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Abstract: Pancreatic cancer (PC) is an aggressive cancer subtype presenting unmet clinical challenges.

lc‘t;)edc:tfgsr Conventional chemotherapy, which includes antimetabolite gemcitabine (GEM), is seriously under-
Citation: Pereira-Silva, M.; mined by a short half-life, its lack of targeting ability, and systemic toxicity. GEM incorporation in
Miranda-Pastoriza, D.; Diaz-Gomez, self-assembled nanosystems is still underexplored due to GEM’s hydrophilicity which hinders effi-
L.; Sotelo, E.; Paiva-Santos, A.C.; cient encapsulation. We hypothesized that vitamin E succinate-GEM prodrug (VES-GEM conjugate)
Veiga, F.; Concheiro, A.; combines hydrophobicity and multifunctionalities that can facilitate the development of Pluronic®
Alvarez-Lorenzo, C. F68 and Pluronic® F127 micelle-based nanocarriers, improving the therapeutic potential of GEM.
Gemcitabine-Vitamin E Pluronic® F68/VES-GEM and Pluronic® F127/VES-GEM micelles covering a wide range of molar ra-
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tios were prepared by solvent evaporation applying different purification methods, and characterized
regarding size, charge, polydispersity index, morphology, and encapsulation. Moreover, the effect of
sonication and ultrasonication and the influence of a co-surfactant were explored together with drug
release, stability, blood compatibility, efficacy against tumour cells, and cell uptake. The VES-GEM
conjugate-loaded micelles showed acceptable size and high encapsulation efficiency (>95%) following

Academic Editors: Ana an excipient reduction rationale. Pluronic® F127/VES-GEM micelles evidenced a superior VES-GEM
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release profile (cumulative release > 50%, pH = 7.4), stability, cell growth inhibition (<50% cell viability

f:;:j;x::gii:m and for 100 uM VES-GEM), blood compatibility, and extensive cell internalization, and therefore represent
a promising approach to leveraging the efficacy and safety of GEM for PC-targeted therapies.
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1. Introduction

Pancreatic cancer (PC) represents one of the deadliest known cancers worldwide,
This article is an open access article accounting for a dismal 5-year survival rate of only 9% [1,2]. Exocrine pancreas-originated
distributed under the terms and  pancreatic ductal adenocarcinoma (PDAC) accounts for ca. 90% of all PC cases and is
conditions of the Creative Commons  Characterized by its aggressiveness and high metastatic profile, as well as late detection rates
Attribution (CC BY) license (https://  and a lack of efficient therapeutics [1]. The complex PDAC pathological frameworks include
creativecommons.org/licenses /by / a desmoplastic stroma barrier surrounding PDAC cells [3], composed of cancer-associated
40/). fibroblasts, a collagen-enriched extracellular matrix, and a low fraction of immune cells.
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The high hydrostatic pression in the tumour limits drug penetration, which is worsened by
the emergence of multidrug resistance (MDR), as PDAC cells rapidly develop resistance
against conventional chemotherapeutics [4]. Moreover, there is an immunosuppressive
tumour microenvironment characterized by a reduced immune cell infiltrate and immune
system suppression blocking immune-mediated tumour cell eradication [5].

Chemotherapy remains one of the main therapeutic approaches for PC management,
together with surgical removal of the tumour and radiotherapy. Gemcitabine (2’,2’-difluoro-
2’-deoxycytidine; GEM) is an antimetabolite compound, a nucleoside analogue (deoxy-
cytidine analogue) that acts in two main ways: by inhibiting the synthesis of DNA and
cell growth, and also through self-potentiation, by inhibiting the enzymes relevant for
nucleotide metabolism [2,4]. Gemcitabine, which is a biopharmaceutical classification
system (BCS) class III drug (high water solubility, low permeability), enters cells through
nucleoside transporters (hNTs) and requires further phosphorylation steps for activation.
Specifically, GEM is activated intracellularly by deoxycytidine kinase and phosphorylated
into active forms. GEM is rapidly deactivated by the cytidine deaminase present in several
tissues to 2/,2'-difluoro-2’-deoxyuridine (dFdU) and eliminated by the body, evidencing a
short blood circulation half-life [6]. Despite its widespread use, conventional chemotherapy
is known to have limited effectiveness, and its intravenous administration shows serious
challenges, such as low serum stability, severe systemic toxicity, and the rapid emergence
of an MDR scenario. GEM presents only limited efficacy owing to the PDAC pathological
profile, associated not only with the complex environment of this tumour but also with
the low capability of hydrophilic GEM to enter cells via diffusion and its rapid clearance,
which seriously undermine PDAC therapeutics [7,8]. GEM encapsulation in nanosystems
may, in part, successfully address these drawbacks by improving serum stability and blood
circulation half-life as well as minimizing systemic toxicity and facilitating tumour biodis-
tribution and cell penetration [8,9]. Stability and blood circulation improvements may be
attributed to the stealth features of PEGylated nanosystems which can help in maximizing
the blood circulation profile of drugs and decrease aggregation [10]. Additional stimuli-
responsive attributes and advanced targeting moieties can be included in nanosystems to
improve tumour targeting and enable selective drug release, in accordance with natural
and pathophysiological barriers [11].

Polymeric micelles (core-shell self-assembled amphiphilic polymers) are suitable for
PDAC-targeted therapies owing to their tailorable size, shape, and composition proper-
ties, easily surface-functionalized surface, and ability to incorporate hydrophobic drugs
into their cores [12]. In contrast to the majority of chemotherapy drugs, GEM is highly
hydrophilic and its encapsulation in the hydrophobic core of micelles is not directly feasi-
ble [13]. Conjugating GEM to lipophilic compounds may overcome the low efficiency of its
encapsulation into micelles while also facilitating penetration into tumour cells [14,15]. To
date, several lipidic blocks have been reported in the literature as being able to assemble
GEM-lipid conjugates, namely N-octanoyl [16], N-dodecanoyl [17], 4-N-stearoyl (Cig) [18],
stearic acid [18-24], linoleic acid [25], cholesterol [26,27], squalene [15,28-34], pentade-
canoic acid [35], vitamin E (VE) [36], and VE derivatives such as VE succinate [37-41].
Some GEM-lipid conjugates are able to release GEM in the presence of internal stim-
uli, such as the lysosomal proteolytic enzyme cathepsin B [42,43], which is frequently
overexpressed in several cancer types, phospholipases [44] and carboxylesterases [45].
Additionally, the stimuli-responsiveness properties of the lipid—-GEM conjugates enable site-
specific activation of the prodrug system, leading to GEM controlled release, and endowing
these nanosystems with enhanced drug release properties as well as minimizing burst
release. The incorporation of GEM prodrugs in polymeric micelles has been successfully
reported; specifically, 4-(N)-stearoyl GEM (denoted as GEM-Cjig) in poly(ethylene glycol)-
poly(d l-lactide) (PEG-PLA) micelles [23] and PEG-distearoylphosphatidylethanolamine
(PEG-DSPE)/tocopheryl polyethylene glycol 1000 succinate (TPGS) micelles [20]. These
studies demonstrated an increase in GEM prodrug stability, blood circulation half-life, and
tumour biodistribution [20].
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Vitamin E-based or -containing nanosystems are receiving increasing attention as
functional platforms for chemotherapy delivery, able to provide additional antioxidant and
anticancer properties [46]. Particularly, vitamin E succinate (VES, Figure 1) is frequently
used as building block for drug conjugates that exhibits synergistic anticancer activity. The
biofunctional and structural 2 in 1 properties ascribed to VES constitute clear advantages
for further employment of VES-based micelles as efficient and multifunctional nano-based
platforms assembling VES-GEM prodrugs (Figure 1) for improved GEM delivery to PDAC.
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Figure 1. Chemical structures of Pluronic® F127 (A), Pluronic® F68 (B), the vitamin E succinate
(C), gemcitabine (D), and the vitamin E-gemcitabine (VES-GEM) conjugate (E). VES is bridged with
GEM through the formation of an amide bond established between the reactive amine and carboxylic
acid groups of GEM and VES, respectively, yielding the VES-GEM conjugate.

Pluronic® F68 and Pluronic® F127 are both versatile nonionic amphiphilic triblock
copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) (Figure 1) with
remarkable self-assembly properties [47-49] already used in FDA-approved medicines,
showing improved pharmacokinetics of hydrophobic drugs and MDR reversal, namely via
P-glycoprotein (P-gp) inhibition [50]. PEO units can provide a hydrophilic shell with stealth
properties, thus minimizing interactions with serum proteins and avoiding recognition by
the reticuloendothelial system [24], and contributing to enhanced tumour biodistribution
via the EPR effect, while hydrophobic PPO units enable drug encapsulation mainly through
hydrophobic interactions [51]. In addition, Pluronic® F68 and Pluronic® F127 display
physical state of flake (F), high hydrophilicity, solubility, and biocompatibility. Their
hydrophilic-lipophilic balance (HLB) value is within 20-29 and the PPO chain length
of Pluronic® F127 is twice that of Pluronic® F68 [48,49]. Recently, mixed Pluronic® F68
micelles were loaded with docetaxel (20 mg/mL F68, 2% w/v; 0.8 mg/mL docetaxel, 0.08%
w/v) [52] and curcumin (5 mg/mL F68, 0.5% w/v; 1 mg/mL curcumin, 0.1% w/v) [53]
and Pluronic® F127 (F127) micelles were investigated for delivery of curcumin (20 mg/mL
of F127, 2% w/v; 0.1 mg/mL, 0.01% w/v curcumin) [54], alpha-lipoic acid (20 mg/mL
of F127, 2% w/v; 10 mg/mL, 1% w/v) [55], hypericin [56], 3-escin (5 mg/mL F127, 0.5%
w/v, 5 mg/mL 3-escin, 0.5% w/v) [57], boron-dipyrromethene dimer [58], lenvantinib [59],
and a photosensitizer (1.11 mg/mL F127, 0.11% w/v) [60], hence comprising biofunctional
and suitable delivery systems for loading poorly water-soluble drugs with enhanced
stability. Mixed Pluronic® micelles have also been reported in the literature as a means
to increase the solubility profile of poorly water-soluble drugs [61,62]. On the other hand,
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Pluronic® micelles loaded with GEM prodrugs have not yet been reported, to the best of
authors” knowledge.

The aim of this work was to develop multifunctional vitamin E succinate-gemcitabine
(VES-GEM) conjugate-loaded Pluronic® F68 and Pluronic® 127 micelles (denoted as PF68/ VES-
GEM and PF127/VES-GEM) via a hydrophobic GEM prodrug derivative strategy to: (1) suc-
cessfully encapsulate GEM in the hydrophobic core of the micelle; (2) increase the stability
of GEM by preventing deamination at the 4-(N) position; (3) improve the lipophilicity
of GEM, enabling cell entry through diffusion or endocytosis; (4) enable controlled and
site-specific release under multivariate physiological stimuli, as well as acting as a GEM
reservoir for ultra-long VES-GEM protection and release by partial VES-GEM release and in-
creased affinity to the micelle core; and (5) follow an excipient-reduction rationale towards
increased safety and drug loading. The effect of micelle composition on physicochemical
parameters was firstly studied by preparing PF68/VES-GEM and PF127/VES-GEM mi-
celles via a solvent evaporation method, bearing distinct molar ratios and characterized
regarding size, surface charge and polydispersity index, morphology, encapsulation effi-
ciency, and drug loading. The addition of a co-surfactant was also studied by preparing
mixed micelles of Pluronic® and an amphiphilic graft copolymer, polyvinyl caprolactam
polyvinyl acetate-polyethylene glycol Soluplus®, assembling Pluronic® /Soluplus®@VES-
GEM micelles, which were characterized as described above. The release profile was also
assessed to ascertain whether the micelles could display controlled VES-GEM release, and
the stability of the micelles was also evaluated. Lastly, in vitro studies using the PDAC cell
line BxPC3 were performed to elucidate cell viability and cellular uptake of PF68/VES-
GEM and PF127/VES-GEM micelles. Overall, a strategy was devised to enhance GEM
stability and delivery to PDAC cells towards improved PDAC therapeutics by means of
biofunctional Pluronic® micelles.

2. Materials and Methods
2.1. Materials

The vitamin E succinate (VES; MW = 530.80 g/mol) was purchased from Santa Cruz
Biotechnology Inc., Dallas, TX, USA; the Soluplus® (polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol copolymer) (MW~115,000 g/mol) was purchased from BASF®,
Ludwigshafen, Germany; the sodium 1-heptanesulfonate (MW = 220.26 g/mol), was pur-
chased from Fluka Chemie, Buchs, Switzerland; the triethylamine, anhydrous sodium sul-
phate (Nay504), and sodium bicarbonate (NaHCO3) were purchased from Sigma-Aldrich,
St. Louis, MO, USA; the N,N-dimethylformamide (DMF), ethyl acetate (C4HgO,), and
di-sodium hydrogen phosphate di-hydrate (Na,HPO,.2H,0), Millex® syringe-driven filter
unit and the water was purified using the Milli-Q® (Millipak® 0.22 jim) system, all obtained
from Merck, Darmstadt, Germany; the tetrahydrofuran (THF) and dichloromethane (DCM),
and gemcitabine hydrochloride (GEM-HCI, CoH11F;N304-HCI) (MW = 299.66 g/mol) were
purchased from Fisher Scientific, Loughborough, UK; the isobutyl chloroformate was pur-
chased from ThermoFisher GmBH, Kandel, Germany; the silica gel (60 A, 35-70 L) was
purchased from Carlo Erba reagents, Val de Reuil,, France; the sodium hydroxide (NaOH)
was purchased from VWR Chemicals, Leuven, Belgium; the sodium dihydrogen phos-
phate anhydrous (NaH;PO,) and sodium chloride (NaCl) were purchased from Labkem,
Barcelona, Spain; the potassium chloride (KCI) and potassium di-hydrogen phosphate
(KHPOy) were obtained from Panreac Quimica S.L.U., Barcelona, Spain. The hydrophilic
polytetrafluoroethylene (PTFE) syringe filter (13 mm, 0.2 um) and hydrophilic PTFE sy-
ringe filter (25 mm, 0.4 um) were purchased from Scharlab S.L., Barcelona, Spain. The
syringe filter (30 mm, 0.45 pm) with a polyethersulfone membrane, sterile, was purchased
from JET BIOFIL®, Huangpu District, Guangzhou, China. The nylon membrane discs
(47 mm, 0.2 um) were obtained from Pall Corporation, Waters, Ann Arbor, MI, USA. The
buffered solution was phosphate-buffered saline (PBS, 0.01 M, 1 X pH = 7.4), namely
8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na,HPO4.2H,0, 0.24 g/L KH,PO4. To prepare the
phosphate-buffered saline (PBS, 0.01 M, 1 X pH = 5), the pH was adjusted by varying
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the concentration of buffer species: 8 g/L NaCl, 0.2 g/L KCl, 0.223 g/L Na,HPO4.2H,0,
13.39 g/L KH,POy4. All additional reagents were of analytical or HPLC grade and used
following the manufacturer’s instructions.

2.2. Synthesis of the VES-GEM Conjugate

The synthesis protocol was adapted from a previous report [39] and run in triplicate.
In brief, VES (0.53 g, 1 mmol) was dissolved in 5 mL of anhydrous THF, followed by TEA
(0.17 mL, 1.2 mmol) addition to the stirred solution and cooling (—15 °C) [39]. Then, a
solution of isobutyl chloroformate (0.13 mL, 1.2 mmol) in anhydrous THF (5 mL) was
added to the reaction mixture by applying the dropwise addition method, followed by
stirring (—15 °C for 30 min). Next, the GEM-HCI (0.300 g, 1 mmol) and TEA (0.17 mL,
1.2 mmol) were dissolved in anhydrous DMF (5 mL) and the obtained solution was added
dropwise to the reaction mixture (—15 °C). After stirring at room temperature for 72 h,
the reaction mixture was concentrated in vacuo using Rotavapor® R-300 (Buchi, Flawil,
Switzerland) to evaporate the majority of the solvent. The reaction mixture was then
subjected to liquid-liquid extraction with ethyl acetate (3 mL/50 mL) in the presence
of aqueous sodium hydrogen carbonate and washed with water, which was followed
by drying over anhydrous Nay;SOy. Then, the extracts were concentrated under reduced
pressure using Rotavapor® R-300 to evaporate all of the solvent and yield a white crystalline
solid product, further purified by chromatography on silica gel eluting a solid product
with 0.5-5% methanol in DCM through wetted silica gel. The corresponding solution of
the conjugate was collected and evaporated Rotavapor® R-300 (Buchi, Flawil, Switzerland)
to give pure VES-GEM as a white crystalline solid, stored at 4 °C for further use.

