as a yellow solid (101 mg, 96%). The characterization
spectra can be found in the Supplementary Material.

2.2.3. Synthesis of mPEG-5-fluorouracil (5-FUPEG).

A mixture of mPEG-alkyne (400 mg, 0.2 mmol), 5-FUDA (35 mg, 0.1 mmol), NN,N'N",N"-
pentamethyldiethylenetriamine (PMDTA, 17 mg, 0.1 mmol), copper wire (635 mg, 10 mmol), and PMDTA
(17 mg, 0.1 mmol) in dry toluene (10 mL) was heated to 80 °C and stirred for 48 h under argon atmosphere.
Then, the copper was removed and the solvent evaporated under vacuum. The crude product was dissolved
in a small amount of CH,Cl,, filtered through a short pad of celite®, concentrated to dryness, and washed
with ether. After dissolving in Milli-Q water, purification from excess mPEG-alkyne was performed by
passing through an Amicon® Ultra-4 Centrifugal Filter 3K device. The title compound was obtained by
lyophilization as a white solid (190 mg, 81%). The characterization spectra can be found in the
Supplementary Material.

2.2.4. Molecular weight distribution.

The molecular weight and molecular weight distribution of conjugates was determined by
MALDI-TOF mass spectrometry and GPC. The number average (M,) and weight average (M) molecular
weights were calculated according to Equations 1 and 2. Additionally, the polydispersity index (PDI) was

obtained as a function of the molecular weights (Equation 3) [28].

M, =Z(N1-Mi)/ZNi (1)



MW:Z(Ni'MiZ)/Z(Ni'Mi) )

PDI = M,,/M,, (3)

where M; is the molecular weight of a chain and N; the corresponding signal intensity.

2.3. Determination of critical micellar concentration (CMC).

The critical micellar concentration (CMC) of conjugates was determined by using the iodine UV-
vis spectroscopy method following a reported procedure [29]. CouPEG and 5-FUPEG concentrations
ranging from 0.0001 mg/mL to 0.7 mg/mL were prepared with Milli-Q water as solvent. Measurements
were performed at 366 nm. Each experiment was repeated three times and the average absorbance was

determined.

2.4. Preparation and characterization of drug-loaded polymeric micelles.
2.4.1. Preparation of CouPEG and 5-FUPEG micelles loaded with PTX, CUR, and GEM.

PTX-, CUR- and GEM-loaded micelles were prepared by an organic solvent evaporation method
at different drug/polymer ratios of 1:10, 2:10, and 3:10 wt/wt. Thus, 100 mg of the corresponding polymeric
conjugate (CouPEG and 5-FUPEG) was dissolved in 10 mL Milli-Q water and a solution of drug in CHCl;
(PTX, CUR, GEM) was added dropwise under gentle stirring for 4 h. Then, the emulsion was sonicated
and the organic solvent removed under vacuum using a rotary evaporator (Figure S1, Supplementary
Material). Finally, the micellar solution and the unentrapped drug were separated by centrifugation at 3800
rpm (3150 xg) for 4 h. The supernatant with the drug loaded into the core of the micelles was isolated to
further characterization and the unentrapped drug was analyzed to determine the encapsulation efficiency
(EE).

2.4.2. Encapsulation efficiency and drug loading

The amount of PTX, CUR, and GEM encapsulated into the micelles was determined by UV-vis
spectroscopy. After centrifugation, the free drug was dried overnight at 40 °C to avoid degradation. Then,
I mL of the appropriate solvent was added, the mixture sonicated for 2-3 minutes, and the absorbance
measured at 230, 425, and 268 nm for PTX, CUR, and GEM, respectively. The calibration curves of each
drug are included in the Supplementary Material (Figures S2-S4). The encapsulation efficiencies and drug

loading were calculated using the Equations 4 and 5, respectively.

Total amount of drug — Amount of free drug

Encapsulation efficiency (%) = 100 4)

Total amount of drug

Total amount of drug — Amount of free dru
g g 100 (5)

Drug loading (%) =
rug loading (%) Amount of conjugated used

2.4.3. Particle morphology

Micellar morphology was studied by scanning electron microscopy (SEM) using a Quanta 250
equipment with a wolfram filament operating at a working potential of 10 kV (FEI Company). Samples
were prepared by dropwise addition of the solution onto the pin, followed by evaporation of the solvent in

air.



