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Several biomaterial-based supramolecular systems (cyclodextrins [1], calixarenes [2,3],
polymers [4], carbon nanotubes [5], nanoparticles [6,7], liposomes [3,8], nanogels [9], and
nanocomplexes [10], among others) have been widely used for biomedical applications,
such as gene and drug delivery. Numerous researchers have developed novel supramolec-
ular systems for enhancing their biocompatibility and pharmacological activity, thus in-
creasing their therapeutic properties. These nanosystems are considered to be promising
platforms in gene therapy and drug delivery due to their higher transfection (or encapsula-
tion) efficiency and low cytotoxicity.

This Special Issue, “Supramolecular Systems for Gene and Drug Delivery”, brings
together the latest research articles, published in Pharmaceutics. Noticeably, 10 original
research articles were published by authors from 12 different countries on what is a hot
topic in this research field.

I. Asela et al. [1] prepared nanosponges based on 3-cyclodextrin (3CDNS), which were
loaded with the drugs phenylethylamine (PhEA) and 2-amino-4-(4-chlorophenyl)-thiazole
(AT). Subsequently, the supramolecular fCDNS drug complexes were functionalized with
gold nanoparticles (AuNPs), forming the BCDNS-PhEA-AuNP and fCDNS-AT-AuNP
systems. The drug-loading capacity was higher for the 3CDNS and BCDNS-drug-AuNP
systems than with native BCD.

B. Gomez-Gonzdlez et al. [2] studied the formation of inclusion complexes between
alkyl sulfonate guests and a cationic pillar [5] arene receptor in water using NMR and ITC
measurements. The results demonstrated the formation of host-guest complexes stabilized
by electrostatic interactions and hydrophobic effects.

J. A. Lebroén et al. [3] studied the formation of calixarene-based liposomes. Four
amphiphilic calixarenes were used. The lipid bilayer was formed with one calixarene
and with the phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). The
liposomes containing the least cytotoxic calixarene (TEAC1,)4 were used as nanocarriers
of both nucleic acids and the antineoplastic drug doxorubicin (DOX). The results showed
that (TEACy7)4/DOPE/p-EGFP-C1 lipoplexes, of a given composition, can transfect the
genetic material, although the transfection efficiency substantially increases in the presence
of an additional amount of DOPE as coadjuvant. On the other hand, the (TEAC;;)s/DOPE
liposomes showed a high doxorubicin encapsulation efficiency and a slow controlled
release, which could diminish the side effects of the drug.

V. Karava et al. [4] prepared microparticles (MPs) based on newly synthesized poly(l-
lactic acid)-co-poly(butylene adipate) (PLA /PBAd) block copolymers for the preparation
of aripiprazole (ARI)-loaded long-acting injectable (LAI) formulations. In terms of in vitro
dissolution profile, results suggested that the newly synthesized PLA /PBAd block copoly-
mers can successfully control the release rate and extent of the API’s release from the
prepared MPs, indicating that, probably, under in vivo conditions, their use may lead
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to new formulations that will be able to maintain a continuous therapeutic level for an
extended period of time, with reduced lag time compared to the currently marketed ARI
LAI product.

L. Tang et al. [5] successfully prepared a multi-walled carbon nanotube (MWNT)-
based drug delivery system with the synergistic effect of PTT photothermal therapy and
chemotherapy for efficient tumor removal. The integration of photothermal agents ICG-
NH2 to MWNT was achieved by linking hyaluronic acid (HA). To realize the synergistic
therapeutic effect of chemotherapy and phototherapy, DOX was attached on the wall of
MWNT via a 7—m interaction to obtain the final MWNT-HA-ICG/DOX nanocomplexes.
Both in vitro and in vivo experiments verified the great therapeutic efficacy of MWNT-HA-
ICG/DOX nanocomplexes.

L.S. Mbatha et al. [6] formulated folic acid (FA)-modified, poly-amidoamine-generation-
5 (PAMAM G5D)-grafted gold nanoparticles (AuNPs) and evaluated their cytotoxicity
and transfection efficiency using the luciferase reporter gene (FLuc-mRNA) in vitro. These
nanosystems showed low cytotoxicity and good transfection efficiency.

S.Yin et al. [7] prepared NPs based on the insertion of two types of functional peptides,
half-life extension peptide PAS and tumor-targeting peptide RGDK (Arg-Gly-Asp-Lys),
into human heavy-chain ferritin (HFn) at the C-terminal through flexible linkers with two
distinct enzyme-cleavable sites. RGDK peptide enhanced the internalization efficiency
of HFn and showed a significant increase in growth inhibition. Pharmacokinetic study
in vivo demonstrated that PAS peptides extended ferritin half-life. RGDK peptides greatly
enhanced drug accumulation in the tumor site, rather than in other organs, in a biodistribu-
tion analysis. Drug-loaded, PAS-RGDK-functionalized HFns curbed tumor growth with
significantly greater efficacies in comparison with drug-loaded HFn.

C. E. Torres et al. [8] prepared magnetoliposomes (MLP), which are liposomes that
contain magnetite nanoparticles (MNP) inside. This study presents a low-cost microfluidic
approach for the synthesis and purification of MLPs to improve their biocompatibility, with
functional testing via hemolysis, platelet aggregation, cytocompatibility, internalization,
and endosomal escape assays to determine their potential application in gastrointestinal
delivery. In addition, the authors achieved encapsulation efficiencies between 20% and 90%
by varying the total flow rates (TFRs), flow rate ratios (FRRs), and MNP concentrations.

F. Bintang Ilhami et al. [9] developed a new concept in cooperative adenine—uracil
(A-U) hydrogen bonding interactions between anticancer drugs and nanocarrier complexes,
which was successfully demonstrated by invoking the co-assembly of water-soluble, uracil
end-capped polyethylene glycol polymer (BU-PEG) upon association with the hydrophobic
drug adenine-modified rhodamine (A-R6G). This concept holds promise as a smart and
versatile drug delivery system, which leads to the formation of self-assembled A-R6G/BU-
PEG nanogels in aqueous solution, for the achievement of targeted, more efficient cancer
chemotherapy.

A. Jagusiak et al. [10] described the Congo red-doxorubicin (CR-DOX) complexes, ana-
lyzed their interaction with some proteins, and explained the mechanism of this interaction.
This kind of interaction between CR-DOX and the described proteins may in future become
an important therapeutic system, with the possibility of targeted drug transport and deliv-
ery. Supramolecular ribbon-like CR complexed with doxorubicin is a promising system in
the treatment of cancers and may open new avenues for novel treatment strategies.
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Abstract: Drugs are widely used as therapeutic agents; however, they may present some limitations.
To overcome some of the therapeutic disadvantages of drugs, the use of -cyclodextrin-based
nanosponges (BCDNS) constitutes a promising strategy. FCDNS are matrices that contain multiple
hydrophobic cavities, increasing the loading capacity, association, and stability of the included drugs.
On the other hand, gold nanoparticles (AuNPs) are also used as therapeutic and diagnostic agents
due to their unique properties and high chemical reactivity. In this work, we developed a new
nanomaterial based on FCDNS and two therapeutic agents, drugs and AuNPs. First, the drugs
phenylethylamine (PhEA) and 2-amino-4-(4-chlorophenyl)-thiazole (AT) were loaded on CDNS.
Later, the BCDNS-drug supramolecular complexes were functionalized with AuNPs, forming the
BCDNS-PhEA-AuNP and CDNS-AT-AuNP systems. The success of the formation of CDNS and
the loading of PhEA, AT, and AuNPs was demonstrated using different characterization techniques.
The loading capacities of PhEA and AT in BCDNS were 90% and 150%, respectively, which is eight
times higher than that with native BCD. The functional groups SH and NH, of the drugs remained
exposed and allowed the stabilization of the AuNPs, 85% of which were immobilized. These unique
systems can be versatile materials with an efficient loading capacity for potential applications in the
transport of therapeutic agents.