2.3. Characterization of the VES-GEM Conjugate
The yield of the VES-GEM conjugate synthesis process was calculated using Equation (1):

= Weighted amount of obtained VES — GEM conjugate (mg)

Theoretical amount of VES — GEM (mg) @

The obtained conjugates were characterized through Fourier-transform infrared spec-
troscopy (FTIR) using JASCO FTIR-4100 model. Proton nuclear magnetic resonance ('H
NMR) and fluorine-19 nuclear magnetic resonance (F NMR) spectra were recorded on
Bruker AM300 and XM500 spectrometers using DMSO-d6 as the solvent. Chemical shifts
were given as d values against tetramethylsilane as internal standard and ] values were
given in Hertz (Hz). Mass spectroscopy (MS) was conducted to obtaining mass spectra
using an Autospec Micromass spectrometer (Waters, Milford, MA, USA). ChemDraw
software, version 20.1.1 (PerkinElmer, Waltham, MA, USA) was used to determine the
pKa, LogS, and LogP of the VES-GEM conjugate. Chemicalize software and MarvinView
software (http://chemaxon.com, ChemAxon Ltd., Budapest, Hungary) were used to assess
the 2D and 3D structure of the conjugate, the molecular weight, isotope formula, isoelectric
point, LogP, LogD, HLB, intrinsic solubility, solubility at pH 7.4, predominant species
(pH 4-9 range) and charge (pH 4-9 range), 3D conformation, and hydrogen bond donor
and acceptor sites, and the predicted 'H NMR and '3C NMR spectra were also collected.

2.4. HPLC Quantification Methods

A RP-HPLC system JASCO (Tokyo, Japan), equipped with AS-4150 RHPLC Au-
tosampler, PU-4180 RHPLC Pump, LC-Netll/ ADC Interface Box, CO-4060 Column Oven,
MD-4010 Photo Diode Array Detector, and ChromNAV software, version 2.0 (JASCO,
Tokyo, Japan) was used. For the quantification of the VES-GEM conjugate, a Zorbax Eclipse
XDB-C18 column (5 pm, 4.6 mm x 250 mm, Agilent Technologies, Santa Clara, CA, USA)
at 30 °C and methanol as the mobile phase, with a flow rate 1 mL/min, was used. The
detection wavelength was set at 248 nm [39]. All samples were filtered before injection
through a PTFE hydrophilic Scharlau syringe filter (13 mm, 0.22 um). The injection volume
was 20 pL. For the VES-GEM calibration curve, a stock solution of VES-GEM in ethanol
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(50 ppm, 10 mL) was progressively diluted to standard solution concentrations of 40 ppm,
30 ppm, 20 ppm, 10 ppm, 5 ppm, and 1 ppm. The calibration curve of the quantified
VES-GEM concentration, as a function of peak area (absorbance detected) (Figure S1),
was drawn and showed good linearity within a concentration range of 1-50 ppm: linear
regression equation y = 20779x + 2003.5, R = 0.9995, LOD = 0.15 ppm, LOQ = 0.236 ppm.
The retention time was t = 8.0 min (Figures S2 and S3).

2.5. Stability of GEM and the VES-GEM Conjugate

The stability of GEM and the VES-GEM conjugates at 4 °C and 37 °C was assessed by
measuring their content using HPLC. Briefly, stock solutions of GEM in water (200 ppm) and
VES-GEM in ethanol (200 ppm) were prepared and placed in vials left at 4 °C in the fridge
and incubated at 37 °C in an incubation shaker (Incubator 1000, Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany), for eight and four weeks, respectively. Aliquots
were collected at predetermined time points, and both the free GEM and VES-GEM contents
were measured by HPLC in an attempt to test the variation in concentration of each stock
solution through time. The stability of both the free GEM and VES-GEM conjugate at acidic
conditions typical of the endolysosomal compartment (pH = 5) was also assessed following
a previous procedure, only this time pH was adjusted to 5 using HCl (1 M) and the vials
were kept at 4 °C and 37 °C for the VES-GEM conjugate, and, for free GEM, both HCI
(I M) and PBS pH = 5 medium were used to achieve acidic conditions, and the vials were
kept at RT. The photostability assay was carried out using a UV irradiation chamber, 142
(Heraeus Noblelight GmbH, Hanau, Germany), followed by HPLC quantification. Briefly,
the vials containing the GEM and VES-GEM solutions (200 ppm) were placed in a UV
irradiation chamber for 24 h, and aliquots were collected att=0h,t=1h,and t=24h
and the respective contents analysed through HPLC. In order to test the stability of the
stored VES-GEM conjugate, 'H NMR was routinely performed to ensure that the VES-GEM
conjugate had maintained stability.

2.6. Pluronic®/VES-GEM Micelle Preparation

A set of Pluronic® F68/VES-GEM and Pluronic® F127/VES-GEM micelles with a
varying polymer-to-conjugate molar ratio were prepared using the solvent evaporation
method (Table 1 and Figure 2) [63]. The VES-GEM conjugate concentration was fixed and
the Pluronic® concentration was varied. Briefly, a set of solutions of the VES-GEM conjugate
(4 mg) in ethanol (5 mL) were prepared by pouring ethanol into glass vials containing
the weighted amount of conjugate and stirring at 600 rpm (Cimarec i Poly 15; Thermo
Scientific™, Fisher Scientific S.L., Madrid, Spain) at room temperature for 3 h until complete
dissolution. Then, different amounts of Pluronic® F68 (32.26 mg, 64.52 mg, 129.04 mg,
258.08 mg, corresponding to a 0.75/1, 1.5/1, 3/1, and 6/1 Pluronic® F68-to-conjugate
molar ratio, respectively) or Pluronic® F127 (48.39 mg, 96.78 mg, 193.56 mg, corresponding
toa 0.75/1,1.5/1, and 3/1 Pluronic® F127-to-conjugate molar ratio, respectively) were
individually added to PBS diluted in water (50:50 v/v, 15 mL), which was followed by
stirring (300 rpm) at room temperature for 3 h. The obtained VES-GEM conjugate solutions
were then added dropwise to polymer solutions under gentle stirring and kept under
magnetic stirring and protected from light at RT overnight (14-16 h) to enable solvent
evaporation and Pluronic®/VES-GEM micelle formation. Pristine Pluronic® F68 and
Pluronic® F127 micelles were prepared accordingly by dissolving the required amount of
Pluronic® F68 and Pluronic® F127 in PBS diluted in water (50:50 v/v, 15 mL).
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Table 1. Composition of Pluronic®/ VES-GEM micelles.

Polymer-to- % wlo of % wlv of % wlw Concentration Concentration Concentration

Formulations Conjugate P;uronic® \;ES- GEM VES-GEM in  of Pluronic®  of Pluronic®  of VES-GEM
Molar Ratio Pluronic® (mg/mL) (mM) (mg/mL)
0.75/1 0.22 12.40 2.15 0.256

Pluronic® 15/1 0.43 6.20 4.30 0512

F68/VES- 0.027

GEM 3/1 0.86 3.10 8.60 1.024
6/1 1.72 1.55 17.21 2.048 0.267

. ® 0.75/1 0.32 8.18 3.23 0.258

Pluronic

F127/VES- 1.5/1 0.65 0.027 413 6.45 0.517

GEM 3/1 1.30 2.07 12.90 1.034

Under stirring

Pluronic® F68 or
Pluronic® F127

@ ’ F—
~ EtoH .
- BN

VES-GEM Ethanoii; golution of
conjugate VES-GEM conjugates

“* Dropwise addition of
ethanolic solution
under stirring

ﬁ
RT, overnight

Aqueous ut
Pluronic® o=

dispersions,..g 7 i L
y
A
Pluronic®/VES-GEM
micelles dispersion

Figure 2. Schematic illustration of the preparation of Pluronic®/VES-GEM micelles using the drop-

wise addition and solvent evaporation method. (A) Solubilization of VES-GEM in ethanol (EtOH)
®

with stirring, assembling an ethanolic solution of VES-GEM conjugates; (B) Dissolution of Pluronic
F68 or Pluronic® F127 in PBS:Water 50:50 (v/v); (C) Dropwise addition of ethanolic VES-GEM solution
to the aqueous Pluronic® solutions under stirring and ethanol evaporation overnight, assembling
Pluronic® F68/VES-GEM and Pluronic® F127/VES-GEM micelles.

2.7. Influence of the VES-GEM Conjugate on the Micellization Process

To evaluate the influence of the VES-GEM conjugate on the self-assembly of Pluronic
F68® (CMC 0.48 mM) and Pluronic® F127 (CMC 0.0028 mM) micelles, a surface tension
assay was carried out [64]. Briefly, two stock solutions of VES-GEM in ethanol (500 puL,
37.24 mg/mL, and 500 pL; 2.173 x 10~! mg/mL) were prepared, for a CMC assay of
Pluronic F68® and Pluronic® F127, respectively, and aliquots (50 uL) were added to Eppen-
dorf vials. In parallel, a set of aqueous solutions of Pluronic® copolymers in PBS: water
50:50 v/v were also prepared in varying concentrations (2.5, 5, 25, 50, 250, and 500 mg/mL
for Pluronic® F68, 0.025, 0.05, 0.25, 0.5, 2.5, and 5 mg/mL for Pluronic® F127; 5 mL each)
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and 4.95 mL of each solution was added to the Eppendorf vials containing the VES-GEM
solution, to a final volume of 5 mL. The Pluronic® copolymer micelles were also prepared in
the same varying concentrations as controls, by dissolving the required amount of polymer
in a PBS: water 50:50 v/v mixture. Next, the formulations were left overnight to equilibrate
at room temperature in a hood and to allow ethanol evaporation, the latter in the case of the
micelles was loaded with VES-GEM conjugates. Then, the surface tension of each solution
(10 mL) was recorded using a Platinum ring in a tensiometer TD 1 Lauda (Fisher Scientific
Hucoa, Madrid, Spain) [65].

2.8. Pluronic®/Soluplus®@VES-GEM Mixed Micelle Preparation

The effect of co-surfactant Soluplus® was tested by preparing a series of Pluronic®/
Soluplus®@VES-GEM mixed micelles with a varying Pluronic® molar ratio and decreasing
Pluronic® F68 and Pluronic® F127 concentration to compensate for the addition of the co-
surfactant. Briefly, Pluronic F68®/ Soluplus®@VES—GEM mixed micelles (0.375/0.375/1 and
0.75/0.375/1) and Pluronic F127®/ Soluplus®@VES—GEM mixed micelles (0.375/0.375/1
and 0.75/0.375/1) were prepared as explained above, but with co-dissolving polymeric
surfactants at the desired concentration in the ethanolic VES-GEM solution, and stirred for
3 h at RT before dropwise addition to PBS diluted in water (50:50 v/v, 15 mL) [66].

2.9. Micelle Characterization
2.9.1. Micelle Size, ZP and PDI

The hydrodynamic size, polydispersity index (PDI) and zeta potential (ZP) of the
different formulations (Pluronic® F68/VES-GEM—imolar ratio 0.75/1, 1.5/1, 3/1, 6/1;
Pluronic® 127/ VES-GEM—molar ratio 0.75/1, 1.5/1, 3/ 1) were measured by dynamic
light scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK) [29]. Sam-
ples were not diluted and were previously analysed, both non-filtered and filtered, with
a PTFE hydrophilic Scharlau syringe filter (25 mm, 0.4 um). The experiments were run
out in triplicates. The samples were equilibrated at 25 °C for 2 min and then analysed
at 25 °C (at a scattering angle of 173°). The effect of centrifugation on the purification of
Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) micelle formula-
tions was assessed in a parallel set of experiments with formulations prepared in 1.5 mL
Eppendorf® tubes and either centrifuged at 4000 rpm, for 30 min, at 25 °C or at 12,000 rpm,
for 20 min, at 25 °C (Eppendorf® 5804R, Hamburg, Germany); then, the supernatant was
carefully collected and the size, ZP, and PDI were measured through DLS (without filtra-
tion). The influence of sonication and ultrasonication on the size and PDI of the Pluronic®
F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) micelles were first screened by
submitting formulations to a 15 min sonication time, at RT, using an ultrasound J.P. Selecta
bath (Laboquimia, Barcelona, Spain) and to different ultrasonication times and amplitudes,
using a Branson Digital Sonifier with probe, Model 450, horn frequency 20 kHz, potency
400 W, 117 V, 50/60 Hz, intensity control 10-100% (Marshall Scientific, New Hampshire,
NH, USA) [67]. For further optimization, the Pluronic® F127 and Pluronic® F127/VES-GEM
(1.5/1) micelles were further tested at different sonication times (5 min, 10 min, 30 min, and
90 min), at RT, and distinct ultrasonication times (continuous mode for 3 s, 6 s, and 12 s,
and for 24 s and 36 s in on/off mode (6 s on, 3 s off), at a 10% amplitude). To assess the
influence of temperature on size, ZP, and PDI of the F68/VES-GEM (3/1) and Pluronic®
F127/VES-GEM (1.5/1) micelles, they were not diluted and were analysed at 4 °C and
37 °C, both non-filtered and filtered.

2.9.2. Encapsulation Efficiency and Drug Loading

Encapsulation efficiency (EE, %) and drug loading (DL, %) were calculated after VES-
GEM quantification through HPLC. Aliquots of the Pluronic® F68/VES-GEM (3/1) and
Pluronic® F127/VES-GEM micelles were collected (100 L) and diluted in ethanol (1:10
dilution), vortexed (Reax top model, Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany), and filtered before HPLC measurement using a PTFE hydrophilic Scharlau
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DL (%) =
(%) Weighted amount of VES — GEM conjugates + Pluronic® in the micelles (mg)

syringe filter (13 mm, 0.22 pum). The EE (%) of the VES-GEM conjugates in Pluronic®
micelles was calculated according to Equation (2). The DL (%) of the VES-GEM conjugates in
Pluronic® micelles was defined as the quotient between the amount of VES-GEM conjugate
vs. the weighed amount of VES-GEM conjugate and Pluronic® used to prepare the Pluronic
micelles according to Equation (3) [68].

EE (%) — Quantified amount of VES — GEM conjugates in the micelles (mg) )
o Weighted amount of VES — GEM conjugates in the micelles (mg)

Quantified amount of VES — GEM conjugates in the micelles (mg)

®)

For EE (%) calculation of the Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-
GEM (1.5/1) micelles, both formulations were filtered (hydrophilic PTFE syringe filter
(25 mm, 0.4 um)) before aliquot collection. The calculation of the EE (%) of the Pluronic®
F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) micelles after purification
by centrifugation was carried out by centrifugation of the formulations (as described
above), and the supernatant was collected without filtration, and following the steps
explained previously.

2.9.3. Transmission Electron Microscopy (TEM)

Non-filtered formulations either centrifuged or not were negatively stained with 2%
phosphotungstic acid for 2 min and viewed on a TEM JEOL JEM1011 at 80 KV (JEOL,
Peabody, MA, USA). Additionally, the morphology and structure of the formulations were
analysed by FESEM (GeminiSEM, GEMINI 500, Zeiss, Oberkocken, Germany) 20 kV [31,68].

2.9.4. UV-VIS Spectra

The spectra of the free VES-GEM conjugate in increasing concentrations (from 4 to
267 ppm) and of the Pluronic® F68/VES-GEM (3/1), Pluronic® F127/VES-GEM (1.5/1),
Pluronic® F68, Pluronic® F127, Pluronic® F68 + VES-GEM, and Pluronic® F68 + VES-GEM
were scanned (190-800 nm) using a UV-Vis spectrophotometer Agilent 8534, Waldbronn,
Germany.

2.10. VES-GEM Conjugate Release Profile

The VES-GEM conjugate release profile was assessed through the dialysis method and
the released amounts were quantified at predetermined time points through HPLC. Briefly,
Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1), at a VES-GEM
concentration of 0.267 mg/mL (1 mL), were transferred into previously prepared dialysis
membrane bags (MWCO 12.4 kDa; D9652-100FT, Sigma-Aldrich, St. Louis, MO, USA).
The dialysis bags were sealed and placed inside cups containing release medium (PBS,
pH 7.4,0.48% w/v Tween 80, 15 mL) at two different pH values (5.0 and 7.4) [20,25] in the
incubation shaker at 100 rpm/37 °C [36]. The release medium was sampled (0.25 mL) at
predetermined time points (t=0.5, 1, 2, 4, 8, 24, 48, and 72 h) for drug quantification and
the volume was replaced with fresh medium. The collected aliquots were diluted to 50%
with ethanol (the preferred solvent for VES-GEM solubilization) and filtered through a
0.22 pm membrane filter, and the VES-GEM content was quantified.

2.11. Solubilization Capacity of Tween 80

The capacity of Tween 80 to solubilize VES-GEM was evaluated using Tween 0.48%
w/w in PBS (pH 7.4, 5 mL) solutions and adding an excess of VES-GEM conjugate (1 mg).
The system was stirred for 2 h (300 rpm), followed by sonication (5 min) to enable the
disruption of insoluble VES-GEM aggregates, and kept stirring for over 48 h (300 rpm), at
RT. Aliquots were collected and filtered, and the VES-GEM content was quantified through
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HPLC. To ascertain if the drug release settings followed the sink conditions, the results
were compared to the theoretical complete VES-GEM release from the formulations.

2.12. Stability of the Micelles

Stability testing of the different formulations prepared in physiological medium-
mimicking conditions was conducted at both 4 °C and 37 °C in a PBS:water, 50:50 v/v
medium. Briefly, Pluronic®/ VES-GEM mixed micelles were incubated at 37 °C by placing
them in the incubator shaker under gentle agitation, and at 4 °C by placing them in the
refrigerator, for 4 weeks [20]. Samples were collected at predetermined time points, the
VES-GEM content was monitored through HPLC, and physical parameters such as micelle
size, ZP, and PDI were evaluated through DLS.