2.4.4. Determination of size and zeta potential

The average diameter, size distribution, and zeta potential ({) of micelles were measured by
dynamic light scattering (DLS) on a Zetasizer Nano ZSP of Malvern. The light source was a 10 mW He-
Ne laser operating at a fixed wavelength of 633 nm, scattering angle of 90°, and 37.5 °C of temperature
(the corporal temperature, approximately). The stability of micelles was analyzed by { measurements, using
the laser Doppler microelectrophoresis technique with fitting to Smoluchowski equation. This procedure
allows to determine ( of particle suspensions with a diameter comprised within 3.8 nm to 100 um. All the

measurements were done in triplicate.

2.4.5. In vitro drug release profiles.

The in vitro drug release study was conducted by placing a dialysis bag (molecular weight cut off,
MWCO: 3500 g/mol) containing 10 mL of drug-loaded micelles solutions (0.5 mg/mL) into 90 mL of a
stirred phosphate buffer solution (PBS, pH 7.4 physiological) at 37.5 °C. The bag was closed on both sides
with clips. Periodically, aliquots of 10 mL were withdrawn and refilled with 10 mL fresh PBS. The collected
samples were lyophilized and then dissolved in 4 mL of the adequate solvent. The calibration curves
described in section 2.4.2 (Figures S2-S4) were used to determine the amount of drug released (Equation

6). The cumulative drug release (CDR) was calculated using the Equation 7.

Concentration - Dissolution bath volume - dilution factor ©)

Amount of drug released (mg/mL) = 500

Amount of drug released

Cumulative percentage of release (%) = Total amount of drug loaded @)
2.4.6. Drug release kinetics

The most widely used mathematical model to analyze and describe the mechanism by which the
release process occurs was developed by Korsmeyer and Peppas [30-31]. After plotting the release profile
curves (cumulative percentage of release against time), this mathematical model was applied to determine
the kinetics of drug release from the micelles (Equation 8). The Excel software was used to fit the release

curve.
M{/M, =k -t" (8)

M is the amount of drug released at time t, M, is the total amount of drug released at infinite time,
k is the rate of drug release from the polymeric micelles (the release rate constant) which depends on the
structural and geometrical characteristic of the particles; t is the release time; and n is the diffusional
exponent which indicates the drug release mechanism. According to Ritger and Peppas [32], when n = 0.43
the release mechanism follows a Fickian diffusion. When n = 0.85, a polymer swelling control occurs (case
II transport). Otherwise, the mechanism was governed by a combination of diffusion and erosion control
(n <0.43) or anomalous transport mechanism (0.43 <n < 0.85). The value of n > 0.85 is considered a super

case II transport.



2.4.7. Invitro MTT assay

An in vitro MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was used
to assess the cytotoxic activity of CouPEG and 5-FUPEG conjugates against PANC-1 and BxPC-3 cells.
The MTT assay is based on the conversion of MTT into formazan crystals by living cells, which determines
mitochondrial activity. Thus, 10,000 PANC-1 cells per well were seeded in 96-well plates in DMEM
(Dulbecco’s Modified Eagle’s medium, 100 mL). The cells were allowed to adhere to the bottom of the
well and incubated overnight at 37 °C and 5% CO,. The culture medium was replaced by fresh DMEM
containing polymer conjugate at different concentrations: CouPEG (25.6 and 51.0 ug/mL) and 5-FUPEG
(14.5, 22.4, 29.0, and 44.8 ng/mL). After 24 and 40 h, the cells were washed with PBS for three times and
incubated with medium for 2 h. The cells were incubated for 24 h (37 °C, 5% CO,). 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 9. Each

experiment was conducted in sextuplicate, and the average data are presented.
Cell Viability (%) = (Absorbance,eateq/Absorbance q,iro) X 100 9)