Keywords: 3-cyclodextrin-based nanosponge; phenylethylamine; 2-amino-4-(4-chlorophenyl)thiazole
(AT); gold nanoparticles; carrier of therapeutic agents

1. Introduction

B-cyclodextrin (BCD) is a cyclic oligosaccharide approved by the FDA (Food and Drug
Administration) that has been widely used as a pharmaceutical excipient in food products,
textiles, cosmetics, and medical products [1]. In modern drug delivery investigations, 3CD has
been used as a host molecule for the preparation of drug carrier systems in diverse forms, such
as vesicles, hydrogels, micelles, metal-organic systems, and nanoparticles [2-6]. Structural
modifications of native BCD have been shown to increase its inclusion capacity and
solubility and have allowed bioapplications of a large number of guest biomolecules [7-9].
An innovative modification to BCD recently studied was the synthesis of a polymeric cross-
linked network, forming a highly porous and branched matrix of nanometric dimensions
called the 3-cyclodextrin-based nanosponge (CDNS) [10,11]. This nanostructure contains
multiple lipophilic cavities and carbonate bridges, leading to a network of hydrophilic

Pharmaceutics 2021, 13, 513. https:/ /doi.org/10.3390 /pharmaceutics13040513
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channels [12], which allows BCDNS to serve as a polymeric conjugate, increasing the
loading capacity, association, and stability of the included drugs [7,13-19]. Notably, a high
loading capacity is a characteristic feature of CDNS since they can interact with different
molecules of suitable dimensions, using either the cavities of CD or the multiple pores
generated in the crosslinking [7,11,12]. Due to the above, studies on 3CDNS applied to
drug administration have been reported.

Drugs are some of the most widely used therapeutic agents; however, they may present
some limitations, such as early instability, poor aqueous solubility, and low bioavailability.
Therefore, strategies for the inclusion of drugs in matrices of native or modified BCD have
been an excellent alternative for solving these disadvantages. In this work, the loading
of the drugs phenylethylamine (PhEA) and 2-amino-4-(4-chlorophenyl)-thiazole (AT) on
BCDNS was studied, which led to formation of two new systems: FCDNS-PhEA and
BCDNS-AT. PhEA is a psychoactive stimulant that is used as an antidepressant without
inducing tolerance; however, it is rapidly metabolized in organisms by the MAO-B enzyme,
making it difficult to reach the site of action [20,21]. AT is a thiazole derivative that is
currently used as an antimicrobial and anti-inflammatory agent but is rapidly degraded and
has a poor aqueous solubility [22-24]. Our group previously studied complex formation
between native 3CD and these drugs. An increase was reported in the aqueous solubility
and stability of PhEA over time due to its inclusion; in addition, the drug was released
from the BCD-PhEA complex using laser irradiation and gold nanoparticles (AuNPs)
present in the medium [25]. The inclusion of AT in BCD increased its aqueous solubility,
allowing the application of higher doses in in vitro studies of permeability and antibacterial
activity. Finally, it was demonstrated that the CD-AT complex maintained its antibacterial
activity against six strains of clinical relevance [26]. In this sense, the incorporation of
BCDNS could show novel results, increasing the loading capacity or solubility, among
other advantages [7,10,11,16]. Notably, AuNPs could also be added as a remarkable second
therapeutic agent.

AuNPs have been widely employed in nanobiotechnology due to their unique proper-
ties, which allow them to be incorporated into new nanomaterials [27]. The main charac-
teristics of AuNPs include their optoelectronic properties, as surface plasmon resonance
(SPR), which are related to their shape, size, and large surface-to-volume ratio; besides
its excellent biocompatibility and low toxicity [28]. The chemical reactivity of the surface
atoms of AuNPs allows their functionalization and assembly with various chemical species,
enabling their application in chemical and biological sensing, imaging, therapeutics, detec-
tion and diagnostics, biolabeling, and drug delivery [29-35]. Notably, AuNPs have been
used as therapeutic and diagnostic agents, even in hard-to-reach places, such as the brain,
since they can cross the blood-brain barrier [36—40]. Due to their photothermal properties,
AuNPs can release compounds that are attached or close to its surface, such as drugs, at
specific sites of action in a controlled manner due to the generation of thermal energy
when excited by a laser specifically tuned to the SPR frequency [25,41,42]. Furthermore,
AuNPs can accumulate passively in sites with an immature vasculature and with exten-
sive fenestrations, such as tumor tissues, or in injured sites where an immune response
develops. This is called the enhanced permeability and retention effect (EPR effect) [43—45].
It has been shown that the EPR effect combined with a longer blood circulation time of
some types of nanoparticles can increase drug concentrations in tumors by 10 to 100 times
compared to the use of free drugs [46]. In recent years, a series of complexes based on 3CD
have allowed the stabilization of AuNPs, building systems with promising applications
in biological and chemical areas [25,26,47-53]. Therefore, if properly designed, BCDNS
loaded with drugs and AuNPs could be used as new systems with biomedical applications,
acting synergistically in nanotherapy.

In this work, we propose the development of a new system based on FCDNS for the
transport of two therapeutic agents, drugs and AuNPs. For this, inclusions of PhEA and AT
were studied separately. Later, the complexes were functionalized with AuNPs, forming
the BCDNS-PhEA-AuNP and CDNS-AT-AuNP systems. We believe that these unique
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systems, based on BCDNS, drugs, and AuNPs, can be versatile materials with potential
applications in the therapy and diagnosis of diseases.

2. Materials and Methods
2.1. Material

Anhydrous BCD (CyH79Oz35) > 97%, 1134.98 g/mol; diphenylcarbonate (DPC,
CsHs50),CO) 99%, 214.22 g/mol; PhEA (CgH;1N) > 99.5%, 121.18 g/mol, density (§):
0.962 g/mL; AT (CoH7CIN,S) > 98%, 210.68 g/mol; sodium hydroxide (NaOH) > 97%,
40.00 g/mol; tetrachloroauric acid (HAuCly) > 99.9%, 393.83 g/mol; and sodium citrate
(NazCgHs507) > 99%, 294.10 g/mol were provided by Merck (Merck, Darmstadt, Germany).
Ultrapure water (18 MWem~ 1) was obtained from a Milli-Q water system (Synergy UV
equipment, Merck, Darmstadt, Germany).