2.13. Blood Compatibility

Human blood (treated with citrate dextrose solution) from anonymized healthy donors
(written informed consent) in accordance with Spanish legislation (Law 14/2007 on Biomed-
ical Research [69]) was kindly provided by the Galician Transfusion Center (ADOS). Then,
it was diluted with PBS [53] (final volume of 3.5% v/v). The Pluronic® micelle formulations
(0.1 mL) were placed in Eppendorf tubes containing diluted blood (0.9 mL), followed by
incubation at 37 °C/1 h under gentle shaking (100 rpm) [70,71]. After the incubation period,
the blood samples were centrifuged (2655 g/10 min) and the supernatants transferred in
duplicate to a 96-well plate to measure the absorbance of the released haemoglobin by
lysed erythrocytes, in a plate reader (540 nm) (FLUOstar optima, BMG LabTech, Ortenberg,
Germany). Triton X-100 1% v/v was selected as a positive control (hemolytic activity) and
DPBS and ethanol 2.5% v /v solutions were used for the negative controls. The experiment
was run in triplicate. Hemolytic activity was defined regarding the extent of haemoglobin
release from lysed erythrocytes and calculated in percentage (%) according to Equation (4):

oy As —AN
Hemolysis (%) = A Ay 4)

Ag stands for sample absorbance, Ay is the negative control absorbance, and Ap

represents positive control absorbance.

2.14. Cell Viability

Human pancreatic cancer BxPC3 cells (ATCC CRL-1687™, ATCC, USA) were cultured
in RPMI-1640 medium supplemented with 10% of FBS and 1% antibiotics (10,000 U/mL
penicillin and 10,000 ug/mL streptomycin) (Sigma Aldrich, St. Louis, MO, USA) in an
atmosphere of 5% CO; and 95% RH at 37 °C. The cytotoxicity of the drugs/conjugate,
blank micelles, and drug-loaded micelles was determined using a Quant-iT PicoGreen
dsDNA assay kit (ThermoFisher, Waltham, MA, USA). BxPC-3 cells (80% confluency)
were expanded in RPMI-1640 supplemented with 10% of foetal bovine serum and 1% of
penicillin/streptomycin, and seeded at a density of 2 x 10* cells/well into a 96-well plate
and incubated with culture medium for 24 h at 37 °C in a 5% CO,, 95% RH humidified
incubator. Then, the solutions of GEM, Pluronic® F68 micelles, Pluronic® F127 micelles,
Pluronic® F68/VES-GEM (3/1) micelles, and Pluronic® F127/VES-GEM (1.5/1) micelles in
PBS diluted in water (50:50 v/v), and VES-GEM (in DMSO), were prepared, filtered (Biofil
sterilized syringe filter, 30 mm, 0.22 um PES membrane; Barcelona, Spain), and added
to the seeded cells; carried out in quadruplicate. Different concentrations were tested,
namely 100 uM, 50 uM, 25 uM, 10 uM, and 1 uM of VES-GEM (or equivalent; this means a
corresponding blank formulation to the same dilution as its VES-GEM-loaded counterpart).
Culture medium was used as a control. The cells were seeded and the cell plate was
incubated for 24 h under the same conditions and the cells were monitored under a Nikon
Eclipse TS100 microscope, equipped with a DXM 1200 digital camera (Nikon, Tokyo, Japan).
Cell proliferation was analysed in accordance with the PicoGreen protocol. In brief, the
culture medium was withdrawn from the wells and the cells were washed twice with
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PBS. Then, 200 uL of DN Aase-free water was added to each well and the plates were then
subjected to three freeze-thaw cycles. Then, 100 pL of the DNA samples were incubated
with 100 pL of working solution and allowed to react for 3 min while protected from
light. Finally, the DNA content was read in a fluorescence microplate reader (FLUOstar
OPTIMA microplate reader, BMG Labtech, Germany) (Aexc 485 nm; Aem 530 nm). A DNA
standard curve was used to quantify the amount of DNA in each sample. Cell viability was
calculated using Equation (5), as follows.

Cell viability (%) — — e~ Ttlank ®)
Fcontml - Fblunk
Fexp stands for sample fluorescence intensity, Fy;,,x represents the blank, and F, o1
stands for control fluorescence intensity (non-treated cells). For the ICs; calculation, in-
terpolation with the plotted line obtained by GraphPad® Prism® software (version 9.5;
San Diego, CA, USA) was carried out and the yintercept, Slope and R squared parameters
were obtained.

2.15. In Vitro Cell Uptake

Pluronic® F68 and F127 micelles were prepared as described in Section 2.6. Fluores-
cently labelled micelles were prepared as follows. Nile red (ThermoFisher GmBH, Kandel,
Germany) was dissolved in DMSO (0.4 mg/mL) and stirred for 5 h. Then, 100 uL of the
Nile red solutions were added to 1.15 mL of ethanol, vortexed, and added dropwise to
3.75 mL micelle dispersions under stirring and left overnight in a hood, protected from light
for the ethanol to evaporate (final Nile red concentration: 1.07 pg/mL, DMSO < 3% v/v).
BxPC3 cells were cultured following the method described above, seeded on 8-well glass
slides (Lab-Tek II chamber slides; Thermo Scientific, Waltham, MA, USA) at a density of
1 x 10° cells/well and incubated overnight. Then, the cells were exposed to Nile red-loaded
micelles (0.1 mg mL~1) for 2 h. The cells were then washed thrice with PBS, fixed with a
4% paraformaldehyde (100 puL/well) for 10 min, and rinsed three more times with PBS.
Then, the cells were incubated with Triton X-100 (0.2% in PBS) for 5 min, followed by
rinsing thrice with PBS. Subsequently, the samples were mounted using DAPI ProLong
gold (Molecular Probes; Eugene, OR, USA), covered with a glass coverslip, and kept at
—20 °C until observation. Confocal images were captured using a Leica confocal TCS-SP5
microscope (Leica Microsystems; Wetzlar, Germany).

2.16. Statistical Analysis

Statistical data analysis was carried out using GraphPad® Prism® software version
9.5 (San Diego, CA, USA). All results were expressed as mean =+ standard deviation and
were analysed using ANOVA followed by a post hoc Tukey honest significance test, where
appropriate p values < 0.05 were considered statistically significant.

3. Results and Discussion
3.1. Synthesis and Characterization of VES-GEM

VES was chosen for bridging with antimetabolite GEM. VES is a vitamin E derivative
with antioxidant and anticancer properties bearing a terminal carboxyl group that can
be exploited for conjugation with GEM. The VES-GEM conjugate, which may perform
as a dimeric prodrug, was synthesized by amidation of the carboxylic acid group of VES
with the primary amine group of GEM, resulting in a stable and cathepsin B-responsive
amide bond. The final yield (ca. 53%) was in accordance with previously described
results [34]. This reaction process was adopted by virtue of its relatively simple procedure
and considerable yield. Predicted 13C NMR (Figure S4) and 'H NMR (Figure S5) spectra
were obtained using the Chemicalize and MarvinView software models. The infrared
spectrum of the VES-GEM conjugate showed absorbance at 3500-3150 (3297 peak), 2927,
2854,1727, 1658, 1488, and 1241 (Figure S6). The presence of typical peaks at 1727, 1488, and
1241 cm ™! and the absence of peaks ascribed to amine groups within the 3500-3150 cm !
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range revealed that an amide form was formed through the reaction of the carboxyl group
of VES with the amine group instead of the hydroxyl group of GEM. The 'H NMR spectrum
of VES-GEM is shown in Figure S7. 'H NMR (300 MHz, CHCl3-d) signals include: 9.83
(s,1H,H4),7.86 (d, 1 H, H6),7.46 (d, 1 H, H5), 5.97 (s, 1 H, H3), 5.32 (s, 1 H, H1), 4.93 (s,
1H, H5"),4.08-3.98 (m, 3 H, H5 and H4'), 3.91 (d, 1 H, H3'), 2.90 (s, 2 H), 2.59 (s, 2 H), 2.09
(s, 4 H, H7 and H8), 2.00 (d, 8 H), 1.66 (s, 3 H), 1.56 (m, 4 H), 1.40 (s, 3 H), 1.27 (m, 13 H),
1.16 (s, 4 H), 1.09 (s, 4 H), and 0.88 (d, 16 H). The presence of a peak near 10 ppm (singlet),
ascribed to the amide group of VES-GEM, and the absence of a peak near 7 ppm referring
to the H signals of the free amine group (N* of the pyrimidine ring of GEM) attested to
the formation of an amide bond between VES and GEM and the formation of a VES-GEM
conjugate. The 1F NMR spectrum showed a typical shift ~ —120 ppm for F,CH-R, in
which R comprises two or more methyl groups (Figure S8). The MS spectrum of VES-GEM
showed a main peak near m/z (%): 430 [M+] (Figure S9). The presence of the molecular ion
(peak with strongest intensity) near m/z (%): 430 represents free vitamin E released from
the conjugate, and the remaining GEM linked to succinate moiety appears near m/z (%):
413. Altogether, the results confirmed the successful synthesis of the VES-GEM prodrug
conjugate. The stability assay regarding repetition of the 'H NMR spectrum of the stored
VES-GEM showed no significant alterations in terms of peak distribution, ensuring its
chemical stability during long-term storage at 4 °C (Figure 510). Using ChemDraw, the
conjugate was characterized regarding pKa (~11.72), LogS (—5.25), and LogP (5.08), which
can indicate a basic behaviour, low water solubility, and lipophilic nature. A more extensive
chemical characterization was obtained by referring to the Chemicalize and MarvinView
software models (Table 2).

Table 2. Prediction of several chemical parameters for the VES-GEM conjugate, using the Chemicalize
and MarvinView software models.

Parameter Result
Molecular weight 775.976
Isotope formula CypoHgzFoN3Og
Isoelectric point 6.26

LogP 8.93

LogD 8.93

HLB (Chemaxon) 9.53

HLB (Davies) 10.13

HLB 8.64

Intrinsic solubility —10.76 (logS)
Solubility at pH 7.4 —10.76 (logS)
Solubility category Low (lower than 0.01 mg/mL)
Predominant species (pH 4-9) Non-ionized
Charge (pH 4-9) ~0

H bond donor/acceptor sites 3/15

Accordingly, the molecular weight was calculated to be ~776 g/mol, with isoelectric
point of 6.26, which shows that VES-GEM is electrically neutral at pH 6.26, close to physi-
ological pH. A log; of the partition coefficient (P) (logP) is >8.5, hence it is hydrophobic
and poorly soluble in aqueous medium (<0.01 mg/mL), showing higher affinity for the
organic solvent phase (Figures S11 and S12). At pH 7.4, the VES-GEM conjugate has an
overall neutral charge and higher prevalence of H bond acceptor sites. The predicted 'H
NMR spectrum was concordant to the one obtained experimentally. Hydrophilic and hy-
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drophobic regions, logP and logD, are shown in Figure 513 and the predicted 3D structure
of the conjugate is shown in Figure 514.

3.2. Stability of the Free Drug and Conjugate

The chemical stability of both GEM and VES-GEM in solution was assessed via HPLC
over several days and at both 4 and 37 °C. Stability testing of GEM showed no appreciable
differences between day 0 and day 55, with suggests GEM is stable at both temperatures in
a period of almost two months (Figure 3A). GEM was also considered as photostable, as
shown by the minimal variation in concentration (Figure 3B). On the other hand, the VES-
GEM conjugate underwent significant degradation upon incubation at 37 °C as opposed to
minimal variation in the concentration of the conjugate at 4 °C (Figure 3C). Photostability
studies suggested that the VES-GEM conjugate is not photodegradable (Figure 3D). The
stability at RT of VES-GEM showed a substantially minor decrease in VES-GEM content
after 8 days when compared to 37 °C (Figure S15).
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Figure 3. Stability of GEM in water (200 ppm) at 4 °C and 37 °C (A); the photostability of GEM at
RT (B); the stability of VES-GEM in ethanol (100 ppm) (C) at 4 °C and 37 °C; and the VES-GEM
conjugate photostability at RT (D).

Following cellular uptake, the micelles are expected to enter the endolysosomal com-
partment which is characterized by an acidic microenvironment (pH~5). An attempt was
made to test the stability of free VES-GEM at pH = 5; the VES-GEM concentration at 37 °C
decreased significantly after one week of incubation while the concentration remained
almost constant when tested at 4 °C. These findings pointed to temperature as the key
variable affecting the stability of the VES-GEM conjugate (Figure S16A). In the case of
GEM, since the drug is activated partially inside the endolysosomal compartment, either
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through low pH action or enzymatic activity, it would be of interest to test the stability of
GEM at the expected pH value of these surroundings. The results showed no appreciable
concentration variation after the incubation period, which is suggestive of the stability of
GEM at pH levels typical of the endolysosomal compartment (Figure S16B).

3.3. Pluronic®/VES-GEM Conjugate Micelle Preparation and Characterization

VES-GEM is overall an amphiphilic molecule in which the VES aliphatic tail con-
tained in the lipidic portion is hydrophobic, whilst the GEM portion is more polar and
contains -OH, -F, and -NH, groups [72]. The lipophilic moiety of the VES-GEM con-
jugate prodrug system may allow successful encapsulation in the hydrophobic core of
the Pluronic® micelles by conferring hydrophobicity and also additional antioxidant and
anticancer properties.

First, a set of Pluronic®/VES-GEM micelles with different polymer-to-conjugate molar
ratios was prepared either with Pluronic® F68 (0.75/1,1.5/1,3/1, and 6/1), comprehended
in a 0.2-1.8% w/v range for Pluronic® F68, and Pluronic® F127 (0.75/1,1.5/1,3/1), and
0.3-1.3% w/v for Pluronic® F127 (Table 3 and Figure 4A,B). The concentration of VES-
GEM was fixed to 0.267 mg/mL and the copolymer concentration was varied. PBS:water
50:50 v/v was chosen as the formulation medium as PBS may favour micellization when
compared to water [73] and water was used to decrease the osmolarity of the solution as
the micelle system may already contribute to increased osmotic pressure. TEM images of
the blank and VES-GEM loaded micelles are compiled in Figures S17-519.

Table 3. Size, ZP, and PDI of the filtered and non-filtered Pluronic® F68, Pluronic® F68/VES-GEM,
Pluronic® F127, and Pluronic® F127/VES-GEM micelles.

Formulations Molar Ratio Filtered Size (nm) £+ S.D. ZP (mV) + S.D. PDI + S.D.

Pluronic® F68 - Yes 3424 +13.11 —3.51 £0.88 0.486 £ 0.039
Pluronic® F68 - No 185.73 £+ 43.16 —433 +1.11 0.350 + 0.024
Pluronic® F68/VES-GEM 3/1 Yes 140.01 £ 0.28 —5.38 £1.60 0.213 4+ 0.011
Pluronic® F68/VES-GEM 3/1 No 284.27 +1.04 0.04 £ 0.83 0.497 £+ 0.074
Pluronic® F127 - Yes 25.57 +0.47 —214+0.14 0.493 £ 0.086
Pluronic® F127 - No 307.57 + 49.54 —-9.11 £ 0.62 0.456 £ 0.025
Pluronic® F127/VES-GEM 1.5/1 Yes 136.67 £ 25.70 —1.54 +1.08 1.234 £+ 0.021
Pluronic® F127/VES-GEM 1.5/1 No 3282.33 4+ 641.42 —0.69 £+ 0.28 0.477 £ 0.340