3. Results and discussion

3.1. Synthesis and characterization of amphiphilic conjugates CouPEG and 5-FUPEG.

The amphiphilic polymer-drug conjugates were prepared by CuAAC from mPEG-alkyne (MW
2000 g/mol) and the corresponding azide derivatives with Cu wire as catalyst. Supercritical carbon dioxide
(scCO,) was used as reaction medium for the synthesis of CouPEG. Unfortunately, the supercritical
conditions were not very favorable to access S-FUPEG. In this case, more classical reaction conditions
(toluene, 80 °C, PMMT as ligand) provided cleaner crude products, which were consequently easier to
purify (Scheme 1). Firstly, 1,3-bis(5-azidopentyl)-5-fluorouracil (5-FUDA) was obtained by reaction of 5-
fluorouracil (5-FU) with 1-azido-5-bromopentane (ABrP) under basic conditions (DBU) (Figures S5-S10).
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Scheme 1. Synthesis of 5-FUDA, Cou-PEG, and 5-FUPEG.



Both conjugates were satisfactorily characterized by a variety of analytical techniques. While the
"H NMR spectra showed the characteristic triazole protons as singlets at 7.56-7.73 ppm (Figures S11-S12,
Supplementary Material), the complete disappearance of the typical azide band at 2084 cm and the
terminal acetylene band at 2167 cm! of the starting materials in the IR spectra confirmed the success of the
above reactions (Figure S13). The molecular weight and molecular weight distribution (polydispersity) of
conjugates was determined by MALDI-TOF mass spectrometry and GPC (Figures S14-S15). Table 1
summarizes the results obtained, which also indicated the successful binding of AMMC (231 g/mol) and
5-FUDA (352 g/mol) to mPEG-alkyne yielding CouPEG and 5-FUPEG, respectively. The values for
CouPEG were in good agreement with those previously published [27].

Table 1. Molecular weight and polydispersity of conjugates determined by MALDI TOF
mass spectrometry and GPC.

MALDI TOF MS GPC
Compound \7 Mw PDI \7 B Mw PDI
mPEG-alkyne 2027.57 2140.27 1.06 1786 1862 1.04
CouPEG 2256.35 2364.34 1.05 1990 2158  1.08
5-FUPEG 4242.00 4048.03 1.00 3885 3987 1.03

3.2. Preparation and characterization of micelles.

It is well known that molecules with suitable hydrophobic and hydrophilic components can form
aggregates when exposed to selective solvent. Whereas PEG is well-known for its hydrophilic nature,
AMMC and 5-FUDA are hydrophobic small molecules with an octanol-water partition coefficient logPo/w
value of 2.45 and 3.04, respectively (estimated using online Molinspiration Cheminformatics software)
[33]. In this way, the amphiphilic conjugates CouPEG and 5-FUPEG could self-assemble into regular
micelles in aqueous solution, which could be used to load hydrophobic, poorly water-soluble drugs as
explained below. The critical micelle concentration (CMC) was determined at 36 °C using the iodine UV-
vis spectroscopy method (see section 2.3). The absorption intensity of I, was plotted against the logarithm
of the concentration of each conjugate to give a curve where the point of inflection was equal to CMC. We
obtained CMC values of 0.09 mg/mL and 0.19 mg/mL for CouPEG and 5-FUPEG, respectively (Figure
2). These relatively high CMC values for both conjugates may be explained by the large portion of
hydrophilic PEG. Similar results have also been reported in previous works [34,35]. The presence of two

hydrophilic PEG chains in the structure of S-FUPEG led to a higher CMC than that of CouPEG.
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Figure 2. Determination of CMC for (a) CouPEG and (b) 5-FUPEG.

3.3. Preparation and characterization of drug-loaded polymeric micelles

To verify the potential of the CouPEG and 5-FUPEG micelles as delivery systems, three drugs
(PTX, CUR and GEM) were physically encapsulated into them at different drug/conjugate (D/C) ratios of
1:10, 2:10, and 3:10 wt/wt. The polymer concentration was fixed in this study at 10 mg/mL. The drug

loading (DL) capacity and the encapsulation efficiency (EE) are summarized in Table 2.

Table 2. Drug loading (DL) and encapsulation efficiency (EE) of PTX, CUR, and GEM into CouPEG
and S-FUPEG micelles.