2.2. Synthesis of B-Cyclodextrin Nanosponges

For BCDNS synthesis, anhydrous BCD and DPC were used as precursors. Synthesis
was carried out by adapting Patel’s protocol [54]. CD (0.189 g) and 0.143 g of DPC were
mixed in solid state at a 1:4 molar ratio CD:DPC. A round-bottom flask with the mixture
was heated inside an oil bath on a heating plate, with constant stirring for 5 h at 100 °C,
observing its melting. The solid mixture obtained was ground in a mortar, washed with
distilled water, and filtered under vacuum. The product was washed in a Soxhlet apparatus
with acetone for 24 h, to remove phenol by-product. Later, it was moistened with water
and dried for 2 h in a vacuum system using a Buchner funnel connected to a Kitasato flask
to remove trace BCD. Finally, the product was dried for 72 h at 65 °C and stored.

2.3. B-Cyclodextrin Nanosponges Loading with Drugs

To load BCDNS with PhEA and AT, the saturated solutions method [55] was used
with minor modifications. BCDNS were dispersed in a NaOH 0.1 M solution at room
temperature, while the drugs were dissolved in ethanol. The solutions were mixed under
constant agitation for 15 min and then left without agitation for 24 h. The resulting solution
was centrifuged, and the supernatant was lyophilized and reserved [56,57]. The loading
capacity of the BCDNS-PhEA and BCDNS-AT systems was calculated from the weights of
BCD and drugs obtained using Equation (1) [58].

Weight of drug in CDNS

Loading capacity = o of BCD in BCDNS

x 100 1)

2.4. Association Constant, K,

For both drugs, studies were performed following the Higuchi and Connors
method [59]. First, known concentrations (C) of each drug were measured by UV-Vis.
From the Amax vs. C graph, the slope corresponded to the ¢ of each drug. Then, the BCDNS
concentration versus the loaded drug concentration (calculated by Beer-Lambert law) was
plotted. The value of the slope of the graphs related the amount of BCDNS added to the
amount of solubilized drug, indicating the degree of solubilization. Degree of solubilization
was used to calculate the association constant (K;) and complexation efficiency of each
system using Equations (2) and (3), respectively.

Degree of solubilization
[Co](1 — Degree of solubilization)

Koy = 2

Degree of solubilization
(1 — Degree of solubilization)

(©)

Complexation efficiency = Ky (1.1)[Co] =

[Co] corresponds to the concentration of the free drug in the absence of CDNS.
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2.5. Synthesis of Gold Nanoparticles and Their Immobilization on B-Cyclodextrin
Nanosponges—Drug Systems

Synthesis of AuNPs was performed using the Turkevich method [60]. A reflux system
on a round-bottom flask (with three necks) was mounted by placing a thermometer, a
condenser, and a rubber stopper on each neck. Here, 0.474 mL of HAuCly was added with
18 mL of water. Sodium citrate (22.8 mg) was dissolved in 2.0 mL of water and heated at
60 °C for approximately 5 min. When aqueous solution of HAuCl, was refluxed and the
gas-liquid equilibrium stabilized at a temperature of 186 °C, the citrate solution (at 60 °C)
was added through the neck with the stopper. The reflux was continued under constant
agitation (6x g) for 30 min until a deep red solution was obtained. Later, the solution was
cooled slowly to room temperature. The obtained AuNPs were filtered, diluted, set to pH
8.8 using an NaOH solution, and stored at 4 °C.

Immobilization was carried out via solubilization of the fCDNS-drug supramolecular
complexes in an alkaline environment of AuNPs, setting the pH to 8.8 using NaOH. These
mixtures formed homogeneous colloidal solutions that were centrifuged to decant only the
BCDNS-drug systems interacting with AuNPs. Once the systems BCDNS-drug-AuNP
were separated from the supernatant, they were resuspended in a new aqueous solution,
forming the systems FCDNS-AT-AuNP and BCDNS-PhEA-AuNP. The concentration of
AuNPs was calculated using UV-Vis spectroscopy. The molar extinction coefficient was
obtained from the literature [61,62], and it was applied together with the Beer-Lambert
equation.

2.6. Analysis by Nuclear Magnetic Resonance of Protons, ' H-NMR
All the samples were dissolved in deuterated dimethylsulfoxide (DMSO)-de.

2.7. Preparation of Samples for Studies by Scanning and Transmission Electron Microscopy, SEM
and TEM

For SEM studies, the CD and BCDNS samples were prepared directly depositing the
solid material onto carbon tape, then a gold coating was applied using magneton sputtering
(pressure 0.5 mbar, Ar atmosphere, current 25 mA over 15s). BCDNS-drug-AuNP samples
were prepared by dropping aliquots on carbon tape, allowing them to dry overnight. The
AuNPs immobilized on FCDNS-drug systems allowed the conductivity of these samples.

For TEM studies, the CD and CDNS samples were dissolved in ethanol (20% v/v),
then mixed, sonicated, and dripped onto a copper grid with a continuous Formvar film.
The BCDNS-drug samples were dissolved in ethanol (20% ©v/v), then mixed, sonicated,
and dripped onto a holey carbon grid. Finally, all these samples were stained with phospho-
tungstic acid. The AuNPs samples were deposited directly on the grid with a continuous
Formvar film.

2.8. Preparation of the Samples for Studies by Dynamic Light Scattering (DLS) and { Potential

BCDNS and BCDNS-drugs were redispersed to measurements. To determine the size
distribution of the samples, the results were retrieved from the intensity distribution values
using the cumulant method. The measurement conditions were set for organic CD-based
samples (refraction index: 1.49 and k: 0).

AuNPs and AuNPs with fCDNS-drug were diluted 10x for measurements. Son-
ication and filtration were performed through a 0.45 um filter. To determine the size
distribution of AuNPs on the samples, the results were retrieved from the intensity dis-
tribution values using the cumulant method. On the other hand, the Smoluchowski
approximation was used to calculate the  potentials from the measured electrophoretic
mobility. The measurement conditions were set for colloidal gold samples (refraction index:
1.33 and k: 0.20).
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2.9. Equipment Used for Characterization of the Samples
2.9.1. Nuclear Magnetic Resonance of Protons, "H-NMR

TH-NMR characterizations of the BCDNS, PhEA, AT, and BCDNS-drug samples were
performed in a Bruker Advance 400 MHz instrument (Bruker, Billerica, MA, USA) at
30 °C using TMS as an internal reference. The MestreNova program was used for data
processing.

2.9.2. Infrared Spectroscopy, IR

The analyses were performed on a Jasco FT/IR-4600 instrument (Jasco, Easton, PA,
USA). Spectral resolution: 1 cm !, number of scans: 4. CO, and H,O correction through
the software of the equipment was made. Baseline correction of KBr was performed.

2.9.3. Thermogravimetric Analysis, TGA

Analyses were performed on Perkin-Elmer model 4000 equipment (Perkin-Elmer,
Waltham, MA, USA) over a temperature range from 0 °C to 800 °C with a rate of 10 °C/min
under an air atmosphere with a flow of 20 mL/min.

2.9.4. Scanning and Transmission Electron Microscopy, SEM and TEM

For both characterizations, Inspect F50 HR-SEM instrument (Fei Company, Hillsboro,
OR, USA) was used. For the scanning electron microscopy (SEM) images, an Everhart-
Thornley detector was used, while for the transmission electron microscopy (TEM) images,
the detector was scanning transmission electron microscope (STEM). An acceleration
voltage of 10.0 kV, pressure of 9.71 x 1078 Pa, and observation magnitudes of 16,000 and
100,000 x were used.