VES-GEM loading was accompanied by an increase in the hydrodynamic diameter of
Pluronic®/VES-GEM micelles, in agreement with reports on other hydrophobic drugs such
as ibuprofen, aspirin, and erythromycin [74]. Pluronic® F68/VES-GEM micelles showed
sizes between 150-200 nm and ZP was slightly negative for the formulations with polymer
ratios 1.5, 3 and 6 (Figure 4C-E). The lowest PDI values were shown for the 1.5/1 and 3/1
Pluronic® F68/VES-GEM micelles, as increasing the copolymer concentration may increase
the solubility of the VES-GEM prodrug conjugate and contribute to a more homogeneously
dispersed population, and optimal PDI values are reported for 6/1 Pluronic® F68/VES-
GEM micelles (<0.2).
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Schematic illustration of Pluronic® F68, Pluronic® F127 block copolymers, and
Pluronic®/VES-GEM micelles (A,B). The molecular weight (length) of hydrophilic PEO chains
and hydrophobic PPO chains depends on the type of Pluronic® used, as Pluronic® F127 has a more
extensive hydrophobic PPO segment and a hydrophobic cavity more propense to accommodate
the VES-GEM conjugate. Size (C), ZP (D), and PDI (E) of the Pluronic® F68/VES-GEM conjugates
micelles prepared with 0.75/1, 1.5/1, 3/1, and 6/1 molar ratios in PBS: water medium (50:50 v/v) and
filtered. Size (F), ZP (G), and PDI (H) of the Pluronic® F127/VES-GEM conjugates micelles prepared
with 0.75/1,1.5/1, and 3/1 molar ratios in PBS: water medium (50:50 v/v) and filtered. TEM pictures
of Pluronic® F68/VES-GEM (3/1) micelles (I) and Pluronic® F127/VES-GEM (1.5/1) micelles (J). The
scale bar is 500 nm.
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Regarding the Pluronic® F127/VES-GEM micelles, varying the molar ratio resulted
in micelles in the range of 100-200 nm with a slightly negative surface charge, and the
same was verified for Pluronic® F68/VES-GEM micelles (Figure 4F-H) [52]. PDI values for
Pluronic® F127/VES-GEM micelles were >0.8 for all formulations indicating the hetero-
geneity of the population. To select the formulations for the next step of characterizations, a
strategy was devised by (1) trying to use the lowest possible amount of copolymer whilst (2)
maintaining appreciable VES-GEM solubility capacity and stability, and (3) the least poly-
disperse formulation. Pluronic® F68/VES-GEM with molar ratios of 3/1 showed decreased
agglomeration and improved stability and acceptable PDI. Pluronic® F127/VES-GEM with
molar ratios of 1.5/1 showed an absence of agglomeration when compared to the 0.75/1
counterpart, and evidenced an increased ability to solubilize VES-GEM for equal surfac-
tant concentration when compared to Pluronic® F127, which may be due to the increased
length of the PPO segment. Pluronic® F68/VES-GEM 3/1 and Pluronic® F127/VES-GEM
1.5/1 micelles were therefore chosen, and the TEM images showed spherical structures
corroborating the formation of nanosized micelles (Figures 41,], 5A-H and 519). Both se-
lected formulations displayed high encapsulation efficiency (EE), namely 96.33 £ 7.80% for
Pluronic® F68/VES-GEM (3/1) and 96.48 + 4.82% for Pluronic® F127/VES-GEM (1.5/1),
and low drug loading, 2.90 £ 0.04% and 3.83 £ 0.02% for Pluronic® F68/VES-GEM (3/1)
and Pluronic® F127/VES-GEM (1.5/1) micelles, respectively. This suggests that the mi-
celles are able to solubilize the majority of the VES-GEM conjugate while maintaining a
relatively low drug-to-polymer ratio. Nevertheless, some polydispersed aggregates were
visually detected, mainly in Pluronic® F68/VES-GEM micelle formulation. This obser-
vation warrants a purification procedure that refers to the removal of not only the free
non-encapsulated drug, but also any free polymer aggregations as well as drug-loaded
micelle aggregation [75]. Hence, the VES-GEM content in both the Pluronic® and VES-
GEM micelles was quantified through HPLC after filtration and compared to non-filtered
formulations, as adjusted for EE (%). Filtration removed all visible aggregates of Pluronic®
F68/VES-GEM (3/1) micelles and the results showed a considerable decrease in the VES-
GEM concentration to half in both formulations. This may be explained by the removal
of non-encapsulated VES-GEM present in the aggregates. The Pluronic® F127/VES-GEM
(1.5/1) micelles still showed slightly higher EE (%), which may be explained by the lower
CMC value, larger monomer chain length and molecular weight, higher size, and the
increased number of -PPO- units which improve hydrophobic VES-GEM solubilization
and lead to stronger encapsulation (Figure S20) [76,77].

A complementary study was performed by increasing substantially the concentration
of either Pluronic® F68 (4.3% w/v) or Pluronic® F127 (3.25% w/v) to assess if structures
with lower size and PDI values could be obtained (Figure S21 and Table S1). However, the
structures formed had size ranges in micrometres and higher PDI and were not considered
in further studies.

The ability of VES-GEM to self-assemble in nanostructures was also explored following
the same method and inspired by previous studies which reported nanostructures made
of lipid—-GEM conjugates without additional surfactant addition [14,27]. The formulation
showed large aggregates and a particle size of 286 £ 40.26 nm, ZP of —0.4 & 0.75 mV,
PDI = 0.36 + 0.14, and a yield below 10% due to its low water solubility and was not
further explored.

After this first set of experiments, the selected formulations—Pluronic® F68/VES-GEM
(3/1) with 0.86% w /v of Pluronic® F68, and Pluronic® F127/VES-GEM (1.5/1) with 0.65%
w/v of Pluronic® F127—were prepared again and the influence of filtration was assessed
and further compared to the blank formulations. The stable Pluronic®/ VES-GEM conjugate
micelles could be obtained, although the Pluronic® F127/VES-GEM conjugate micelles
showed the best colloidal stability without any visible aggregates, as reported before. DLS
measurements revealed that the average hydrodynamic size of Pluronic® F68/VES-GEM
micelles was 140.01 4 0.28 nm, four-fold higher when compared to the blank Pluronic® F68
micelles (34.24 £ 13.11 nm) (Table 3).
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Figure 5. TEM pictures of the Pluronic® F68/VES-GEM (3/1) micelles undiluted (A,B) and di-
luted 1:4 (C,D), and the Pluronic® F127/VES-GEM (1.5/1) micelles undiluted (E,F) and diluted 1:4
(G,H). The photos were taken from two independently prepared samples of each formulation (left
and right).

The same tendency was observed for Pluronic® F127/VES-GEM micelles (136.67 +
25.70 nm vs. 25.57 £+ 0.47 nm). Filtration of the micelles resulted in a decrease in size
more pronouncedly for the Pluronic® F127/VES-GEM micelles. A decrease in PDI values
was only observed for the Pluronic® F68/VES-GEM micelles. The incorporation of the
VES-GEM conjugate substantially increased the size of the micelles for both cases. The
intensity mode (%) of the blank Pluronic® F68 micelles showed a polydisperse population
with a predominant population near 10 nm, which shifted to values closer to ~100 nm when
the micelles were loaded with VES-GEM (Figure 6A,C). A more complex distribution was
noted for the Pluronic® F127/VES-GEM micelles, which show three distinct populations
and a maximum intensity peak shift to values near 100 nm for their blank counterparts
(Figure 6A,C). By changing the DLS measurement mode to number (%), all the formulations
appeared to be monodispersed, with the blank micelles nearing 10 nm (max. intensity
peak). The sizes of the Pluronic® F68/VES-GEM micelles and the Pluronic® F127/VES-GEM
micelles were in the range of 10-80 nm and 50-300 nm, which revealed the most frequent
subpopulation and attenuates the weight of the rare but larger particles in intensity mode
analysis (Figure 6B,D). The VES-GEM-loaded micelles have a slightly negative surface
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charge (—5.38 + 1.60 mV for Pluronic® F68/VES-GEM and —1.54 + 1.08 mV for the
Pluronic® F127/VES-GEM conjugate micelles), which is in accordance with values reported
in the literature [53,54]. The absorbance spectra for the VES-GEM conjugate in ethanol at
different concentrations and the GEM, VES-GEM, and micelle formulations are shown in
Figure 6E,F, and the appearance of the non-filtered Pluronic® F68/VES-GEM and Pluronic®
F127 /VES-GEM micelles is depicted in Figure 6G.
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Figure 6. Intensity mode (%) (A) and number mode (%) (B) size distribution of the filtered Pluronic®
F68, Pluronic® F68/VES-GEM (3/1), Pluronic® F127, and Pluronic® F127/VES-GEM (1.5/1) micelles
in DLS. Intensity mode (%) (C) and number mode (%) (D) size distribution of the non-filtered
Pluronic® F68, Pluronic® F68/VES-GEM (3/1), Pluronic® F127, and Pluronic® F127/VES-GEM
(1.5/1) micelles in DLS. (E) UV-Vis absorption spectra of VES-GEM in ethanol, at RT, at different
concentrations; (F) UV-Vis absorption spectra of the VES-GEM conjugate (in ethanol, at RT), Pluronic®
F68, Pluronic® F68/VES-GEM (3/1), Pluronic® F127, and Pluronic® F127/VES-GEM (1.5/1) micelles
in PBS: water 50:50 v/, at RT; (G) the physical appearance of the Pluronic® F68/VES-GEM (3/1)—
left—and Pluronic® F127/VES-GEM (1.5/1)—right—micelle dispersions. Abbreviations: P F68
blank—Pluronic® F68 micelles; P F127 blank—Pluronic® F127 blank micelles; P F68/VES-GEM—
Pluronic® F68/VES-GEM (3/1) micelles; P F127 /VES-GEM—P F127—Pluronic® F127/VES-GEM
(1.5/1) micelles. For a better graphic visualization, a colour version of the article is advised.
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It is also well known that temperature is able to influence parameters such as the size
of micelles. A set of Pluronic®/VES-GEM formulations were reanalysed by measuring size
and ZP at 4 and 37 °C. Hydrodynamic size generally increased at 37 °C for low polymer
concentrations. The increase in size was also accompanied by an increase in PDI for most
of the formulations, and the surface charge increased to almost neutral values when the
temperature of the measurement was set at 37 °C (Figure 7). However, for higher polymer-
to-VES-GEM molar ratios, a slight decrease in the hydrodynamic diameter was observed
for both formulations. This behaviour has previously been explained by a reduction in
CMC value and increased micellization capabilities as temperature rises, on account of
the dehydration of the -PEO- blocks and the increased hydrophobicity of the chains [76].
Additionally, increasing the temperature may lead to the dehydration of the -PPO- blocks,
which increases core hydrophobicity, which may enable the formation of more compact
micelles evidencing smaller sizes [74]. The extent of hydrophobic interactions in the micelle
core may be responsible for decreasing CMC together with improving the stability of
the system [78]. According to reports in the literature, the increase in temperature may
also contribute to hydrophobic drug solubilization in micelles not only because of CMC
reduction but also related to micellar growth [79].
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Figure 7. Influence of temperature on the size (A,D), PDI (B,E), and ZP (CF) of the Pluronic®
F68/VES-GEM and Pluronic® F127/VES-GEM conjugate micelles. The experiment was carried out at
4°Cand 37 °C.

Although filtration of agglomerates of the formulations may help purify the nanosys-
tem, it can also retain some micelles and the overall VES-GEM encapsulation may not
be entirely reliable. In addition to filtration as a purification technique, centrifugation
has been widely described in the literature as an efficient method to remove unloaded
drug and obtain purified nanosystems [75]. While centrifugation may also have some
disadvantages, as the applied strong forces may impact the structure and content of non-
rigid dynamic colloidal systems, such as micelles, triggering early drug leakage or caking,
it is still considered as a suitable method for the purification of micelles [80]. The im-
pact of the centrifugation technique on the size, ZP, PDI, EE (%), and morphology of
the Pluronic®/VES-GEM micelles was therefore assessed by two centrifugation settings:
4000 rpm /30 min and 12,000 rpm/20 min, both at 25 °C, and the results were compared
with the original nonfiltered and filtered counterparts (both non-centrifuged). The original
Pluronic®/VES-GEM micelles were prepared on different days for each centrifugation
procedure. The size of the centrifuged formulations was, in most cases, in between those of
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the non-filtered and filtered ones, which indicates the removal of aggregates representing
populations with larger sizes (Figure 8A,D). Both centrifugation settings exhibited the same
pattern in terms of size and PDI oscillation, but the filtration yields a less polydisperse
population when compared to centrifugation (Figure 8B,E). ZP values for both formula-
tions were slightly negative without major changes after both techniques (Figure 8C,F).
Regarding size distribution analysis, filtration and centrifugation decreased the intensity
peak of populations > 1000 nm, which was more pronounced in the filtration group and for
both the Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) conjugate
micelles. Overall, both purification techniques tested can eliminate larger populations and
concentrate the size distribution within the 10-1000 nm range (Figure 8G-L).
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Figure 8. Influence of centrifugation as a purification method for preparing Pluronic®/VES-
GEM micelles. Size (A), PDI (B), and ZP (C) of the Pluronic® F68/VES-GEM (3/1) and
Pluronic® F127/VES-GEM (1.5/1) micelles, at 4000 rpm/30 min/T = 25 °C. Size (D), PDI (E), and
ZP (F) of the Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM micelles (1.5/1), at
12,000 rpm /20 min/T = 25 °C. Size distribution by intensity (%) of the non-centrifuged and non-
filtered (G), non-centrifuged and filtered (H), and centrifuged, non-filtered (I) Pluronic® F68/VES-
GEM (3/1) micelles at 12,000 rpm/20 min/T = 25 °C. Size distribution by intensity (%) of the
non-centrifuged and non-filtered (J), non-centrifuged and filtered (K), and centrifuged, non-filtered
(L) Pluronic® F127/VES-GEM (1.5/1) micelles at 12,000 rpm/20 min/T = 25 °C. Abbreviations: P F68
(VES-GEM)—Pluronic® F68/VES-GEM (3/1) micelles; P F127 (VES-GEM)—Pluronic® F127/VES-
GEM (1.5/1) micelles; NC (NF)—non-centrifuged and non-filtered; NC (F)—non-centrifuged but
filtered; C (NF) centrifuged, non-filtered.
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The EE (%) values of the Pluronic® F68/VES-GEM and Pluronic® F127/VES-GEM
micelles centrifuged at 4000 rpm were 29.90 & 7.94% and 24.07 £ 2.80%, respectively;
meanwhile, after 12,000 rpm, the centrifugation the values decreased to 10.49 & 2.08 and
7.58 4 0.14%, respectively (Figure 9A,F). The physical aspects of the Pluronic® F68/VES-
GEM and Pluronic® F127/VES-GEM micelles after 4000 rpm /30 min/T = 25 °C centrifuga-
tion are shown in Figure 9B-E and Figure 9G-J, respectively. These values are lower than
for non-centrifuged micelles, possibly due to the elimination of free VES-GEM and large
aggregates, and, at 12,000 rpm, the micelles may even collapse and disentangle.

*

Figure 9. Effect of centrifugation on the encapsulation efficiency of thePluronic® F68/VES-GEM
(3/1) (A) and Pluronic® F127/VES-GEM (1.5/1) conjugate micelles (F) [ns, non-significant * p < 0.05,
4% 1) < 0.0001]. TEM picture of the Pluronic® F68/VES-GEM (3/1) conjugate micelles (B-E) and
the Pluronic® F127/VES-GEM (1.5/1) conjugate micelles (G-J) after 4000 rpm /30 min/T = 25 °C
centrifugation. Photos were taken from two independently prepared samples of each formulation
(left and right).
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As the PDI value of the Pluronic® F127/VES-GEM micelles (1.5/1) was ca. 1, a
strategy was devised to test the influence of sonication and ultrasonication on the PDI
and size of the micelles [67,81]. First, initial screening for both the Pluronic® F68/VES-
GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) micelles was undertaken to compare
non-sonicated and non-ultrasonicated formulations with their sonicated and ultrasonicate
counterparts, regarding size and PDI, as well as to establish the optimal range conditions
of ultrasonication time and the amplitude of the ultrasonication procedure. Amplitude
values > 10% would cause excessive bubbling and foaming and were not pursued. A
milder amplitude value was selected (10%) for ultrasonication, as the system showed
increased stability and, for ultrasonication times of 24 s and 36 s, an on/off pulse mode
was chosen to prevent the overheating of the system. As shown in Tables 52 and S3,
both sonication for 15 min and ultrasonication for 6 s increased the size and PDI of the
Pluronic® F68/VES-GEM micelles, but yielded a better distribution profile for Pluronic®
F127 /VES-GEM micelles. Hence, modulating the PDI of the Pluronic® F127/VES-GEM
micelles through sonication and ultrasonication was further assessed by varying sonication
(Table 4) and ultrasonication time (Table 5) in order to determine the optimal conditions that
underscore the lowest polydispersity of the Pluronic® F127/VES-GEM micelle population.

Table 4. Size and PDI of filtered and non-filtered Pluronic® F127/VES-GEM (1.5/1) subjected to
sonication at RT.

Formulations Molar Ratio Sonication Time ~ Tiltered before Size (nm) + S.D.  PDI + S.D.
Measurement
Yes 35.82 + 0.50 0.536 + 0.030
0 min
No 100.47 + 24.63 0.359 + 0.107
Yes 23.30 + 0.54 0.435 + 0.011
5 min
No 270.03 + 69.35 0.379 4 0.031
Pluronic® F127 N I Yes 31.65 + 2.98 0.421 + 0.052
No 353.4 + 45.8 0.380 + 0.035
Yes 33.16 + 5.26 0.489 + 0.060
30 min
No 379.33 + 40.86 0.400 + 0.025
Yes 28.62 +0.21 0.419 + 0.005
90 min
No 94.07 + 13.84 0.378 + 0.038
Yes 131.33 + 23.06 0.973 + 0.083
0 min
No 214633 +276.06  0.945 4 0.184
Yes 111.27 + 6.77 0.928 4 0.011
5 min
No 2501.3 + 117.3 0.827 4 0.161
Pluronic® 151 Yes 103.36 4 17.04 0.814 + 0.039
; . 10 mi
F127/VES-GEM i No 206533 + 147.82  0.589 + 0.247
Yes 227.80 + 76.42 0.568 4 0.194
30 min
No 247267 +267.82  0.640 & 0.107
Yes 66.45 + 3.66 0.717 4+ 0.012
90 min
No 2519.67 +298.92  0.617 = 0.100
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Table 5. Size and PDI of filtered and non-filtered Pluronic® F127/VES-GEM (1.5/1) subjected to
ultrasonication at RT.