CouPEG 5-FUPEG
Drug D/C 0.1 D/C 0.2 D/C 0.3 D/C 0.1 D/C 0.2 D/C 0.3
PTX DL 13.2+25 140+2.0 16.7£4.0 6.7£2.0 8.7+3.5 94+43
EE 523+1.6 889+1.7 77.2+1.0 23.1+1.2 456+1.6 60.1+5.5
CUR DL 6.2+20 169+35 24.1+43 32+25 5.7+2.0 89+4.0
EE 453+1.6 64517 754+55 181+1.6 213+1.7 457+1.0
GEM DL 4.0+£0.5 6.7+1.0 8.6+1.2 4.8+ 1.0 53+1.0 6.2+1.2
EE 156+£2.6 234+£27 242+20 16.1+£08 17.5+03 159+13

In general, the CouPEG micelles exhibited the highest DL capacity and EE. In all cases, the DL
increased as the amount of drug increased. A similar trend was observed for EE, except when the micelles
were loaded with PTX. In this case, the percentage of EE decreased by 11.7% (from 88.9% to 77.2%) when
the D/C ratio increased from 0.2 to 0.3, which can be explained by the limited solubilization capacity of the
micelles [36,37]. These results suggested that CouPEG was an excellent carrier for PTX and CUR. The
high loading capacity of this system was ascribed to the strong hydrophobic and m-m interactions between
the coumarin unit and the aromatic groups of PTX and CUR in the micelle core [38]. A similar increasing
trend was found for both parameters in the S-FUPEG micelles, although with lower values probably due
to the weaker hydrophobicity of S-FUPEG. Gemcitabine hydrochloride, with a high-water solubility (> 15
mg/mL at pH = 2.7-9.0), led to the lowest DL and EE values in both CouPEG and 5-FUPEG micelles.

Important parameters for drug delivery systems such as the hydrodynamic particle size and size
distribution (polydispersity index, PDI) were evaluated by DLS (Table 3). Both suffered significant changes

when the different drugs were loaded into the micelles.
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Table 3. Physicochemical characterizations of micelle formulations (mean + SD, n = 3).¢

Conjugate Drug D/C Ratio Particle size (nm) PDI & Potential (mV)
Blank - 86.10 + 50.1 0.063 -33.1+0.3
0.1 178.3 £ 12.67 0.270 -26.8 +£0.42
PTX 0.2 299.5 + 14.68 0.129 -31.83 £ 1.31
0.3 360.1 = 19.08 0.057 -31.3+1.32
QCouPEG 0.1 268.1 +£22.40 0.163 -30.9 £2.50
CUR 0.2 380.4 +36.13 0.224 -28.3+0.78
0.3 390.5 +23.63 0.219 -29.5+0.72
0.1 201.9+51.56 0.369 -11.6 £2.02
GEM 0.2 228.0 £36.95 0.437 -11.7+£3.4
0.3 328.0+113.3 0.415 -11.3+£5.3
Blank - 104.6 + 38.3 0.180 -31.8+0.13
0.1 116.9 +70.53 0.267 -242+5.46
PTX 0.2 142.1 +38.1 0.241 -25.0+3.36
0.3 382.3 +88.1 0.424 -27.5+4.67
0.1 132.0+11.6 0.204 -292+2.12
5-FUPEG CUR 0.2 234.1+£23.4 0.353 25.7+1.49
0.3 381.4+5.3 0.286 26.9 +3.69
0.1 321.6+423 0.423 -4.70 £4.65
GEM 0.2 137.8 (60.6%) + 57.5 0.367 -3.97+4.28
469.2 (39.4%) £ 133.4
0.3 368.0 + 126.8 0.560 -3.18+4.28

@ SD: standard deviation.