2.9.5. UV-Visible Spectrophotometry

A Shimadzu UV-2450 instrument (Shimadzu, Kyoto, Japan) was employed to obtain
the absorbance spectra. Measurements were made in 1.0 cm diameter quartz cuvettes
between 200 and 800 nm using water at pH 8.8 as the reference. The UVProve program,
version 1.10, was used for data processing.

2.9.6. Dynamic Light Scattering (DLS) and ¢ Potential

The samples were measured on a Malvern Zetasizer Nano ZS instrument (Malvern,
Malvern, UK).

2.9.7. Lyophilization of the Samples

BenchTop Pro, Omnitronic team equipment, SP Scientific (Omnitronic team, Gardiner,
NY, USA) was used.

For data processing and graphic design, OriginPro 8.0 software (OriginLab, Northamp-
ton, MA, USA) was used.

2.9.8. Metallization of the Samples

PELCO SC-6 magnetron sputtering (PELCO, Fresno, CA, USA) was used. A gold foil
was placed inside the vacuum chamber at 0.5 mbar, under inert atmosphere of argon. To
begin the process, a current of 25 mA was used over 15 s to ionize the gas, hitting the metal
foil and releasing Au atoms. These Au atoms were deposited over the BCD and FCDNS
systems.

3. Results and Discussion
3.1. Synthesis and Characterization of B-Cyclodextrin-Based Nanosponges

Different synthesis routes have been reported for BCDNS formation, and they use
ultrasonic baths; heating plates; solvents, such as ethanol or acetone for the washing
stages; and even different molar ratios of 3CD and DPC [7,10]. For this reason, different
methodologies were evaluated to optimize the synthesis of BCDNS, eliminate byproducts,
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and increase yield. For the ultrasonic bath (A) and heating plate (B) methods, the use
of acetone and a 1:4 molar ratio showed yields greater than 60%, as shown in Figure A1
(Appendix A). Considering the reproducibility of the synthesis and the lower amount
of generated byproducts exhibited by method B relative to method A, method B with a
heating plate was selected.

BCDNS formation was confirmed using 'H-NMR. The technique allowed us to com-
pare the chemical shifts of the signals for BCD protons in BCDNS and in native 3CD.
Figure 1 shows the spectra of (A) BCD, (B) DPC, and (C) BCDNS with a scheme showing
the proton assignments for 3CD and DPC. Table 1 shows the proton assignment for CD
and their respective chemical shifts and integrations in the 'H-NMR spectra. The shifts
of the signals are due to the change in the chemical environment of the CD matrices
when they are linked to form CDNS. Notably, the greatest changes were observed in the
integration delta (A [) of the hydroxyl groups, because they react with DPC to form linkers
between CD matrices, strongly suggesting 3CDNS formation.

(A) Beyclodextrin

OH2 OH3

(B) diphenyl carbonate
H4'/6* H3/7'
HS'

)

H1

OH6

H3H6 H4|H2
H5

(C) Beyclodextrin-based nanosponges

OH2 OH3 H1 OH6 H3HE H4|H2
H5
8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0
f1 (ppm)

Figure 1. TH-NMR spectra of (A) native -cyclodextrin (3CD), (B) diphenylcarbonate (DPC), and (C) B-cyclodextrin-based
nanosponge (BCDNS) synthesized (left) together with the molecular structures and the assignments of the protons of CD

and DPC (right).

Table 1. Proton assignments, "H-NMR chemical shifts, and integrations of the 3-cyclodextrin (3CD) and B-cyclodextrin-

based nanosponge (3CDNS) signals.

S§3CDNS

BCD

BCDNS

Protons 5B3CD (ppm) (ppm) IAS| (ppm) Integration (/)  Integration () IA[1
H1 4.825 4.827 0.002 7.00 7.00 0
H2 3.311 3.301 0.010 6.99 6.98 0.01
H3 3.669 3.655 0.014 6.99 6.98 0.01
H4 3.370 3.361 0.009 7.14 7.15 0.01
H5 3.566 3.562 0.004 7.04 7.04 0
Hoé 3.621 3.624 0.003 13.83 13.84 0.01

OH2 5.706 5.714 0.008 7.01 6.68 0.33
OH3 5.661 5.665 0.004 7.02 6.57 0.45
OH6 4.435 4.437 0.002 7.15 6.43 0.72

BCDNS formation was also characterized using IR vibrational spectroscopy. Com-
monly, this study focuses on comparing the signals of native fCD and BCD forming

10
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nanosponges and recognizing the vibration signal of the carbonyl group, which is an
indicator of BCD crosslinking. Figure 2A shows the IR spectra of (A) BCD, (B) DPC, and (C)
BCDNS. Characteristic peaks of BCD are observed at 3363 em ™! (O-H alcohol stretching),
2924 cm ™! (C-H stretching), 1417 cm !, 1368 cm 1, 1157 cm~! (O-H bending), 1080 cm~!,
and 1029 cm~! (C-O stretching). These data are consistent with literature data [63-65].
For BCDNS, the characteristic peaks are located mostly in the same regions observed for
BCD, but with shifts or variations in intensity due to changes in the chemical environment.
These were observed at 3366 cm ™! (O-H alcohol stretching), 2928 cm~! (C-H stretching),
1645 cm~! (C=0 stretching), 1367, 1234, and 1155 cm~! (O-H bending), and 1079 cm~!
and 1030 cm~! (C-O stretching). Notably, the appearance of peaks at 1783, 1715, and
1235 cm ! derived from signals present in DPC confirm the crosslinking of CD forming
nanosponges. The peak at 1760 cm~! (C=0 stretching) of DPC is masked by a peak in the
BCDNS spectrum.

Thermogravimetry was performed to analyze and confirm the formation of BCDNS,
differentiating it from its precursors through changes in their thermal decomposition, as is
typically observed in the synthesis of polymeric materials [66]. Figure 2B shows thermo-
grams of (A) BCD, (B) DPC, and (C) CDNS. The loss of hydration water was observed
in the first decomposition at temperatures up to 100 °C, with the percentage of mass loss
being 11.5% for FCD and 2.7% for FCDNS of the total mass samples. Decomposition of
100% of the mass of DPC was observed in the range 130 to 250 °C. A second range of
decomposition in CD was observed between 300 and 350 °C, corresponding to a loss
of 71% of the sample mass. For BCDNS, this second range was between 210 and 350 °C,
consuming 70% of the total mass. The decrease in the temperature at the beginning of
thermal degradation suggests that DPC, a crosslinker molecule, binds to the primary OH
groups of fCDs, forming the nanopolymer through carbonyl groups. Changes in the peaks
of the TGA curves (see Figure A2 in Appendix A) from 337 °C (3CD) to 327 (3CDNS) are
typically observed in the formation of polymeric materials due to changes in chemical
structure [67-69]. Finally, the oxidation interval for BCD ranged from 350 to 700 °C, en-
compassing 17.5% of the mass. However, CDNS oxidation ranges from 350 to 580 °C,
encompassing 27.3% of the mass. This also suggests modifications in the reactive structure
of the polymer relative to native fCD.