Filtered before

Formulations Molar Ratio Ultrasonication Time Size (nm) £+ S.D. PDI + S.D.
Measurement
0s Yes 35.82 + 0.50 0.536 £ 0.030
No 100.47 £ 24.63 0.359 £ 0.107
Yes 36.03 £ 0.93 0.435 £ 0.011
3
° No 3747 + 6.27 0.402 £+ 0.112
Yes 31.89 £+ 0.44 0.576 £ 0.047
6
s No 282.27 + 176.53 0.683 + 0.055
Pluronic® F127 -
Yes 39.93 +0.10 0.782 £ 0.006
12
s No 408.57 4 84.89 0.556 + 0.088
Yes 46.09 + 1.45 0.763 £+ 0.027
24 s (6 s on, 3 s off)
No 91.21 4+ 21.43 0.559 + 0.127
Yes 41.09 +£1.03 0.883 + 0.029
36 s (6 s on, 3 s off)
No 265.13 £+ 109.23 0.623 £ 0.188
Yes 131.33 £ 23.06 0.973 £+ 0.083
0
s No 2146.33 4+ 276.06 0.945 £+ 0.184
Yes 146.9 + 1.45 0.446 £+ 0.033
3
s No 863.97 +54.17 0.582 + 0.026
Yes 158.67 + 6.84 0.400 =+ 0.059
. 6
Pluronic® 15/1 s No 589.07 + 10.44 0.541 £+ 0.037
F127/VES-GEM . Yes 169.00 4+ 10.77 0.402 £+ 0.015
12
s No 506.23 4 33.59 0.551 + 0.045
Yes 407.80 = 7.80 0.310 £ 0.022
24 s (6 s on, 3 s off)
No 307.57 £ 5.46 0.461 £ 0.033
Yes 186.50 4= 4.78 0.294 £+ 0.013
36 s (6 s on, 3 s off)
No 395.83 £ 17.97 0.443 + 0.053

According to the results, the PDI of the Pluronic® F127/VES-GEM micelles showed
a tendency to decrease with increases in sonication time, and more remarkably so in the
case of ultrasonication (0.717 4+ 0.012 vs. 0.294 + 0.013, filtered and after 90 min of soni-
cation and 36 s of ultrasonication). Interestingly, at the same time points, the size of the
Pluronic® F127/VES-GEM micelles was fairly similar to the non-sonicated (66.45 & 3.66 nm
vs. 131.33 + 23.06 nm, filtered, respectively) and non-ultrasonicated ones (186.50 £ 4.78 nm
vs. 131.33 £ 23.06 nm, filtered, respectively), whilst the difference was more pronounced
for the non-filtered Pluronic® F127/VES-GEM micelles subjected to ultrasonication, in
which non-filtered Pluronic® F127/VES-GEM micelles showed a size of 395.83 + 17.97 nm
after 36 s of ultrasonication as opposed to 2146.33 £ 276.06 nm for the group not exposed
to ultrasonication. In addition, just 3 s of ultrasonication can lead to a two-fold decrease in
the PDI of Pluronic® F127/VES-GEM micelles. These results may be due to the disruption
of larger structures and aggregates to form a smaller, more narrowly distributed micelle
population, and this is expectedly shown to be more efficient in the ultrasonication group
as ultrasonication is a more potent sonication technique [67,81]. The maximum duration
of the ultrasonication experiment was kept at 36 s, not only to avoid reagglomeration of
the system and potential instability due to temperature rise, but also due to the potency
of the ultrasonication method. Furthermore, maximum PDI reduction was achieved for
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the intermediate time point of sonication (10 min), whilst in the case of ultrasonication,
a decrease in PDI for the Pluronic® F127/VES-GEM micelles was reported when com-
paring the non-ultrasonicated, 3 s sonicated, and 36 s sonicated micelles, suggesting, in
the context of the time points selected for the experiment, that progressively lower PDI
values may be obtained by increasing the ultrasonication time. Conversely, the non-loaded
ultrasonicated Pluronic® F127 micelles showed an increasing PDI as the duration of ultra-
sonication increased, which was not evident in the sonication experiment. Analysis of size
through intensity (%) shows deviation towards the lower size range for the filtered ultra-
sonicated (36 s, 6 s on 3 s off) Pluronic® F127/VES-GEM micelles vs. the non-filtered ones
(Figure S22A), and similar to the non-ultrasonicated ones (Figure 6A,C); however, with a
less intense peak for the non-filtered group, showing the effect of ultrasonication in terms
of decreasing particle size, probably through deagglomeration. The number (%) mode of
the Pluronic® F127/VES-GEM micelles subjected to ultrasonication showed peak deviation
towards the ~100 nm range for the non-filtered group (Figure S22B), as opposed to the non-
ultrasonicated micelles (Figure 6B,D). Overall, ultrasonication seems to decrease the PDI of
Pluronic® F127/VES-GEM micelles while not inducing substantial variation in particle size,
and could be of interest in the future as a simple and rapid strategy for micelle optimization
by decreasing PDI. However, the structures obtained warrant further characterization
regarding the morphology, structural integrity, and chemical stability of the VES-GEM
prodrug, and the non-sonicated and non-ultrasonicated Pluronic® F127/VES-GEM micelles
were still preferred for the following experiments.

3.4. Critical Micelle Concentration of the Pluronic®/VES-GEM Micelles

In the case of the Pluronic® /VES-GEM conjugate micelles, surface tension increased
when compared to the blank micelles because these micelles had larger sizes and less
surfactant was available at the air-water interface, rendering more surfactant available
for micelle formation (Figure S23). The broader difference in surface tension values was
observed in the Pluronic F68® micelle setting. The observed CMC was identified in the
0.1-2.5 mM range and, after 10 mM, micellization was favoured, which was in accordance
with the literature (0.48 mM) [82]. The difference in surface tension between the blank and
Pluronic® F127/VES-GEM conjugate micelles was less substantial, as Pluronic® F127 has a
very strong capability to reduce surface tension and very low CMC, while the values in the
literature may vary (0.0028 mM to 0.45 mM) [63,83]. The surface tension/polymer concen-
tration plotting made it possible to identify the CMC for the blank and VES-GEM-loaded
Pluronic® F127 micelles close to 0.15 mM, which falls within the reported range. Thus, in
the Pluronic® F127 range of concentrations tested to prepare the Pluronic® F127/VES-GEM
micelles, the copolymer was above the CMC.

3.5. Addition of Co-Surfactant

Addition of a co-surfactant to micelle systems may help improve overall stability
and drug solubility. Recently, Pluronic® F68/Soluplus® mixed micelles carrying pteros-
tilbene were prepared as a strategy to leverage Pluronic® F68 drug loading and stabil-
ity [84]. Inspired by this, a series of Pluronic®/Soluplus®@VES-GEM mixed micelles
were prepared, keeping the Soluplus® concentration fixed and increasing the concen-
tration of the Pluronic® constituent, especially aiming at improving Pluronic® F68 sta-
bility. Soluplus® is an amphiphilic graft copolymer—polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol (PEG)—which shows the capacity to self-assemble into mi-
celles under extremely low CMC (0.1 uM) [85]. In addition to its self-assembly features,
it also shows multidrug resistance (MDR) reversal activity by inhibiting efflux pump P-
gp. In line with this, we attempted to decrease the Pluronic® concentration and added
Soluplus® at a fixed concentration (14.72 mg/mL, 1.47% w/v), preparing four different
formulations: Pluronic F68® / Soluplus®@VES—GEM (0.375/0.375/1 and 0.75/0.375/1) and
Pluronic F127®/ Soluplus®@VES—GEM (0.375/0.375/1 and 0.75/0.375/1) mixed micelles
(Figure 524). The Pluronic F68®/ Soluplus®@VES—GEM mixed micelles showed improve-
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ments in stability as fewer agglomerates were detected, when compared to the other two
formulations, which may be due to the enhanced solubilizing properties of Soluplus®. All
formulations evidenced a size of 80-120 nm (Figure 10A) and very low PDI, as opposed
to the single Pluronic®/ VES-GEM micelles, which reflected the propensity of Soluplus®
to create monodispersed micelle populations (Figure 10B) and a close-to neutral surface
charge (Figure 10C). The 0.75/0.375/1 mixed micelle had a decreased PDI and an increased
VES-GEM encapsulation (Figure 10D), as the total surfactant-to-conjugate molar ratio
was augmented.
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Figure 10. Size (A), PDI (B), ZP (C) of the Pluronic F68®/ Soluplus®@VES—GEM (0.375/0.375/1 and
0.75/0.375/1) and Pluronic F127®/ Soluplus®@VES—GEM (0.375/0.375/1 and 0.75/0.375/1) mixed
micelles. (D) The encapsulation efficiency of the Pluronic® F68/Soluplus®@VES-GEM and Pluronic®
F127/VES-GEM micelles. The Soluplus® concentration was fixed at 14.72 mg/mL.

3.6. Drug Release from Pluronic®/VES-GEM Micelles

Since the theoretical aqueous solubility of VES-GEM is very low (<0.01 mg/mL), the
solubility of the conjugate in the presence of Tween 80 was investigated in order to infer
whether the drug release experiment was in accordance with the sink conditions. The
maximum VES-GEM concentration released from the formulation was expected to be
17.0-17.2 ppm. The measured solubility of VES-GEM in Tween 0.48% w/w in PBS (pH
7.4,5 mL) was 57.8 £ 0.1 ppm, which was four-fold higher than the concentration that
would correspond to a 100% release from the Pluronic® F68/VES-GEM and Pluronic®
F127/VES-GEM micelles. These results show that, while ideal sink conditions are not
fully accomplished, the medium was still able to fully solubilize VES-GEM if a 100%
release occurred. DLS measurements were carried out to ascertain if Tween 80/ VES-GEM
micelles could be formed in the medium, and the results indicated that structures with
a size of ~15 nm were formed in the blank Tween 80. When VES-GEM was added as a
white powder directly to the surfactant dispersions, the size was maintained, while the PDI
decreased to values below 0.2 (Figure S25), which suggested VES-GEM loading, as further
corroborated by ethanol dilution of aliquots of the medium in the drug release experiment
described below.
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The drug release assay was conducted for 1 week. After 72 h, the VES-GEM cumu-
lative release from the Pluronic® F127/VES-GEM (1.5/1) micelles was 54.02 + 1.08% at
pH =7.4 and 35.02 & 19.53% at pH = 5, as opposed to minimal cumulative release from the
Pluronic® F68/VES-GEM (3/1) micelles (<4% at both pH) (Figure 11). Interestingly, in the
first 24 h, the release of VES-GEM from Pluronic® F127/VES-GEM was more prominent at
pH =5, which may indicate that the system may display mild pH-responsiveness features
underscoring a more accelerated VES-GEM release profile in physiological acidic environ-
ments, considering the first 24 h of the assay. Whilst the Pluronic® F127/VES-GEM micelles
were able to show a remarkably better release profile than Pluronic® F68/VES-GEM, it
represented only half of the loaded VES-GEM. In both formulations, these results can be
attributed in part to the high affinity of the hydrophobic vitamin E tail to the hydrophobic
-PPO- segments of Pluronic® F68 and Pluronic® F127, thereby increasing VES-GEM solu-
bility and retention inside the micelle core and attenuating its release. It is possible that
hydrophobic VES-GEM prodrugs can themselves establish hydrophobic interactions and
other non-covalent bonds (such as hydrogen bonds) which further strengthen the stability
of the system and prevent VES-GEM leakage [23]. Another major factor consists of the
high lipophilicity of VES-GEM which restrains release to the aqueous release medium. For
this reason, Tween 80 was used as surfactant to improve VES-GEM solubility and enable
near-sink conditions. Other authors have also tried the addition of an organic solvent, such
as methanol or ethanol, to the aqueous medium, which may help in part to increase drug
release, but these solvents are not representative of the in vivo milieu [37]. Furthermore,
the slow release profile of the formulations (>7 days) suggested they constitute stable and
suitable systems for VES-GEM prodrug delivery to pathological sites. Other similar studies
have reported only moderate GEM prodrug release, in the case of DSPE-PEG/TPGS mixed
micelles loaded with C;3-GEM and tested in dialysis cassette (MWCO 20 kDa) against
PBS medium, half of the initial prodrug content is released after 12 h [20]. Ci3-GEM-
loaded PEG/PLA micelles were tested using dialysis bags against PBS with Tween 80 0.5%
showing <30% release of C13-GEM after 72 h [23].
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Figure 11. Drug release plots for the Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-
GEM (1.5/1) micelles at pH 5 and pH 7.4. The formulations were incubated at 37 °C (100 rpm)
and the medium was PBS supplemented with Tween 80 0.48% v/v. Abbreviations: P F68 (VES-
GEM)—Pluronic® F68/VES-GEM (3/1) micelles; P F127 (VES-GEM)—Pluronic® F127/VES-GEM
(1.5/1) micelles.
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This drug release assay protocol was adopted after a preliminary test in which it was
observed that ethanol dilution (1:1) of the aliquots collected from the medium showed
higher VES-GEM content when compared to non-diluted and water-diluted (1:1) aliquots,
which may suggest that ethanol may help in disrupting Tween 80/ VES-GEM structures and
improve the accessibility of VES-GEM to be quantified through HPLC, as well as avoiding
VES-GEM precipitation. Tween 80 was chosen as the most representative surfactant used
in the literature in this setting [20,23,25].

3.7. Stability of Pluronic®/VES-GEM Micelles

The stability of the Pluronic® / VES-GEM micelles was evaluated both physically by
monitoring size, PDI, and ZP, and chemically, by pH measurement of the formulations
and by quantifying VES-GEM content through HPLC at 4 and 37 °C. After 28 days, both
formulations showed remarkably larger sizes at 37 °C when compared to 4 °C (Figure 12A),
while an opposite tendency was verified for PDI, which was inferior at 37 °C (Figure 12B).
This change may be explained by possible increased aggregation phenomena and instability
at higher temperatures for longer time periods, which could decrease the heterogeneity of
the population and lead to a narrower distribution and a less polydisperse population. ZP
values were slightly negative throughout the duration of the experiment (Figure 12C).
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Figure 12. Stability evaluation of the Pluronic® micelles through DLS and HPLC analysis at 4 °C
and 37 °C. Size (A), PDI (B), ZP (C), and the VES-GEM content (D) of the Pluronic® F68/VES-GEM
(3/1) and Pluronic® F127/VES-GEM (1.5/1) micelles. Abbreviations: P F68 (VES-GEM)—Pluronic®
F68/VES-GEM (3/1) micelles; P F127 (VES-GEM)—Pluronic® F127/VES-GEM (1.5/1) micelles.

Regarding chemical stability, the pH of the formulations suffered minimal varia-
tions, and the initial pH was similar for both micelles (~7.6) (Figure S26). However, the
Pluronic® / VES-GEM micelles showed limited chemical stability, especially at 37 °C and
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after the first 2 days. These results are in accordance with the decreased stability of the
free VES-GEM conjugate at 37 °C, shown before. Interestingly, the VES-GEM concentration
detected increased two-fold after 28 days in the Pluronic® F68/VES-GEM (3/1) micelles
at 37 °C, which may be explained by the formation of visible aggregates and precipitates
that compromise the viability of HPLC quantification by unwanted quantification of the
concentrated aggregates of the VES-GEM conjugate (Figure 12D). On the other hand, the
Pluronic® F127/VES-GEM (1.5/1) micelles evidenced an increased ability to protect the
VES-GEM conjugate and a more homogeneous appearance without visible aggregates
(Figures 12D and S27). After that, the Pluronic® F127/VES-GEM micelles were kept at RT
for 2 months, and after this period, their size, PDI, ZP, VES-GEM content, and physical
appearance were analysed (Figure 528). Interestingly, minimal variations in size (~100 nm),
ZP (~0 mV), PDI (~1), and VES-GEM levels (EE (%) > 90%) were reported after two months.
Meanwhile, at 4 °C, the low temperature complicated the self-assembly phenomenon
and the physical stability of micelles, and at 37 °C the chemical stability was thoroughly
impacted by VES-GEM degradation, at RT stability was improved as micellization was
favoured. Overall, the Pluronic® F127/VES-GEM micelles exhibited better physical and
chemical stability and were chosen as the most suitable candidate for subsequent studies.

3.8. Blood Compatibility

VES-GEM stock solutions in DMSO were diluted and mixed with fresh human blood,
showing no haemolysis (Figure $29). Similarly, the Pluronic®/ VES-GEM conjugate micelles
showed no haemolytic activity, as attested by the transparency of the supernatants of each
centrifuged aliquot, and further verified by the absorbance measurement (~0% haemolysis)
(Figure 13A). These results add up to the suitability of both formulations for systemic
delivery of VES-GEM.
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Figure 13. (A) Haemolytic activity for Pluronic® and Pluronic® / VES-GEM conjugate micelles in PBS:
water 50:50 v/v. (B) In vitro cytotoxicity expressed as cell viability (%) of various concentrations (1 uM,
10 M, 25 uM, 50 uM, 100 uM) of formulations (blank Pluronic® F68 and Pluronic® F127 micelles,
Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) micelles) using Quant-iT™
PicoGreen™ (B) assays. * p < 0.05, ** p < 0.01. Abbreviations: P F68—Pluronic® F68 micelles; P
F68 (VES-GEM)—Pluronic® F68/VES-GEM (3/1) micelles; P F127—Pluronic® F127 micelles; P F127
(VES-GEM)—Pluronic® F127/VES-GEM (1.5/1) micelles; GEM—gemcitabine.