The average diameter of the CouPEG and 5-FUPEG micelles was 86.1 + 50.1 nm and 104.6 +
38.3 nm, respectively. As expected, the encapsulation of a drug resulted in an increase of micellar size [39].
The higher the D/C ratio, the larger the size of the micelles. Whereas most drug-loaded micelles showed a
monodispersed size distribution, GEM-loaded 5-FUPEG micelles exhibited a bimodal distribution for D/C
ratios of 0.2 and 0.3, indicating that the aqueous micellar solutions contained two distinct populations of
small and large particles (see DLS histograms in the Supplementary Material, Figure S16). These bimodal
distributions were probably a result of a secondary association of micelles [40]. In fact, the small particles
occupied the majority in the particle groups. The PDI values obtained for the PTX- and CUR-loaded
CouPEG micelles, close to or less than 0.2, may be considered acceptable for drug delivery applications
and indicated a homogeneous population [41]. Nevertheless, GEM-loaded CouPEG and drug-loaded S-
FUPEG micelles exhibited PDI > 0.3 in most cases, although never greater than 0.7. Values above 0.7
indicate a very broad particle size distribution in the sample. SEM images revealed a spherical morphology
in all cases (Figure S17, Supplementary Material).

The zeta potential (§) is one of the key parameters to determine the physical stability of the micelles
as well as their cell adhesion. An absolute value of £ 30 mV is often used as a stability threshold. In general,
higher negative values ensure greater stabilities and reduce occasional aggregation. The zeta-potential
measurements showed that micelles, especially CouPEG micelles, remained stable after loading with PTX
and CUR, with & values close to — 30 mV. In contrast, the absolute & potential value was < 30 mV when

GEM was loaded, giving rise to unstable micelles.
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3.4. In vitro drug release and kinetic modeling

The in vitro release behavior of PTX, CUR, and GEM from CouPEG and 5-FUPEG micelles was
investigated in PBS (pH = 7.4) at 37 °C for 90 h. The percentage of cumulative drug release (CDR) was
plotted against time to obtain the drug release profiles (Figure 3).
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Figure 3. In vitro release profiles of PTX, CUR, and GEM from drug-loaded CouPEG and 5-FUPEG
micelles in PBS at 37 °C. (a) Drug/CouPEG ratio 0.1; (b) drug/CouPEG ratio 0.2; (c) drug/CouPEG ratio
0.3; (d) drug/5-FUPEG ratio 0.1; (3) drug/5-FUPEG ratio 0.2; and (f) drug/5-FUPEG ratio 0.3.

Most polymer drug delivery systems exhibit an initial burst release of the drug that takes place in
the first few hours. An excessive burst release is normally undesirable because it shortens the overall
duration of the therapeutic effect and can cause toxicity [42]. In this study, similar profiles were obtained

for PTX and CUR in both conjugates. There is a steady, continued-release pattern of the drug in the first
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40 h, after which the percentage of CDR remains nearly constant. The CDR was found to increase slightly
with increasing the D/C ratio. Around 20-40% of drugs were retained in the micelles after 90 h [43]. This
sustained and controlled release was attributed to the excellent stability driven by the strong interaction
between polymeric conjugates and drugs. In contrast, a burst release was initially observed for GEM. The
released amount of GEM (0.3 D/C Ratio) for CouPEG and 5-FUPEG at 6 h was 86% and 88%,
respectively. In this case, the fast drug release was ascribed to the high instability of the micelles, as
discussed in the previous section.

In order to better understand the drug release profiles and predict in vivo performance, the
Korsmeyer-Peppas model was used to investigate the release of the three drugs studied at 0.3 D/C ratio [30-
32]. The fitted theoretical profiles based on the experimental release data, the calculated drug release
exponent n, and rate constant k are shown in Table 4 (see also Figure S18).

The releasing profiles were divided into two stages: a rapid release over the first hours (the first
40 h for PTX and CUR; the first 12 h for GEM) followed by a gradual and stable release (up to 90 h for
PTX and CUR; 20 h for GEM).

Table 4. Data fitted to the Korsmeyer-Peppas model to describe the in vitro release kinetics (mean + SD).

D/C ratio

0.3 CouPEG 5-FUPEG

n [k )] R? n k("] R? n_ |k@hH| R n k("] R?