To explain the change in the beginning of the range of thermal degradation for 3CDNS,
the average between the beginning temperatures for 3CD and DPC, which were 300 and
130 °C, respectively, was evaluated. The calculated average temperature was 215 °C, which
coincided with the value of the beginning of thermal degradation observed in the 3CDNS
thermogram, fulfilling the “eutectic mixture” criterion [70]. In addition, the high value of
the degradation interval for CDNS supports its thermal stability.

To obtain information on the morphology and size of BCDNS, the material was
characterized using electron microscopy techniques and DLS. Figure 3 shows micrographs
obtained by FE-SEM of native BCD (Figure 3A) and BCDNS (Figure 3B), directly revealing
the morphological differences between both. BCD has irregular crystalline structures,
while BCDNS has a characteristic porous appearance. TEM images were obtained to
determine the average diameter of 3CDNS, which were previously dispersed by sonication.
Figure 3C,D shows the BCDNS and the resulting histogram, respectively. The average
diameter, obtained from the count of more than 450 nanoparticles seen in various TEM
images, was 146 + 54 nm (see more images in Figure A3 in Appendix A). The staining of
the BCDNS sample revealed some BCD crystals, which was verified by obtaining TEM
images of native 3CD with the same dispersion and staining protocol described for BCDNS
(see Figure A3 in Appendix A). In addition, a hydrodynamic diameter of 133.9 & 66.9 nm
was found for BCDNS using DLS. These size data are concordant and strongly suggest the
nanometric dimensions of the system studied (see more details in Appendix C).
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Figure 2. (A) FT-IR spectra of (A) BCD, (B) DPC, and (C) BCDNS; (B) normalized thermograms of (A) CD, (B) DPC, and
(C) BCDNS.
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Figure 3. SEM micrographs of (A) BCD and (B) BCDNS. (C) transmission electron microscopy (TEM) micrograph of CDNS
and (D) the size distribution observed in TEM micrographs of fCDNS. Scale bar for figure (A) and (B) is 200 um; scale bar
for figure (C) is 1000 nm.

3.2. Loading of B-Cyclodextrin-Based Nanosponges with Drugs

The BCDNS obtained was loaded with two drugs separately, forming the CDNS-
PhEA and BCDNS-AT systems. Once each supramolecular complex was formed in the
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solubilized phase of the aqueous solution, the effective inclusion of the drugs and the
stoichiometric relationship of both systems were analyzed using 'H-NMR.

Figure 4 shows the spectra of CDNS-PhEA (A) and BCDNS-AT (B) with their
molecular structures and proton assignments for the respective drug. The loading of PhEA
to form the BCDNS-PhEA system (A) and the loading of AT to form the BCDNS-AT system
(B) were confirmed with the respective assignments of protons in the molecular structures
of PhEA and AT (see full spectra, Figures A4 and A5, in Appendix B). Tables 2 and 3 show
the chemical shifts and integrals recorded for the protons of BCDNS and of the PhEA and
AT drugs resulting from the inclusion process.

For the BCDNS-PhEA system, Table 2, the largest chemical shifts for BCDNS were
observed for the internal protons H3 and H5 and the hydroxyl groups OH2 and OH3,
probably due to preferential inclusion in the widest zone of the fCD cavity. In addition,
chemical shifts for all the CDNS protons were observed, mainly towards lower fields,
which demonstrates the effective loading of PhEA within 3CD cavities and in the multiple
interstitial spaces of the interstitial BCDNS produced by crosslinking. Analyzing the
chemical shifts of the PhEA protons, a change in the chemical environment due to inclusion
was also evidenced, consistent with that reported in the literature [25,71].

For the BCDNS-AT system, Table 3, chemical shifts were observed in all the 3CDNS
protons oriented towards the interior and exterior of the cavity due to the change in the
chemical environment of BCDNS resulting from AT loading. This finding shows that the
inclusion of the drug occurs in BCD cavities and between the formed interstitial spaces.
Chemical shifts towards higher fields were observed in the protons NH,b, Hb’/f’, and
Hc’/e” of AT, which demonstrates the electronic shielding effect of the drug due to its
inclusion in the nanosponges, in accordance with that reported in the literature [26].

(A) BCDNS-PhEA
Hd/h NH2 OH3 H1 OHs H3 HE H4 H2 (PhEAmolecule)
Helg Hf OH2 H5 | Ha Hb . b
NH,
e c a
f h
ul JA ’
B‘.D 715 710 6‘.5 6‘.0 515 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0
ppm
{B) BCDNS-AT
He*fe? NHzb OH2 H1 OH6 H3 H6 H4H2 NH
HGiZE e or3 & (AT molecule) 2
c N 5<b
b Sa
8.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0
ppm

Figure 4. 'H-NMR spectra of (A) phenylethylamine (PhEA) loaded in BCDNS (CDNS-PhEA) and (B) 2-amino-4-(4-
chlorophenyl)-thiazole (AT) loaded in BCDNS (BCDNS-AT) (left) together with the molecular structures and the assigning
protons with respect to PhEA and AT (right).
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Table 2. Proton assignments, "H-NMR chemical shifts, and integrations of the BCDNS, phenylethylamine (PhEA), and
PhEA loaded in BCDNS (BCDNS-PhEA) signals.

S3CDNS-PhEA BCDNS BCDNS-PhEA

Proton SBCDNS (ppm) (ppm) 1AS1 (ppm) Integration ( ) Integration ( )
H1 4.827 4.829 0.002 7.00 7.00

H2 3.301 - - 6.98 -

H3 3.655 3.660 0.005 6.98 6.96
H4 3.361 3.363 0.002 7.15 7.03
H5 3.562 3.565 0.003 7.04 7.05
Ho 3.624 3.626 0.002 13.84 13.93
OH2 5713 5.719 0.006 6.68 6.67
OH3 5.665 5.671 0.006 6.57 6.64
OH6 4.437 4.436 0.001 6.43 6.51

roon  sagem  PCONSTREA |y, PREAImegion( GCONS Tz
NH;, 1.385 5.856 4.471 2.05 7.07
Ha 2.798 3.211 0.413 2.05 15.11
Hb 2.658 2.660 0.002 2.07 16.05
Hd/h 7.205 7.198 0.007 1.97 16.00
He/g 7.285 7.284 0.001 2.00 16.02
Hf 7172 7.179 0.007 0.96 7.70

Table 3. Proton assignments, TH-NMR chemical shifts, and integrations of the CDNS, 2-amino-4-(4-chlorophenyl)-thiazole
(AT) and AT loaded in BCDNS (BCDNS-AT) signals.