3.9. Cell Viability Assay

The cytotoxic effects of Pluronic® F68/VES-GEM (3/1), Pluronic® F127/VES-GEM
(1.5/1) and blank micelles, prepared according to Section 2.6, were assessed using BxPC3
cells, a rapidly proliferating and widely employed pancreatic cancer cell line with interme-
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diate sensitivity to gemcitabine [86,87]. Free VES-GEM conjugate testing was omitted due
to its precipitation in the culture medium, attributed to extremely low water solubility. The
Pluronic® F68/VES-GEM (3/1) micelles displayed higher efficacy in reducing cell viability
below 50% compared to the negative control, achieving 48.49 £ 13.76% viability at a con-
centration of 25 uM. In contrast, the Pluronic® F127/VES-GEM (1.5/1) micelles exhibited
43.38 & 12.71% cell viability only at 100 uM (Figure 13B). Both Pluronic® F127/VES-GEM
(1.5/1) and Pluronic® F68/VES-GEM (3/1) micelles demonstrated efficacy in reducing cell
viability to less than 50%, beyond the performance of the free GEM.

The noteworthy performance of both the Pluronic® F68/VES-GEM (3/1) and Pluronic®
F127/VES-GEM (1.5/1) micelles underscores their substantial capacity to inhibit cell vi-
ability compared to the free drug. This heightened efficacy is consistent with previous
studies attributing enhanced drug delivery to the stability and encapsulation efficiency
of Pluronic® F68 and F127-based micelles [50,88]. The improved solubility profile of VES-
GEM within the Pluronic® F127 micelles likely contributes significantly to the observed
cytotoxicity, emphasizing the pivotal role of adequate drug encapsulation and solubiliza-
tion in augmenting therapeutic outcomes. Additionally, Pluronic® F127/VES-GEM (1.5/1)
displayed superior chemical and physical stability, as shown previously for T = 37 °C in
which Pluronic® F127/VES-GEM (1.5/1) were able to protect VES-GEM from degradation
for longer time period when compared to Pluronic® F68/VES-GEM (3/1), and displayed an
improved physical stability profile by the absence of macroscopic aggregates and its ability
to maintain size, PDI, and surface charge under an acceptable range. The increased core
hydrophobicity conferred by the -PPO- segments of Pluronic® F127 may help in improving
VES-GEM encapsulation and its affinity, which may play a role in improving VES-GEM
protection and subsequently its cell inhibition activity. The improved colloidal stability of
the Pluronic® F127/VES-GEM (1.5/1) micelles also aligned with their controlled release
profile, in which moderate VES-GEM release after 72 h endows the system with interesting
controlled release properties. At the same time, the micelles are still capable of accommo-
dating VES-GEM and avoiding total release, acting as reservoirs. Conversely, Pluronic®
F68/VES-GEM (3/1) showed lower chemical and physicochemical stability profiles and
the presence of visible aggregates, which suggested that the actual active encapsulated
VES-GEM content is lower and, in this way, resulting in inferior cell viability reduction for
the 100 M concentration point.

3.10. Cell Uptake

In order to assess cellular internalization of the Pluronic®/VES-GEM micelles, cells
were incubated with the dye-labelled formulations and later analysed by CLSM. Nile
red, a model water-insoluble drug with strong red fluorescence, was used as a marker
to study the intracellular localization of the prepared micelles. Both micelles showed
the capability to be rapidly internalized by BxPC3 cells, and located near the nucleus
(Figures 14 and S30). Regardless of whether composed of Pluronic F68 or F127, the red
fluorescence emitted by encapsulated Nile red was observed in the cell cytoplasm after 2
h of incubation. Moreover, the intranuclear presence of red fluorescence could reveal the
delivery of cytoplasmatic release of Nile red and its further diffusion into the nucleus [89].
While the precise pathways for Nile red delivery within the Pluronic micelles remain elusive,
these stabilized structures exhibit a notable ability to encapsulate hydrophobic molecules
and facilitate their passage through the cell membrane [88]. Previous studies indicate
that, while pure Nile red could enter cells through simple diffusion, block copolymer
micelle uptake occurs via an endocytosis pathway [90]. Additionally, Pluronic micelles
prominently interact with cellular membranes, enhancing both membrane microviscosity
and permeability [57,91]. In summary, this interaction leads to an accelerated and more
efficient internalization process.
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Figure 14. Intracellular uptake of Nile Red-loaded Pluronic® F68/VES-GEM (3/1) and Pluronic®
F127/VES-GEM (1.5/1) micelles. Cell nuclei were stained with DAPI in blue. No obvious red
fluorescence signal (Nile red) was observed in the non-loaded micelles and the control cells treated
with free Nile Red. The scale bar is 50 um.
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4. Conclusions

In this work, vitamin E succinate-gemcitabine (VES-GEM) conjugate-loaded Pluronic®

F68 and Pluronic® F127 micelles were explored as suitable delivery systems towards GEM
delivery to pancreatic cancer. In order to increase the encapsulation efficiency of GEM in
the micelles, a VES-GEM conjugate was prepared by conjugating hydrophobic VES at the
4-(N)-position of GEM, thereby assembling a multifunctional prodrug building block able
to increase the lipophilicity of GEM and enable its encapsulation in micelles. Pluronic®
F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) micelles were successfully
prepared through the solvent evaporation method and characterized. Both formulations
showed high encapsulation efficiency (>95%), a size of 100-150 nm, and slightly nega-
tive surface charge. Interestingly, VES-GEM solubilization was remarkably attained with
Pluronic® F68 and Pluronic® F127 using smaller concentrations (<1% w/v) than those
widely reported for other drugs and following an excipient reduction principle. The
Pluronic F127® /VES-GEM conjugate micelles showed the best colloidal stability, attested
by morphological and physicochemical stability in the first days, and by superior VES-GEM
retention and protection, evidencing GEM protection inside the core in the VES-GEM form,
as well as the best drug release profile, attaining a >50% cumulative release of VES-GEM af-
ter 72 h. In vitro cell viability showed that cells treated with the Pluronic® F127/VES-GEM
micelles could reach <50% cell viability for a concentration of 100 uM, and also showing the
ability to preserve GEM activity by prodrug activation under endogenous stimuli, substan-
tial cellular internalization, possibly aided by VES-GEM enhanced lipophilicity-mediated
cell membrane entry. In addition, no haemolysis was detected for either formulation. Nev-
ertheless, further studies elucidating the cell uptake mechanism and the specific in vivo
stimuli-responsive features underlying GEM release, together with GEM quantification
and pharmacokinetics, may engage in further exploration.

This work provides a new approach to enhancing GEM delivery to pancreatic cancer
by increasing GEM solubility in amphiphilic block copolymers by means of a prodrug
approach, hopefully paving the way for next-generation pancreatic cancer therapies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ pharmaceutics16010095/s1, Figure S1: (A) Chemical structure of
VES-GEM conjugate, Chemicalize and MarvinView software models (Chemicalize.com; ChemAxon
Ltd., Budapest, Hungary). (B) Calibration curve for HPLC quantification of VES-GEM conjugate.
Typical chromatograms are shown in Figures S2 and S3; Figure S2: Typical chromatograms obtained
for building VES-GEM calibration curve, R.T. ~8 min; Figure S3. Chromatograms of blanks (ethanol
or PBS), gemcitabine (30 ppm) and VES-GEM conjugate (30 ppm). The later (D) can be detected
using the reported HPLC method; Figure S4. (A,B) Predicted 13C NMR spectrum of VES-GEM conju-
gate. Chemicalize and MarvinView software models (Chemicalize.com; ChemAxon Ltd., Budapest,
Hungary); Figure S5. (A,B) Predicted 'H NMR spectrum of VES-GEM conjugate. Chemicalize and
MarvinView software models; Figure S6. FTIR spectra of VES-GEM; Figure S7. 'H NMR of VES-GEM;
Figure S8. 1°F NMR of VES-GEM,; Figure S9. MS of VES-GEM,; Figure S10. 'H NMR of VES-GEM for
stability assay; Figure S11. (A) Chemical structure of the predominant VES-GEM conjugate form (#1)
for pH 4-9. In red, numbered, pKa values for (-(OH) and (-N) groups. (B) microspecies distribution (%)
as a function of pH (0-14). Chemicalize and MarvinView software models; Figure S12. (A) Chemical
structure of the predominant VES-GEM conjugate form (#1) for pH 4-9. In red, numbered, pKa values
for (-OH) and (-N) groups. (B) microspecies distribution (%) as a function of pH (0-14). Chemicalize
and MarvinView software models; Figure S13. (A) logP calculation for VES-GEM conjugate. (B) LogD
variation as a function of pH (0-14), Chemicalize and MarvinView software models; Figure S14. (A)
predicted 3D structure for VES-GEM conjugate. (B) video animation capture of predicted 3D structure
for VES-GEM conjugate. Chemicalize and MarvinView software models; Figure S15. Stability at
RT of VES-GEM stock solution in ethanol; Figure S16. Stability of VES-GEM in ethanol pH =5 as a
function of temperature (A) and GEM in acidic aqueous milieu (HCl or PBS pH = 5, RT) (B); Figure
S17. TEM picture of blank Pluronic® F68 micelles (0.86 %uw/v) in PBS:water 50:50 v/v undiluted (A)
and diluted 1:4 (B); Figure S18. TEM picture of blank Pluronic® F127 (0.65 %uw/v) micelles undiluted
(A) and diluted 1:4 (B) in PBS:water 50:50 v/v; Figure S19. TEM picture of Pluronic® F68/VES-GEM
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(3/1) conjugate micelles (0.86 %w /v F68) undiluted (A), diluted 1:4 (B); Pluronic® F127/VES-GEM
(1.5/1) conjugate micelles (0.65 %w/v F127) undiluted (C), diluted 1:4 (B), in PBS:water 50:50 v/v;
Figure S20. Encapsulation efficiency of non-filtered and filtered (hydrophilic PTFE syringe filter (25
mm, 0.4 pm)) of Pluronic® F68/VES-GEM (3/1) conjugate micelles (0.86 %w/v F68) and Pluronic®
F127/VES-GEM (1.5/1) conjugate micelles (0.65 %w/v F127); Figure S21. Appearance of Pluronic®
F68/VES-GEM (15/1) conjugate micelles (4.3 % w/v F68) and Pluronic® F127/VES-GEM (7.5/1)
conjugate micelles (3.25 %w /v F127); Figure S22. Intensity mode (%) (A) and number mode (%) (B)
size distribution of filtered and non-filtered Pluronic® F68, Pluronic® F68/VES-GEM (3/1), Pluronic®
F127 and Pluronic® F127/VES-GEM (1.5/1) micelles in DLS, after ultrasonication 36 s (6 s on, 3 s off);
Figure S23. Influence of VES-GEM loading in the CMC of Pluronic® F68/VES-GEM (A) and Pluronic®
F127/VES-GEM conjugate micelles (B) in PBS: water 50:50 v/v; Figure S24. Schematic illustration o
the preparation of Pluronic® /Soluplus®@VES-GEM micelles through solvent evaporation method.
Soluplus® concentration was fixed at 14.72 mg/mL; Figure S25. (A) Size, (B) PDI and (C) ZP of Tween
80/VES-GEM micelles; Figure S26. pH measurement at 4 °C and 37 °C of Pluronic® F68/VES-GEM
(3/1) and Pluronic® F127/VES-GEM (1.5/1) micelles, PBS: water 50:50 v/v; Figure 527. Appearance
of Pluronic® F68/VES-GEM (3/1) and Pluronic® F127/VES-GEM (1.5/1) conjugates micelles after
2 days at 4 °C (A) and 37 °C (B); Figure 528. (A) Size, (B) PDI, (C) ZP, (D) EE and (E) physical
appearance of Pluronic® F127/VES-GEM (1.5/1) conjugate micelles; Figure 529. Haemolysis rate (%)
1:20, 1:40, 1:100 dilution of VES-GEM stock solution 1 mg/mL, negative control (PBS) and positive
control (DMSO); Figure S30. Confocal images representing the X—Y, X—Z, and Y—Z planes of BxCP3
cells incubated in the presence Pluronic® F68/VES-GEM (A,B) and Pluronic® F127/VES-GEM (C,D)
micelles loaded with Nile red (A,C) or blank (B,D), and controls treated with free Nile red (E) or
culture medium (F); Table S1. Size and PDI of filtered (hydrophilic PTFE syringe filter (25 mm, 0.4
pm)) and non-filtered Pluronic® F68/VES-GEM (15/1) and Pluronic® F127/VES-GEM (7.5/1) mi-
celles; Table S2. Size, ZP and PDI of filtered and non-filtered Pluronic® F68/VES-GEM and Pluronic®
F127 /VES-GEM micelles subjected to 15 min of sonication, RT; Table S3. Size, ZP and PDI of filtered
and non-filtered Pluronic® F68/VES-GEM and Pluronic® F127/VES-GEM micelles subjected to 6 s of
ultrasonication (RT, 10% amplitude).
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Abbreviations

dFdU: 2/,2-difluoro-2'-deoxyuridine; BCS: biopharmaceutical classification system;
EPR: enhanced permeability and retention effect; GEM: gemcitabine; 2’,2'-difluoro-2’-
deoxycytidine; GEM-Cyg: 4-(N)-stearoyl GEM; hNTs; nucleoside transporters; MDR:
multidrug resistance; P-gp: P-glycoprotein; PC: pancreatic cancer; PDAC: pancreatic ductal
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adenocarcinoma; PDI: polydispersity index; PEG-DSPE: poly(ethylene)glycol-
distearoylphosphatidylethanolamine; PEG-PLA: poly(ethylene glycol)-poly(d,l-lactide);
PEO: poly(ethylene oxide); PPO: poly(propylene oxide); PTFE: Polytetrafluoroethylene; RT:
room temperature; TPGS: tocopheryl polyethylene glycol 1000 succinate; VE: vitamin E;
VES: vitamin E succinate; ZP: zeta potential.

References

1.  Nevala-Plagemann, C.; Hidalgo, M.; Garrido-Laguna, I. From state-of-the-art treatments to novel therapies for advanced-stage
pancreatic cancer. Nat. Rev. Clin. Oncol. 2020, 17, 108-123. [CrossRef] [PubMed]

2. Stoffel, E.M.; Brand, R.E.; Goggins, M. Pancreatic Cancer: Changing Epidemiology and New Approaches to Risk Assessment,
Early Detection, and Prevention. Gastroenterology 2023, 164, 752-765. [CrossRef]

3. Xiao, Z.; Todd, L.; Huang, L.; Noguera-Ortega, E.; Lu, Z.; Huang, L.; Kopp, M.; Li, Y.; Pattada, N.; Zhong, W.; et al. Desmoplastic
stroma restricts T cell extravasation and mediates immune exclusion and immunosuppression in solid tumors. Nat. Commun.
2023, 14, 5110. [CrossRef] [PubMed]

4. Binenbaum, Y.; Na’ara, S.; Gil, Z. Gemcitabine resistance in pancreatic ductal adenocarcinoma. Drug Resist. Updates Rev. Comment.
Antimicrob. Anticancer. Chemother. 2015, 23, 55-68. [CrossRef] [PubMed]

5. Balachandran, V.P; Beatty, G.L.; Dougan, S.K. Broadening the Impact of Inmunotherapy to Pancreatic Cancer: Challenges and
Opportunities. Gastroenterology 2019, 156, 2056—2072. [CrossRef] [PubMed]

6. Hawrylkiewicz, A.; Ptaszynska, N. Gemcitabine Peptide-Based Conjugates and Their Application in Targeted Tumor Therapy.
Molecules 2021, 26, 364. [CrossRef] [PubMed]

7.  Adiseshaiah, P.P; Crist, RM.; Hook, S.S.; McNeil, S.E. Nanomedicine strategies to overcome the pathophysiological barriers of
pancreatic cancer. Nat. Rev. Clin. Oncol. 2016, 13, 750-765. [CrossRef]

8.  El-Zahaby, S.A.; Elnaggar, Y.S.R.; Abdallah, O.Y. Reviewing two decades of nanomedicine implementations in targeted treatment
and diagnosis of pancreatic cancer: An emphasis on state of art. . Control. Release Off. ]. Control. Release Soc. 2019, 293, 21-35.
[CrossRef]

9.  Paroha, S.; Verma, J.; Dubey, R.D.; Dewangan, R.P.; Molugulu, N.; Bapat, R.A.; Sahoo, PK.; Kesharwani, P. Recent advances and
prospects in gemcitabine drug delivery systems. Int. J. Pharm. 2021, 592, 120043. [CrossRef]

10. Wen, P; Ke, W,; Dirisala, A.; Toh, K.; Tanaka, M.; Li, J. Stealth and pseudo-stealth nanocarriers. Adv. Drug Deliv. Rev. 2023,
198, 114895. [CrossRef]

11. Lj, J; Kataoka, K. Chemo-physical Strategies to Advance the in Vivo Functionality of Targeted Nanomedicine: The Next
Generation. J. Am. Chem. Soc. 2021, 143, 538-559. [CrossRef] [PubMed]

12. Cabral, H.; Miyata, K.; Osada, K.; Kataoka, K. Block Copolymer Micelles in Nanomedicine Applications. Chem. Rev. 2018,
118, 6844-6892. [CrossRef] [PubMed]

13.  Wang, J.; Zhang, X; Cen, Y,; Lin, X.; Wu, Q. Antitumor gemcitabine conjugated micelles from amphiphilic comb-like random
copolymers. Colloids Surf. B Biointerfaces 2016, 146, 707-715. [CrossRef]

14. Coppens, E.; Desmaele, D.; Mougin, J.; Tusseau-Nenez, S.; Couvreur, P.; Mura, S. Gemcitabine Lipid Prodrugs: The Key Role of
the Lipid Moiety on the Self-Assembly into Nanoparticles. Bioconjugate Chem. 2021, 32, 782-793. [CrossRef]