0-40 h 40-90 h 0-40 h 40-90 h

PTX 1.35+0.20| 0.002 |0.969 0.34+0.07| 0.216 |0.718 1.02+0.01| 0.010 | 0.996 0.12+0.31|0.579 |0.718
CUR 0.86+0.12]0.021 |0.922 0.13+0.32| 0.550 |0.718 0.54+0.06| 0.074 | 0.911 0.07+0.04 | 0.717 | 0.989

0-12 h 12-20 h 0-12 h 12-20 h

GEM  0.25+0.32]0.782]0.945 0.07+0.45[ 0.809 [0.530 0.08 +0.12[ 0.766 | 0.872  0.06 + 0.45] 0.833 [0.655

For PTX- and CUR-loaded micelles, the n values were above 1 in the first stage and well below
0.43 in the second stage. These values indicated that the release behaviors correspond to a super case I
mechanism in the first 40 h, where the release is governed by macromolecular relaxation of the polymer
chains, and change to a combination of diffusion and erosion control in the second stage. For the GEM-
loaded micelles, the release mechanism is controlled by diffusion and erosion in both stages. On the other
hand, the & values indicated a gradual drug release for PTX and CUR-loaded micelles, although &
experienced an increase in the second stage after a very slow first stage. In contrast, the £ values were much

higher and almost constant at both stages for GEM-loaded micelles, which resulted in a rapid drug release.

3.5. Preliminary study of in vitro anticancer efficacy of CouPEG and 5-FUPEG

To demonstrate that coumarin and 5-fluorouracil retain their anticancer activity after conjugation
with PEG, a preliminary in vitro cytotoxicity MTT assay was carried out. The cytotoxicity of blank micelles
against PANC-1 and BxPC-3 cells was evaluated at two incubation times (24 h and 40 h). As shown in
Figure 4, CouPEG and 5-FUPEG exhibited a significant cytotoxicity in both human cancer pancreatic
cells at the tested concentrations (25.6 and 51 pg/mL for CouPEG; 14.5, 22.4, 29, and 44.8 pg/mL for 5-
FUPEG).
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Figure 4. Cell viability of a) PANC-1 cells and b) BxPC-3 cells treated with CouPEG and 5-FUPEG

micelles at different doses after 24 and 40 h of incubation time.

Figure 4a shows the cell viability of CouPEG and 5-FUPEG micelles in PANC-1 cells. PANC-1
cells gradually decreased their viability with the increase of conjugate concentration, which indicated a
dose-dependent antiproliferative activity. A prolonged incubation time also promoted an increased cell
death. Similar results were observed when BxPC-3 cells were treated with CouPEG micelles (Figure 4b,
left). Regarding the 5-FUPEG micelles, cell proliferation (hormetic effect) was observed at concentrations
lower than 29 ng/mL and 24 h of incubation. Nevertheless, at higher concentrations, the cells gradually
decreased their viability again (Figure 4b, right). Hormesis is widely found in a great variety of
chemotherapeutic agents (included 5-FU) and natural compounds isolated from plants [44-46]. These
results indicated that the anticancer activity of curcumin and 5-fluorouracil is maintained in the S-FUPEG

and CouPEG micelles, showing a significant cytotoxic effect on PANC-1 and BxPC3 cells.

4. Conclusions

Two novel amphiphilic coumarin- and 5-fluorouracil-PEG conjugates, CouPEG and 5-FuPEG,
have been prepared via a CuAAC reaction. It has been demonstrated that these polymer-drug conjugates
self-assemble into regular micelles with an inner hydrophobic core. The large portion of hydrophilic PEG
appears to be responsible for the relatively high critical micellar concentration determined by using the
iodine UV-vis spectroscopy method. The potential of the micelles to load other anticancer agents such as
paclitaxel, curcumin, and gemcitabine were studied for co-delivery and synergistic combination therapy.

Drug loading capacity, encapsulation efficiency, particle size, and zeta potential studies showed that
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paclitaxel and curcumin were efficiently loaded, obtaining sustained and controlled in vitro drug release
profiles. In contrast, the low stability observed for the gemcitabine-loaded micelles led to an uncontrolled
burst release of drug. The micelles also exhibited a dose-dependent antiproliferative activity against human
pancreatic cancer cell lines PANC-1 and BxPC-3. These results provide a novel strategy for the

development of promising co-delivery carriers for synergistic cancer therapy.
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