5BCDNS-AT BCDNS BCDNS-AT
Proton SBCDNS (ppm) (ppm) |A81 (ppm) Integration (/) Integration (/)
H1 4.827 4.832 0.005 7.00 7.00
H2 3.301 - - 6.98 -
H3 3.655 3.664 0.009 6.98 7.01
H4 3.361 3.367 0.006 7.15 7.09
H5 3.562 3.568 0.006 7.04 7.04
Ho 3.624 3.629 0.005 13.84 13.86
OH2 5.713 5.717 0.004 6.68 6.70
OH3 5.665 5.669 0.004 6.57 6.53
OH6 4.437 4.440 0.003 6.43 6.53
Proton SAT (ppm) 8 BSE;I:)_AT IAS | (ppm) AT Integration () Irﬁgg]z:t]iso_nA(’l})
He 7.061 7.061 0.000 0.99 8.49
NH2b 7.079 7.073 0.006 2.00 16.10
Hb'/f 7.408 7.407 0.001 1.95 16.09
Hc'/e’ 7.803 7.801 0.002 2.00 16.52

Notably, the integration of the BCDNS protons and the protons of each drug in their
respective 'H-NMR spectra, Tables 2 and 3, showed a stoichiometric BCD:drug ratio of 1:8
in both systems, which is an amount of drug eight times greater than those reported for
BCD-PhEA [25] and BCD-AT [26], each of which exhibits a 1:1 stoichiometry. This amount
is equivalent to 0.9 mg of PhEA loading per 1 mg of BCD unit in CDNS, and on the other
hand, to 1.5 mg of AT loading per 1 mg of fCD unit in BCDNS. Applying Equation (1) [58]
(Section 2, Material and Methods), the loading capacity in CDNS is 90% for PhEA and
150% for AT, which is higher than the loading capacity of 11% for PhEA and 19% for AT in
BCD native, according to reported data [25,26]. These results show that the drug loading
of the BCDNS formed is higher than that of native CD and that BCDNS could be used as
a more efficient drug carrier than native BCD (see the details in the Appendix B).
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The loading of drugs into BCDNS was also analyzed by FT-IR spectroscopy by com-
paring peaks for vibrations before and after the inclusion process. Figure 5 shows the
spectra of (A) PhEA, (B) BCDNS-PhEA, (C) AT, and (D) BCDNS-AT.
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Figure 5. IR spectra of (A) phenylethylamine (PhEA), (B) PhEA loaded in BCDNS (3CDNS-PhEA),
(C) 2-amino-4-(4-chlorophenyl)-thiazole (AT), and (D) AT loaded in BCDNS-AT.

In the vibrational analysis of the BCDNS-PhEA system, the 3BCDNS peaks at 3570 cm !
and 3170 cm ™! corresponding to O-H alcohol stretching and N-H primary amine asymmet-
ric and symmetric stretching, respectively, were identified. The peaks at 2926 cm™! corre-
sponding to C-H stretching, at 1642 cm ™! corresponding to C=O stretching, at 1333 cm ™~
and 1157 cm ™! corresponding to O-H bending, and at 1081 cm ™! and 1029 cm ™! corre-
sponding to C-O stretching were also identified. These vibrations remain unchanged in
comparison to those of the BCDNS spectrum without loaded drugs. The peak from PhEA
found for the BCDNS-PhEA system corresponding to N-H symmetric stretching was
observed at 2950 cm~!, while the peak at 745 cm~! corresponding to C-H aromatics was
masked due to the inclusion process.

In the case of the BCDNS-AT system, decreases in the intensity of some peaks with
respect to those of BCDNS were observed. However, the characteristic peaks were located
in the same regions of the spectra. O-H alcohol stretching, and N-H primary amine asym-
metric and symmetric stretching vibrations were observed at 3170 cm ™! and 3570 cm ™!,
respectively. C-H stretching appeared at 2924 cm~!, C=0 stretching at 1637 cm~!, O-
H group bending at 1384 cm~! and 1157 cm~!, and finally, C-O stretching appeared at
1079 cm~! and 1029 cm ™. The characteristic peaks of AT at 1476 cm ™, corresponding to
C=C aromatics, and at 3438 cm~!, corresponding to N-H aromatic stretching, were masked
in BCDNS-AT due to the inclusion in CDNS.

The changes in the intensity and definition of the BCDNS peaks observed in the
IR spectra suggested a change in their conformations due to drug loading, which was
also corroborated by DLS and TEM. The hydrodynamic diameters of BCDNS-PhEA and
BCDNS-AT were 270.5 4= 48.0 nm and 335.5 £ 150.5 nm, respectively, observing an increase
in the size of both systems with respect to FCDNS (see more details in Appendix C).
Figure 6 shows TEM images of BCDNS loaded with PhEA (A-E) and AT (F-I). Changes in
the shapes of the systems with respect to that of BCDNS were also observed; in addition, the
average diameter calculated using TEM images of these systems increased to 252 4 39 nm
with respect to CDNS. The loading of the drugs PhEA and AT could promote a process of
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association and intermolecular interactions between different BCDNS. This would explain

the increase in size observed using TEM and DLS.

ﬁSﬁ;

(0]

Figure 6. TEM micrographs of (A-E) fCDNS-PhEA and (F-I) BCDNS-AT. Scale bar for all images is
1000 nm (Red arrows highlight the nanosystems in the micrographs).

The degree of solubilization indicates the tendency to increase the aqueous solubility
of the drugs due to the action of BCDNS, while the complexation efficiency corresponds
to the concentration of drug included versus the concentration of drug initially used in
the process. This is directly related to the effectiveness of BCDNS and intermolecular
interactions to keep drugs entrapped in the complex. The degree of solubilization of the
drugs, the K;, and the complexation efficiency for the BCDNS-PhEA and BCDNS-AT
systems were calculated using phase solubility studies (Equations (2) and (3), Section 2,
Material and Methods) [59] and are shown in Table 4. Additionally, they were compared
with the results obtained for the complexation of PhEA and AT using native CD [25,26].

An increase in the aqueous solubility of PhEA and AT using BCDNS was observed,
when they were compared to the solubility of free drugs (see Figures A7 and A8, Appendix B).
Notably, the degree of solubilization achieved by the presence of fCDNS was more than 1.3
times higher for PhEA and 5 times higher for AT than with native BCD. This is especially
relevant in therapy since drugs to be pharmacologically active must be soluble in water.
The K, values are 1318 M~ ! and 484 M~ for the CDNS-PhEA and CDNS-AT systems,
respectively. These results indicate that the interactions that allow inclusion are strong,
forming two highly stable systems over time due to the incorporation of BCDNS. The
complexation efficiency values obtained for both systems show that the complexation using
BCDNS is optimal, being the same for PhEA in native CD and seven times greater for AT
in native BCD. The above findings are in accordance with the previous discussion given
by stoichiometry studies and loading capacity calculated using NMR (more details in the
Appendix B).
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Table 4. Comparative data on the degree of solubilization, association constants, and complexation
efficiency of the drugs PhEA and AT included in BCDNS versus native BCD.

Degree of 1 Complexation
System Solubilization Ka (M7 Efficiency
BCDNS-PhEA 0.035 1318 0.037
BCDNS-AT 0.297 484 0.422
BCD-PhEA * 0.028 760 0.038
BCD-AT * 0.051 970 0.054

* Reference values obtained from the literature [25,26].

In general, the K, values of the BCD complexes vary between 50 and 2000 M~1. Lower
values at 50 M~! indicate a limitation in the pharmaceutical formulation since they have
low stability and do not release the drug at its site of action [25,72-74]. On the other hand,
K, values greater than 2000 M~ also present limitations, such as poor pharmacokinetics,
since the drug release rates can be affected [72,73]. This is why the use of a strategy for
the controlled release of the drugs included in BCDNS becomes relevant. AuNPs can
release absorbed energy in the form of heat and can release molecules near their surface as
a result of the photothermal effect [28,75,76]. This was demonstrated for a drug in AuNP-
and BCD-based systems using laser irradiation [25,47]. In this sense, the incorporation of
AuNPs into the two systems could, in addition to acting as a therapeutic agent, promote
the controlled release of the drugs.