15. Emamzadeh, M.; Desmaele, D.; Couvreur, P.; Pasparakis, G. Dual controlled delivery of squalenoyl-gemcitabine and paclitaxel
using thermo-responsive polymeric micelles for pancreatic cancer. J. Mater. Chem. B 2018, 6, 2230-2239. [CrossRef] [PubMed]

16. Jin, Y,; Lian, Y,; Du, L.; Wang, S.; Su, C.; Gao, C. Self-assembled drug delivery systems. Part 6: In vitro/in vivo studies of
anticancer N-octadecanoyl gemcitabine nanoassemblies. Int. |. Pharm. 2012, 430, 276-281. [CrossRef] [PubMed]

17.  Jin, Y,; Lian, Y,; Du, L. Self-assembly of N-acyl derivatives of gemcitabine at the air/water interface and the formation of nanoscale
structures in water. Colloids Surf. A Physicochem. Eng. Asp. 2012, 393, 60-65. [CrossRef]

18. Inkoom, A.; Ndemazie, N.; Affram, K.; Smith, T.; Zhu, X.; Underwood, P.; Krishnan, S.; Ofori, E.; Han, B.; Trevino, J.; et al.
Enhancing efficacy of gemcitabine in pancreatic patient-derived xenograft mouse models. Int. |. Pharm. X 2020, 2, 100056.
[CrossRef]

19. Norouzi, P.; Amini, M.; Dinarvand, R.; Arefian, E.; Seyedjafari, E.; Atyabi, F. Co-delivery of gemcitabine prodrug along with anti
NEF-kappaB siRNA by tri-layer micelles can increase cytotoxicity, uptake and accumulation of the system in the cancers. Mater.
Sci. Eng. C Mater. Biol. Appl. 2020, 116, 111161. [CrossRef]

20. Wang, Y,; Fan, W,; Dai, X.; Katragadda, U.; McKinley, D.; Teng, Q.; Tan, C. Enhanced tumor delivery of gemcitabine via
PEG-DSPE /TPGS mixed micelles. Mol. Pharm. 2014, 11, 1140-1150. [CrossRef]

21. Lu,Z,;Su,],;Li, Z; Zhan, Y, Ye, D. Hyaluronic acid-coated, prodrug-based nanostructured lipid carriers for enhanced pancreatic
cancer therapy. Drug Dev. Ind. Pharm. 2017, 43, 160-170. [CrossRef] [PubMed]

22. Lansakara, PD.; Rodriguez, B.L.; Cui, Z. Synthesis and in vitro evaluation of novel lipophilic monophosphorylated gemcitabine
derivatives and their nanoparticles. Int. |. Pharm. 2012, 429, 123-134. [CrossRef] [PubMed]

23. Daman, Z.; Ostad, S.; Amini, M.; Gilani, K. Preparation, optimization and in vitro characterization of stearoyl-gemcitabine

polymeric micelles: A comparison with its self-assembled nanoparticles. Int. J. Pharm. 2014, 468, 142-151. [CrossRef]


https://doi.org/10.1038/s41571-019-0281-6
https://www.ncbi.nlm.nih.gov/pubmed/31705130
https://doi.org/10.1053/j.gastro.2023.02.012
https://doi.org/10.1038/s41467-023-40850-5
https://www.ncbi.nlm.nih.gov/pubmed/37607999
https://doi.org/10.1016/j.drup.2015.10.002
https://www.ncbi.nlm.nih.gov/pubmed/26690340
https://doi.org/10.1053/j.gastro.2018.12.038
https://www.ncbi.nlm.nih.gov/pubmed/30660727
https://doi.org/10.3390/molecules26020364
https://www.ncbi.nlm.nih.gov/pubmed/33445797
https://doi.org/10.1038/nrclinonc.2016.119
https://doi.org/10.1016/j.jconrel.2018.11.013
https://doi.org/10.1016/j.ijpharm.2020.120043
https://doi.org/10.1016/j.addr.2023.114895
https://doi.org/10.1021/jacs.0c09029
https://www.ncbi.nlm.nih.gov/pubmed/33370092
https://doi.org/10.1021/acs.chemrev.8b00199
https://www.ncbi.nlm.nih.gov/pubmed/29957926
https://doi.org/10.1016/j.colsurfb.2016.07.027
https://doi.org/10.1021/acs.bioconjchem.1c00051
https://doi.org/10.1039/C7TB02899G
https://www.ncbi.nlm.nih.gov/pubmed/32254563
https://doi.org/10.1016/j.ijpharm.2012.03.046
https://www.ncbi.nlm.nih.gov/pubmed/22486963
https://doi.org/10.1016/j.colsurfa.2011.11.001
https://doi.org/10.1016/j.ijpx.2020.100056
https://doi.org/10.1016/j.msec.2020.111161
https://doi.org/10.1021/mp4005904
https://doi.org/10.1080/03639045.2016.1226337
https://www.ncbi.nlm.nih.gov/pubmed/27553814
https://doi.org/10.1016/j.ijpharm.2012.03.014
https://www.ncbi.nlm.nih.gov/pubmed/22425885
https://doi.org/10.1016/j.ijpharm.2014.04.021

Pharmaceutics 2024, 16, 95 34 of 36

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Forciniti, S.; Dalla Pozza, E.; Greco, M.R.; Amaral Carvalho, T.M.; Rolando, B.; Ambrosini, G.; Carmona-Carmona, C.A.;
Pacchiana, R.; Di Molfetta, D.; Donadelli, M.; et al. Extracellular Matrix Composition Modulates the Responsiveness of
Differentiated and Stem Pancreatic Cancer Cells to Lipophilic Derivate of Gemcitabine. Int. . Mol. Sci. 2020, 22, 29. [CrossRef]
[PubMed]

Wu, L.; Zhang, E; Chen, X.; Wan, J.; Wang, Y.; Li, T.; Wang, H. Self-Assembled Gemcitabine Prodrug Nanoparticles Show
Enhanced Efficacy against Patient-Derived Pancreatic Ductal Adenocarcinoma. ACS Appl. Mater. Interfaces 2020, 12, 3327-3340.
[CrossRef] [PubMed]

Xu, Y.;; Geng, J.; An, P; Xu, Y,; Huang, J.; Lu, W.; Liu, S.; Yu, J. Cathepsin B-sensitive cholesteryl hemisuccinate-gemcitabine
prodrug nanoparticles: Enhanced cellular uptake and intracellular drug controlled release. RSC Adv. 2015, 5, 6985-6992.
[CrossRef]

Coppens, E.; Desmaele, D.; Naret, T.; Garcia-Argote, S.; Feuillastre, S.; Pieters, G.; Cailleau, C.; Paul, ].L.; Prost, B.; Solgadi, A.; et al.
Gemcitabine lipid prodrug nanoparticles: Switching the lipid moiety and changing the fate in the bloodstream. Int. J. Pharm.
2021, 609, 121076. [CrossRef]

Rejiba, S.; Reddy, L.H.; Bigand, C.; Parmentier, C.; Couvreur, P.; Hajri, A. Squalenoyl gemcitabine nanomedicine overcomes the
low efficacy of gemcitabine therapy in pancreatic cancer. Nanomed. Nanotechnol. Biol. Med. 2011, 7, 841-849. [CrossRef]
Maksimenko, A.; Caron, J.; Mougin, J.; Desmaele, D.; Couvreur, P. Gemcitabine-based therapy for pancreatic cancer using the
squalenoyl nucleoside monophosphate nanoassemblies. Int. J. Pharm. 2015, 482, 38—46. [CrossRef]

Rodriguez-Nogales, C.; Sebastian, V.; Irusta, S.; Desmaele, D.; Couvreur, P,; Blanco-Prieto, M.J. A unique multidrug nanomedicine
made of squalenoyl-gemcitabine and alkyl-lysophospholipid edelfosine. Eur. J. Pharm. Biopharm. Off. ]. Arbeitsgemeinschaft Pharm.
Verfahrenstechnik 2019, 144, 165-173. [CrossRef]

Lirussi, F; Pyrshev, K.; Yesylevskyy, S.; Rivel, T.; Lopez, T.; Coppens, E.; Mura, S.; Couvreur, P.; Ramseyer, C. Plasma membrane
lipid bilayer is druggable: Selective delivery of gemcitabine-squalene nano-medicine to cancer cells. Biochim. Biophys. Acta Mol.
Basis Dis. 2023, 1869, 166614. [CrossRef] [PubMed]

Sobot, D.; Mura, S.; Yesylevskyy, S.O.; Dalbin, L.; Cayre, F; Bort, G.; Mougin, J.; Desmaele, D.; Lepetre-Mouelhi, S.; Pieters, G.; et al.
Conjugation of squalene to gemcitabine as unique approach exploiting endogenous lipoproteins for drug delivery. Nat. Commun.
2017, 8, 15678. [CrossRef] [PubMed]

Rodriguez-Nogales, C.; Moreno, H.; Zandueta, C.; Desmaele, D.; Lecanda, F.; Couvreur, P.; Blanco-Prieto, M.]. Combinatorial
Nanomedicine Made of Squalenoyl-Gemcitabine and Edelfosine for the Treatment of Osteosarcoma. Cancers 2020, 12, 1895.
[CrossRef]

Rodriguez-Nogales, C.; Mura, S.; Couvreur, P,; Blanco-Prieto, M.]. Squalenoyl-gemcitabine /edelfosine nanoassemblies: Anticancer
activity in pediatric cancer cells and pharmacokinetic profile in mice. Int. . Pharm. 2020, 582, 119345. [CrossRef] [PubMed]

Li, Y,; Liu, Y.; Chen, Y.; Wang, K.; Luan, Y. Design, synthesis and antitumor activity study of a gemcitabine prodrug conjugated
with a HDACS6 inhibitor. Bioorganic Med. Chem. Lett. 2022, 72, 128881. [CrossRef]

Di, Y,; Gao, Y.; Gai, X.; Wang, D.; Wang, Y.; Yang, X.; Zhang, D.; Pan, W.; Yang, X. Co-delivery of hydrophilic gemcitabine and
hydrophobic paclitaxel into novel polymeric micelles for cancer treatment. RSC Adv. 2017, 7, 24030-24039. [CrossRef]

Rouco, H.; Diaz-Rodriguez, P.; Gaspar, D.P.; Goncalves, LM.D.; Cuerva, M.; Remunan-Lopez, C.; Almeida, A.J.; Landin, M.
Rifabutin-Loaded Nanostructured Lipid Carriers as a Tool in Oral Anti-Mycobacterial Treatment of Crohn’s Disease. Nanomaterials
2020, 10, 2138. [CrossRef]

Xu, Y.; Meng, H,; Du, F; Lu, W,; Liu, S.; Huang, J.; Yu, J. Preparation of intravenous injection nanoformulation of VESylated
gemcitabine by co-assembly with TPGS and its anti-tumor activity in pancreatic tumor-bearing mice. Int. |. Pharm. 2015,
495, 792-797. [CrossRef]

Fang, Y.; Du, E; Xu, Y,; Meng, H.; Huang, J.; Zhang, X.; Lu, W.; Liu, S.; Yu, J. Enhanced cellular uptake and intracellular drug
controlled release of VESylated gemcitabine prodrug nanocapsules. Colloids Surf. B Biointerfaces 2015, 128, 357-362. [CrossRef]
Guo, R,; Long, Y;; Lu, Z.; Deng, M.; He, P; Li, M.; He, Q. Enhanced stability and efficacy of GEM-TOS prodrug by co-assembly
with antimetastatic shell LMWH-TOS. Acta Pharm. Sin. B 2020, 10, 1977-1988. [CrossRef]

Abu-Fayyad, A.; Nazzal, S. Gemcitabine-vitamin E conjugates: Synthesis, characterization, entrapment into nanoemulsions, and
in-vitro deamination and antitumor activity. Int. J. Pharm. 2017, 528, 463—470. [CrossRef]

Gaudin, A.; Song, E.; King, A.R.; Saucier-Sawyer, J.K.; Bindra, R.; Desmaele, D.; Couvreur, P; Saltzman, WM. PEGylated
squalenoyl-gemcitabine nanoparticles for the treatment of glioblastoma. Biomaterials 2016, 105, 136—144. [CrossRef]

Li, J.; Wu, Y,; Wang, J.; Xu, X,; Zhang, A.; Li, Y.; Zhang, Z. Macrophage Membrane-Coated Nano-Gemcitabine Promotes
Lymphocyte Infiltration and Synergizes AntiPD-L1 to Restore the Tumoricidal Function. ACS Nano 2023, 17, 322-336. [CrossRef]
Logan, K.A.; Nesbitt, H.; Callan, B.; Gao, J.; McKaig, T.; Taylor, M.; Love, M.; McHale, A.P,; Callan, J.F. Synthesis of a gemcitabine-
modified phospholipid and its subsequent incorporation into a single microbubble formulation loaded with paclitaxel for the
treatment of pancreatic cancer using ultrasound-targeted microbubble destruction. Eur. J. Pharm. Biopharm. Off. ]. Arbeitsgemein-
schaft Pharm. Verfahrenstechnik 2021, 165, 374-382. [CrossRef]

Bulanadji, J.C.; Xue, A; Gong, X; Bean, P.A.; Julovi, 5S.M.; de Campo, L.; Smith, R.C.; Moghaddam, M.]. Biomimetic Gemcitabine—
Lipid Prodrug Nanoparticles for Pancreatic Cancer. ChemPlusChem 2020, 85, 1283-1291. [CrossRef]

Rathod, S.; Bahadur, P,; Tiwari, S. Nanocarriers based on vitamin E-TPGS: Design principle and molecular insights into improving
the efficacy of anticancer drugs. Int. J. Pharm. 2021, 592, 120045. [CrossRef]


https://doi.org/10.3390/ijms22010029
https://www.ncbi.nlm.nih.gov/pubmed/33375106
https://doi.org/10.1021/acsami.9b16209
https://www.ncbi.nlm.nih.gov/pubmed/31872760
https://doi.org/10.1039/C4RA13870H
https://doi.org/10.1016/j.ijpharm.2021.121076
https://doi.org/10.1016/j.nano.2011.02.012
https://doi.org/10.1016/j.ijpharm.2014.11.009
https://doi.org/10.1016/j.ejpb.2019.09.017
https://doi.org/10.1016/j.bbadis.2022.166614
https://www.ncbi.nlm.nih.gov/pubmed/36494037
https://doi.org/10.1038/ncomms15678
https://www.ncbi.nlm.nih.gov/pubmed/28555624
https://doi.org/10.3390/cancers12071895
https://doi.org/10.1016/j.ijpharm.2020.119345
https://www.ncbi.nlm.nih.gov/pubmed/32311470
https://doi.org/10.1016/j.bmcl.2022.128881
https://doi.org/10.1039/C7RA02909H
https://doi.org/10.3390/nano10112138
https://doi.org/10.1016/j.ijpharm.2015.09.030
https://doi.org/10.1016/j.colsurfb.2015.02.028
https://doi.org/10.1016/j.apsb.2019.06.008
https://doi.org/10.1016/j.ijpharm.2017.06.031
https://doi.org/10.1016/j.biomaterials.2016.07.037
https://doi.org/10.1021/acsnano.2c07861
https://doi.org/10.1016/j.ejpb.2021.05.018
https://doi.org/10.1002/cplu.202000253
https://doi.org/10.1016/j.ijpharm.2020.120045

Pharmaceutics 2024, 16, 95 35 of 36

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

de Castro, K.C.; Coco, ]J.C.; Dos Santos, E.M.; Ataide, J.A.; Martinez, R.M.; do Nascimento, M.H.M.; Prata, J.; da Fonte, P;
Severino, P.; Mazzola, P.G.; et al. Pluronic(R) triblock copolymer-based nanoformulations for cancer therapy: A 10-year overview.
J. Control. Release Off. ]. Control. Release Soc. 2023, 353, 802-822. [CrossRef]

Yu, J.; Qiu, H.; Yin, S.; Wang, H.; Li, Y. Polymeric Drug Delivery System Based on Pluronics for Cancer Treatment. Molecules 2021,
26, 3610. [CrossRef]

Bodratti, A.M.; Alexandridis, P. Formulation of Poloxamers for Drug Delivery. |. Funct. Biomater. 2018, 9, 11. [CrossRef]

Khaliq, N.U,; Lee, J.; Kim, S.; Sung, D.; Kim, H. Pluronic F-68 and F-127 Based Nanomedicines for Advancing Combination
Cancer Therapy. Pharmaceutics 2023, 15, 2102. [CrossRef]

Li, Y;; Tian, Y;; Jia, X,; Zhang, Z.; Sun, D.; Xie, H.; Zang, D.; Liu, T. Effect of pharmaceutical excipients on micellization of Pluronic
and the application as drug carrier to reverse MDR. J. Mol. Lig. 2023, 383, 122182. [CrossRef]

Rarokar, N.; Agrawal, R.; Yadav, S.; Khedekar, P.; Ravikumar, C.; Telange, D.; Gurav, S. Pteroyl-y-l-glutamate/ Pluronic® F68
modified polymeric micelles loaded with docetaxel for targeted delivery and reduced toxicity. J. Mol. Lig. 2023, 369, 120842.
[CrossRef]