3.3. Synthesis and Immobilization of Gold Nanoparticles on Drug-Loaded B-Cyclodextrin-Based
Nanosponges

Once the BCDNS-drug systems were obtained, the interactions with colloidal AuNPs
were studied to load another therapeutic agent and form the CDNS-PhEA-AuNP and
BCDNS-AT-AuNP systems. AuNPs were synthesized following the Turkevich method at
pH 5.5. These AuNPs were then stabilized at pH 8.8 to facilitate their immobilization on
drug-loaded BCDNS. Figure 7A shows the absorbance spectra of AuNPs at pH 5.5 and
8.8, and Figure 7B shows a representative TEM micrograph of spherical AuNPs with an
average diameter of 18 & 4 nm (see histogram in Figure A9, Appendix C) AuNPs with
diameters between 4 and 100 nm do not present cytotoxic effects [77], which would allow
possible drug delivery applications.

Figure 7C,D shows the UV-Vis spectra of the BCDNS-PhEA-AuNP and pCD-AT-
AuNP systems, respectively, in addition to those of the initial AuNP solution and the
supernatant resulting from the functionalization of each mixture. The recorded plasmon
bands demonstrate a preferential interaction of AuNPs with fCDNS-drug, with an immo-
bilization of 85%, maintaining the main characteristics of the plasmon band and indicating
that AuNPs remain stable in both systems.

Table 5 shows the intensities and the maximum wavelengths from the absorbance
spectra. In addition, the hydrodynamic diameter and surface charge of BCDNS-PhEA—
AuNP and BCDNS-AT-AuNP in aqueous solution are shown. These analyses represent
the behavior of AuNDPs in the different systems, because Au is highly efficient to absorb
and scatter light, being superior to the organic material present.

A shift in the wavelength of the maximum absorbances with respect to those for
the as-synthesized AuNPs occurred for both systems due to the interparticle coupling
caused by the increased proximity between these nanostructures when immobilized; in
turn, the permanence of the plasmon bands was evidence of the stability achieved and that
the aggregation of AuNPs did not occur. In turn, increases in hydrodynamic diameters
from 33.9 £+ 13.2 nm for AuNPs with citrate to 51.2 4+ 24.7 nm for AuNPs in the CDNS-
PhEA-AuNP system and up to 114.0 4= 42.2 nm for AuNPs in the BCDNS-AT system
were observed due to the proximity between the immobilized AuNPs and the presence
of FCDNS-drug complexes. Furthermore, this behavior was consistent with the increase
in size of the BCDNS when they were loaded with the drugs. The reported partial and
dynamic inclusion of AT in BCD could explain the greater hydrodynamic diameter of the
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AuNPs on BCDNS-AT with respect to BCDNS-PhEA. The two functional groups, NH,
and SH, of AT are exposed [26], facilitating its interaction with AuNPs, while PhEA only
has one NHj group that is completely included within 3CD [25,71].
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114
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Figure 7. (A) UV-Vis spectra of AuNPs at pH 5.5 and pH 8.8; (B) TEM micrograph of AuNPs with
their size histogram inserted (scale bar of 1000 nm); (C) UV-Vis spectra of AuNPs with citrate and
with BCDNS-PhEA, including supernatant of the functionalization; and (D) UV-Vis spectra of AuNPs
with citrate and with BCDNS-AT, including supernatant of the functionalization.

The registered surface charge of the AuNPs was —51.4 & 7.9 mV due to the stabilizing
citrate ions, which changed to —33.0 £ 5.3 mV and —38.4 £ 6.9 mV for AuNPs in the
BCDNS-PhEA-AuNP and in the BCDNS-AT-AuNP systems, respectively, due to the
replacement of a fraction of citrate molecules by neutral supramolecular complexes. As a
control, a drug-free BCDNS solution was subjected to the same mixing protocol with col-
loidal AuNPs, confirming through different characterization techniques that the interaction
between CDNS and AuNPs does not occur (see the details in the Appendix C).

Table 5. Data obtained from the UV-VIS spectra, dynamic light scattering (DLS), and ( potentials of the as-synthesized gold
nanoparticles (AuNPs) and AuNPs immobilized on the BCDNS-PhEA and BCDNS-AT supramolecular systems.

Svstem Intensity (a.u.) Wavelength Immobilized = Hydrodynamic PDI Superficial
Yy of Amax (nm) of Apmax AuNPs (%) Diameter (nm) Charge (mV)
AuNPs—citrate 1.419 528 0 3394132 0.537 —514+79
BCDNS-PhEA-AuNP 1.214 529 85.5 5124247 0.571 —33.0+£53
BCDNS-AT-AuNP 0.912 531 84.7 114.0 £42.2 0.663 —384£69

Figure 8A,B shows SEM micrographs of the CDNS-PhEA-AuNP (A) and BCDNS-
AT-AuNP (B) systems, respectively. The images clearly show the AuNPs immobilized on
the FCDNS—-drug supramolecular complexes. In addition, an irregular morphology was
observed, probably due to the process of functionalization of BCDNS, as suggested by the
TEM images (Figure 6).

Various characterization techniques and direct observation using electron microscopy
confirmed the simultaneous loading of BCDNS with two therapeutic agents, drugs and
AuNPs, forming the BCDNS-PhEA-AuNP and CDNS-AT-AuNP systems. If properly
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designed, that is, by establishing parameters for the colloidal stability, concentration,
surface charge, and size, among others, 3CDNS and AuNPs could be considered nontoxic
and used in therapy without generating adverse effects in the organism. In this sense,
in the design and formation of these two new systems, the established parameters were
realized.

Figure 8. SEM micrographs of (A) BCDNS-PhEA with gold nanoparticles (AuNPs) immobilized on
the surface and a zoomed view, with bar scales of 2000 nm and 500 nm; (B) CDNS-AT with AuNPs
immobilized on its surface and a zoomed view, with bar scales of 1000 nm and 500 nm.

4. Conclusions

The formation of BCDNS was confirmed by different techniques that indicated its
polymeric characteristics and nanometric dimensions. Therapeutic agents PhEA and AT
were successfully included in the multiple cavities of the nanostructures, forming the
BCDNS-PhEA and BCDNS-AT systems. The loading capacity of CDNS was 90% for
PhEA and 150% for AT, being eight times higher than with native CD. An increase in the
aqueous solubility of PhEA and AT when complexed with BCDNS was demonstrated. In
addition, a higher degree of solubilization and complexation efficiency of both drugs was
obtained with BCDNS than with native fCD. The synthesized AuNPs were also loaded into
each system, reaching an immobilization percentage of 85%. The hydrodynamic diameter
and surface charge of AuNPs were 51 nm and —33 mV in the BCDNS-PhEA-AuNP system
and 114 nm and —38 mV in the fCDNS-AT-AuNP system, respectively, which are relevant
parameters for biological studies. BCDNS loaded with the two therapeutic agents (drug
and AuNP) were observed directly by SEM images, showing the porous morphologies
of the nanosponges and the nanoparticles immobilized on their surfaces due to the SH
and NH, functional groups of the drugs. We believe that these unique systems, based on
BCDNS, drugs, and AuNPs, can be versatile materials with an efficient loading capacity for
potential applications in the transport of therapeutic agents. Finally, to continue researching
in the field of drug delivery, studies that demonstrate the controlled release of PhEA and
AT from BCDNS-drug-AuNP using laser irradiation are required and this, together with
studies of cell permeability, toxicity, and pharmacological activity, has been considered in a
future perspective.
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Appendix A
Appendix A.1. B-cyclodextrin Nanosponge Synthesis
The methods for the synthesis of CDNS were:

Appendix A.1.1. Method A. (Patel, 2014)

In a round-bottomed flask, CD was mixed with DPC, and two different molar ratios
were studied: 1:4 and 1:8. The flask was then placed in an ultrasonic bath at 90 °C for 5 h.
The solid product obtained was then repeatedly washed with distilled water and vacuum
filtered for 2 h using a Kitasato flask with a Biichner funnel with filter paper. The product
was washed for 24 h in a Soxhlet system, and two different solvents, ethanol and acetone,
were studied for this process; the product was finally dried and stored in an amber flask
with a Teflon seal.