Ingrungruengluet, P.; Wang, D.; Li, X.; Yang, C.; Waiprib, Y.; Li, C. Preparation and Primary Bioactivity Evaluation of Novel
Water-Soluble Curcumin-Loaded Polymeric Micelles Fabricated with Chitooligosaccharides and Pluronic F-68. Pharmaceutics
2023, 15, 2497. [CrossRef]

Dantas Lopes Dos Santos, D.; Besegato, ].E.; de Melo, P.B.G.; Oshiro Junior, ].A.; Chorilli, M.; Deng, D.; Bagnato, V.S.; Rastelli, A.N.S.
Curcumin-loaded Pluronic((R)) F-127 Micelles as a Drug Delivery System for Curcumin-mediated Photodynamic Therapy for
Oral Application. Photochem. Photobiol. 2021, 97, 1072-1088. [CrossRef]

Jung, S.Y.; Yoo, J.; Yang, K]J.; Jang, S.Y.; Yi, G.; Kim, D.K,; Koo, H. Intratympanic administration of alpha-lipoic acid-loaded
pluronic F-127 nanoparticles ameliorates acute hearing loss. Nanomed. Nanotechnol. Biol. Med. 2021, 32, 102329. [CrossRef]
Martins, J.N.L.; Lucredi, N.C.; Oliveira, M.C.; Oliveira, A.C.V.; Godoy, M.AF.,; S4-Nakanishi, A.B.; Bracht, L.; Cesar, G.B,;
Gongalves, R.S.; Vicentini, V.E.P,; et al. Poloxamers-based nanomicelles as delivery vehicles of hypericin for hepatic photodynamic
therapy. J. Drug Deliv. Sci. Technol. 2023, 79, 104043. [CrossRef]

Uner, B.; Ergin, A.D. Enhanced mitochondrial co-localization of 3-escin micelle and pancreatic tumor accumulation relation.
J. Drug Deliv. Sci. Technol. 2023, 89, 104994. [CrossRef]

Sun, Q.; Yang, J.; Wu, Q.; Shen, W.; Yang, Y.; Yin, D. Targeting Lysosome for Enhanced Cancer Photodynamic/Photothermal
Therapy in a “One Stone Two Birds” Pattern. ACS Appl. Mater. Interfaces 2023. [CrossRef]

Zong, ].; Peng, H.; Qing, X.; Fan, Z.; Xu, W.; Du, X,; Shi, R.; Zhang, Y. pH-Responsive Pluronic F127-Lenvatinib-Encapsulated
Halogenated Boron-Dipyrromethene Nanoparticles for Combined Photodynamic Therapy and Chemotherapy of Liver Cancer.
ACS Omega 2021, 6, 12331-12342. [CrossRef]

Kamya, E.; Yi, S.; Hussain, Z.; Lu, Z.; Li, W.; Yan, J.; Ma, F,; Ullah, I; Cao, Y.; Pei, R. Donor-Acceptor Engineering for Tailoring
Highly Efficient Photosensitizers for Image-Guided Antitumor Photodynamic Therapy. ACS Macro Lett. 2023, 12, 1549-1557.
[CrossRef]

Bonde, G.V,; Ajmal, G.; Yadav, S.K.; Mittal, P.; Singh, J.; Bakde, B.V.; Mishra, B. Assessing the viability of Soluplus(R) self-
assembled nanocolloids for sustained delivery of highly hydrophobic lapatinib (anticancer agent): Optimisation and in-vitro
characterisation. Colloids Surf. B Biointerfaces 2020, 185, 110611. [CrossRef]

Zhang, Z.; Cui, C.; Wei, E; Lv, H. Improved solubility and oral bioavailability of apigenin via Soluplus/Pluronic F127 binary
mixed micelles system. Drug Dev. Ind. Pharm. 2017, 43, 1276-1282. [CrossRef]

Grimaudo, M.A; Pescina, S.; Padula, C.; Santi, P.; Concheiro, A.; Alvarez-Lorenzo, C.; Nicoli, S. Poloxamer 407/ TPGS Mixed
Micelles as Promising Carriers for Cyclosporine Ocular Delivery. Mol. Pharm. 2018, 15, 571-584. [CrossRef]

Ch, S.; Padaga, S.G.; Ghosh, B.; Roy, S.; Biswas, S. Chitosan-poly(lactide-co-glycolide) / poloxamer mixed micelles as a mucoad-
hesive thermo-responsive moxifloxacin eye drop to improve treatment efficacy in bacterial keratitis. Carbohydr. Polym. 2023,
312,120822. [CrossRef]

Liu, F; Zhou, Y;; Liu, L.; Pan, H.; Liu, H. Effect of 2-ethylbutyric acid on thermodynamics stability of various nonionic surfactants
tanshione-loaded micelles. J. Mol. Lig. 2022, 362, 119775. [CrossRef]

Bernabeu, E.; Gonzalez, L.; Cagel, M.; Gergic, E.P.; Moretton, M.A.; Chiappetta, D.A. Novel Soluplus((R))-TPGS mixed micelles for
encapsulation of paclitaxel with enhanced in vitro cytotoxicity on breast and ovarian cancer cell lines. Colloids Surf. B Biointerfaces
2016, 140, 403-411. [CrossRef]

Shi, Y,; Zhu, H.; Ren, Y,; Li, K; Tian, B.; Han, J.; Feng, D. Preparation of protein-loaded PEG-PLA micelles and the effects of
ultrasonication on particle size. Colloid Polym. Sci. 2017, 295, 259-266. [CrossRef]

Li, W,; Zhang, X.; Zhang, C.; Yan, J.; Hou, X;; Du, S.; Zeng, C.; Zhao, W.; Deng, B.; McComb, D.W.; et al. Biomimetic nanoparticles
deliver mRNAs encoding costimulatory receptors and enhance T cell mediated cancer immunotherapy. Nat. Commun. 2021,
12,7264. [CrossRef]

Estado, J.d. Ley 14/2007, de 3 de Julio, de Investigacién Biomédica. 2007, BOE-A-2007-12945. Available online: https://www.boe.
es/buscar/doc.php?id=BOE-A-2007-12945 (accessed on 5 April 2023).

Farto-Vaamonde, X.; Diaz-Gomez, L.; Parga, A.; Otero, A.; Concheiro, A.; Alvarez-Lorenzo, C. Perimeter and carvacrol-loading
regulate angiogenesis and biofilm growth in 3D printed PLA scaffolds. J. Control. Release Off. ]. Control. Release Soc. 2022,
352,776-792. [CrossRef]


https://doi.org/10.1016/j.jconrel.2022.12.017
https://doi.org/10.3390/molecules26123610
https://doi.org/10.3390/jfb9010011
https://doi.org/10.3390/pharmaceutics15082102
https://doi.org/10.1016/j.molliq.2023.122182
https://doi.org/10.1016/j.molliq.2022.120842
https://doi.org/10.3390/pharmaceutics15102497
https://doi.org/10.1111/php.13433
https://doi.org/10.1016/j.nano.2020.102329
https://doi.org/10.1016/j.jddst.2022.104043
https://doi.org/10.1016/j.jddst.2023.104994
https://doi.org/10.1021/acsami.3c13162
https://doi.org/10.1021/acsomega.1c01346
https://doi.org/10.1021/acsmacrolett.3c00500
https://doi.org/10.1016/j.colsurfb.2019.110611
https://doi.org/10.1080/03639045.2017.1313857
https://doi.org/10.1021/acs.molpharmaceut.7b00939
https://doi.org/10.1016/j.carbpol.2023.120822
https://doi.org/10.1016/j.molliq.2022.119775
https://doi.org/10.1016/j.colsurfb.2016.01.003
https://doi.org/10.1007/s00396-016-4002-8
https://doi.org/10.1038/s41467-021-27434-x
https://www.boe.es/buscar/doc.php?id=BOE-A-2007-12945
https://www.boe.es/buscar/doc.php?id=BOE-A-2007-12945
https://doi.org/10.1016/j.jconrel.2022.10.060

Pharmaceutics 2024, 16, 95 36 of 36

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Diaz-Rodriguez, P.; Gonzalez, P,; Serra, J.; Landin, M. Key parameters in blood-surface interactions of 3D bioinspired ceramic
materials. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 41, 232-239. [CrossRef]

Zuccari, G.; Alfei, S.; Zorzoli, A.; Marimpietri, D.; Turrini, E; Baldassari, S.; Marchitto, L.; Caviglioli, G. Increased Water-Solubility
and Maintained Antioxidant Power of Resveratrol by Its Encapsulation in Vitamin E TPGS Micelles: A Potential Nutritional
Supplement for Chronic Liver Disease. Pharmaceutics 2021, 13, 1128. [CrossRef]

Thapa, R K.; Cazzador, F; Gronlien, K.G.; Tonnesen, H.H. Effect of curcumin and cosolvents on the micellization of Pluronic F127
in aqueous solution. Colloids Surf. B Biointerfaces 2020, 195, 111250. [CrossRef]

Basak, R.; Bandyopadhyay, R. Encapsulation of hydrophobic drugs in Pluronic F127 micelles: Effects of drug hydrophobicity,
solution temperature, and pH. Langmuir 2013, 29, 4350-4356. [CrossRef]

Tehrani, S.F.; Bharadwaj, P.; Leblond Chain, J.; Roullin, V.G. Purification processes of polymeric nanoparticles: How to improve
their clinical translation? J. Control. Release Off. ]. Control. Release Soc. 2023, 360, 591-612. [CrossRef]

Prasanthan, P; Kishore, N. Self-assemblies of pluronic micelles in partitioning of anticancer drugs and effectiveness of this system
towards target protein. RSC Adv. 2021, 11, 22057-22069. [CrossRef]

Tripathi, N.; Singhvi, G.; Roy, A.; Kuperkar, K.; Bahadur, P. Nanoscale Pluronic® micellar templates with varying %EO content for
controlled drug release and cytotoxicity. J. Mol. Liq. 2023, 384, 122215. [CrossRef]

Ko, N.R;; Lee, S.J.; Chandrasekaran, A.P; Tyagi, A.; Ramakrishna, S.; Kim, S.Y.; Kim, D.W.; Pack, C.G.; Oh, S.J. Smart Vitamin
Micelles as Cancer Nanomedicines for Enhanced Intracellular Delivery of Doxorubicin. Int. J. Mol. Sci. 2021, 22, 1298. [CrossRef]
Raval, A.; Pillai, S.A.; Bahadur, A.; Bahadur, P. Systematic characterization of Pluronic® micelles and their application for
solubilization and in vitro release of some hydrophobic anticancer drugs. J. Mol. Liq. 2017, 230, 473-481. [CrossRef]
Vivero-Lopez, M.; Sparacino, C.; Quelle-Regaldie, A.; Sanchez, L.; Candal, E.; Barreiro-Iglesias, A.; Huete-Toral, F; Carracedo, G.;
Otero, A.; Concheiro, A.; et al. Pluronic(R)/casein micelles for ophthalmic delivery of resveratrol: In vitro, ex vivo, and in vivo
tests. Int. J. Pharm. 2022, 628, 122281. [CrossRef]

Dang, L.H.; Vu, M.T,; Chen, J.; Nguyen, C.K,; Bach, L.G.; Tran, N.Q.; Le, V.T. Effect of Ultrasonication on Self-Assembled
Nanostructures Formed by Amphiphilic Positive-Charged Copolymers and Negative-Charged Drug. ACS Omega 2019,
4, 4540-4552. [CrossRef]

Song, Y,; Tian, Q.; Huang, Z.; Fan, D.; She, Z.; Liu, X.; Cheng, X.; Yu, B.; Deng, Y. Self-assembled micelles of novel amphiphilic
copolymer cholesterol-coupled F68 containing cabazitaxel as a drug delivery system. Int. ]. Nanomed. 2014, 9, 2307-2317.
[CrossRef]

Alvarez-Lorenzo, C.; Sosnik, A.; Concheiro, A. PEO-PPO block copolymers for passive micellar targeting and overcoming
multidrug resistance in cancer therapy. Curr. Drug Targets 2011, 12, 1112-1130. [CrossRef]

Dong, K.; Zhang, M,; Liu, Y.; Gao, X.; Wu, X,; Shi, D.; Guo, C.; Wang, ]. Pterostilbene-Loaded Soluplus/Poloxamer 188 Mixed
Micelles for Protection against Acetaminophen-Induced Acute Liver Injury. Mol. Pharm. 2023, 20, 1189-1201. [CrossRef]
Pignatello, R.; Corsaro, R.; Bonaccorso, A.; Zingale, E.; Carbone, C.; Musumeci, T. Soluplus((R)) polymeric nanomicelles improve
solubility of BCS-class II drugs. Drug Deliv. Transl. Res. 2022, 12, 1991-2006. [CrossRef]

Sanhaji, M.; Goring, J.; Couleaud, P,; Aires, A.; Cortajarena, A.L.; Courty, ].; Prina-Mello, A.; Stapf, M.; Ludwig, R.; Volkov, Y.; et al.
The phenotype of target pancreatic cancer cells influences cell death by magnetic hyperthermia with nanoparticles carrying
gemicitabine and the pseudo-peptide NucAnt. Nanomed. Nanotechnol. Biol. Med. 2019, 20, 101983. [CrossRef]

Fryer, R.A.; Barlett, B.; Galustian, C.; Dalgleish, A.G. Mechanisms underlying gemcitabine resistance in pancreatic cancer and
sensitisation by the iMiD lenalidomide. Anticancer Res. 2011, 31, 3747-3756.

Arranja, A.; Schroder, A.P.,; Schmutz, M.; Waton, G.; Schosseler, F.; Mendes, E. Cytotoxicity and internalization of Pluronic micelles
stabilized by core cross-linking. J. Control. Release Off. ]. Control. Release Soc. 2014, 196, 87-95. [CrossRef]

Zhang, S.; Zheng, F,; Liu, K,; Liu, S.; Xiao, T.; Zhu, Y.; Xu, L. Mitochondria-Targeting Polymer Micelles in Stepwise Response
Releasing Gemcitabine and Destroying the Mitochondria and Nucleus for Combined Antitumor Chemotherapy. Int. J. Mol. Sci.
2022, 23, 12624. [CrossRef]

Sakai-Kato, K.; Un, K.; Nanjo, K.; Nishiyama, N.; Kusuhara, H.; Kataoka, K.; Kawanishi, T.; Goda, Y.; Okuda, H. Elucidating the
molecular mechanism for the intracellular trafficking and fate of block copolymer micelles and their components. Biomaterials
2014, 35, 1347-1358. [CrossRef]

Loureiro, A.; Noro, J.; Abreu, A.S.; Nogueira, E.; Soares da Costa, D.; Silva, C.; Cavaco-Paulo, A. Absence of Albumin Improves in
Vitro Cellular Uptake and Disruption of Poloxamer 407-Based Nanoparticles inside Cancer Cells. Mol. Pharm. 2018, 15, 527-535.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.msec.2014.04.058
https://doi.org/10.3390/pharmaceutics13081128
https://doi.org/10.1016/j.colsurfb.2020.111250
https://doi.org/10.1021/la304836e
https://doi.org/10.1016/j.jconrel.2023.06.038
https://doi.org/10.1039/D1RA03770F
https://doi.org/10.1016/j.molliq.2023.122215
https://doi.org/10.3390/ijms222011298
https://doi.org/10.1016/j.molliq.2017.01.065
https://doi.org/10.1016/j.ijpharm.2022.122281
https://doi.org/10.1021/acsomega.8b03346
https://doi.org/10.2147/IJN.S61220
https://doi.org/10.2174/138945011795906615
https://doi.org/10.1021/acs.molpharmaceut.2c00881
https://doi.org/10.1007/s13346-022-01182-x
https://doi.org/10.1016/j.nano.2018.12.019
https://doi.org/10.1016/j.jconrel.2014.10.001
https://doi.org/10.3390/ijms232012624
https://doi.org/10.1016/j.biomaterials.2013.11.027
https://doi.org/10.1021/acs.molpharmaceut.7b00893

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of the VES-GEM Conjugate 
	Characterization of the VES-GEM Conjugate 
	HPLC Quantification Methods 
	Stability of GEM and the VES-GEM Conjugate 
	Pluronic®/VES-GEM Micelle Preparation 
	Influence of the VES-GEM Conjugate on the Micellization Process 
	Pluronic®/Soluplus®@VES-GEM Mixed Micelle Preparation 
	Micelle Characterization 
	Micelle Size, ZP and PDI 
	Encapsulation Efficiency and Drug Loading 
	Transmission Electron Microscopy (TEM) 
	UV-VIS Spectra 

	VES-GEM Conjugate Release Profile 
	Solubilization Capacity of Tween 80 
	Stability of the Micelles 
	Blood Compatibility 
	Cell Viability 
	In Vitro Cell Uptake 
	Statistical Analysis 

	Results and Discussion 
	Synthesis and Characterization of VES-GEM 
	Stability of the Free Drug and Conjugate 
	Pluronic®/VES-GEM Conjugate Micelle Preparation and Characterization 
	Critical Micelle Concentration of the Pluronic®/VES-GEM Micelles 
	Addition of Co-Surfactant 
	Drug Release from Pluronic®/VES-GEM Micelles 
	Stability of Pluronic®/VES-GEM Micelles 
	Blood Compatibility 
	Cell Viability Assay 
	Cell Uptake 

	Conclusions 
	References