Appendix A.1.2. Method B. (Modified from Patel)

In a round-bottomed flask, CD was mixed with DPC, and two different molar ratios
were studied: 1:4 and 1:8. The flask was heated in an oil bath on a heating plate with
constant agitation for 5 h at 100 °C. The mouth of the flask was covered with a septum,
and a syringe was introduced into it to let the phenol gas released from the reaction pass
through. The solid mixture obtained was extracted from the flask, a small amount of water
was added and an ultrasonic bath was used to release residues from the walls. Once all
the solid was extracted, it was ground in a mortar, washed with distilled water, and then
vacuum filtered for 2 h. The product was washed for 24 h, and two different solvents,
ethanol and acetone, were studied for this process: ethanol and acetone. Finally, the
product was dried for between 48 and 72 h at 65 °C and stored.

Figure A1 shows a bar graph with the mass yields of different types of CDNS
syntheses with changes in the heating method, the solvents used in the washing steps and
the BCD:DPC molar ratio.

Method A Method B
(ultrasonic bath) (heating plate)
80- BCD:DPC
| | | | molar ratio:
:\; 60 B 14
‘!j — 18
[
S, 40+
»
]
©
0' T
N
(\ o° °
> x€ & e
Q}& vs’e ('59 ¥

Washing solvent

Figure Al. Mass yield (in percentage) of CDNS versus the washing solvent, heating method and
RCD:DPC molar ratio.
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Appendix A.2. Derivative Curves from TGA Characterization of 3-Cyclodextrin Nanosponge

Figure A2 shows the derivative curves from TGA (Figure 2B), analysing the differences
in the peaks of the thermogravimetric decomposition curves.
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Figure A2. TGA derivative curves of (A) BCD, (B) DPC and (C) BCD.

Appendix A.3. TEM Characterization of Native 3-Cyclodextrin

Figure A3 shows a TEM image of Figure A3A-C BCDNS to obtain its mean size; and
Figure A3D native fCD with the same dispersion and staining protocol described for
BCDNS.

r—— r

Figure A3. TEM micrographs of: (A,B) BCDNS with bar scales of 2000 nm; (C) CDNS with bar
scale of 400 nm; and (D) native fCD with bar scale of 4000 nm. Acceleration voltage used: 10.0 kV.
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Appendix B
Appendix B.1. "H-NMR Full Spectra of Loading Drugs Process

Figures A4 and A5 show the full TH-NMR spectra of BCDNS, PhEA, AT, BCDNS-PhEA
and BCDNS-AT, summarized in Figure 4.

(A) BCDNS OH2 OH3 H1  OH6 H3 HE H4 H2

H&

I

Hd/h Ha Hb

) I

(C) BCDNS-PhEA

(B) PhEA

Hd/h NH2 OH3 H1 OH6 H3H6 H4| Ha Hb
Helg Hf QH2
8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

ppm

Figure A4. 'H-NMR spectra of (A) BCDNS, (B) PhEA and (C) BCDNS-PhEA.
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H5
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Hzb
Ho'He' Hb'/HF  He
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NHzb OH2 OH3 H1 OHs H3HE H4[H2
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Figure A5. 'H-NMR spectra of (A) BCDNS (B) AT and (C) BCDNS-AT.
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Appendix B.2. Calculation of the Stoichiometric Ratio of the Drug Loading Process

The stoichiometric ratios were calculated in the "TH-NMR spectra by comparing the
integrals of the PhEA and AT protons with the integrals of the BCDNS protons from the
BCDNS-PhEA and BCDNS-AT systems. First, the integrals of the PhEA signals (protons
He/g, Hd/h, and Hf) were analysed using the H1 signal of BCDNS as reference, which
integrated 7. In turn, the integrals of the AT signals (He, Hb’/f’, Hc’/e” and NHyb) were
analysed using the H1 signal of BCDNS as reference, which integrated 7 (see the data in
Tables Al and A2). Finally, the stoichiometric ratios calculated are summarized in Table A3.

Table Al. Values of the integrated PhEA and BCD proton signals in the TH-NMR spectra of the
BCDNS-PhEA system, with the integrated H1 proton signals of CDNS as a reference.

Proton Signal Reference Integral Counts Ratios
H1 7 7.0 1 1
He/g 2 16.0 8.0 8
Hd/h 2 16.0 8.0 8
Hf 1 7.7 7.7 8

Table A2. Values of the integrated AT and BCD proton signals in the 'H-NMR spectra of the
BCDNS-AT system, with the integrated H1 proton signals of BCDNS as a reference.

Proton Signal Reference Integral Counts Ratios
H1 7 7 1 1
He 1 8.5 85 8
Hb'/f’ 2 16.1 8.1 8
Hc'/e 2 16.1 8.1 8
NHb 2 16.5 83 8

Table A3. Summary of the molar ratios of the drugs in the BCDNS for BCDNS-drug systems
calculated from Tables A1 and A2.

Molar Ratios
System BCDNS Drug
BCDNS-PhEA 1 8 (£0.3)
BCDNS-AT 1 8 (+0.4)

Appendix B.3. Extinction Coefficient Determination of Drugs

For each drug, a calibration curve was made with stocks of aqueous solutions of
known concentrations to obtain the value of ¢. Table A4 presents the data used for this
determination for PhEA and AT.

Table A4. Data on the concentrations of the drugs, PhEA and AT, and their absorbance maxima at
310 and 290 nm, respectively.

[PhEA] (mM) Absorbance [AT] (mM) Absorbance
0.0441 0.2441 0.095 0.078
0.0882 0.3648 0.190 0.172
0.1323 0.5642 0.285 0.305
0.1764 0.7851 0.380 0.370
0.2205 1.0267 0.569 0.518
0.2646 1.3023 0.759 0.609
0.3087 1.4199 —_ —

By plotting the PhEA concentration versus the maximum absorbance at 310 nm, the
line shown in Figure A6A was obtained, and the value of ¢ was 4.7497 + 0.2110 mM~lem—1.
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By plotting the AT concentration versus the maximum absorbance at 290 nm, the line
presented in Figure A6B was obtained; the slope corresponds to the value of ¢, which was
0.8031 = 0.0692 mM ~tem 1,
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Figure A6. Linear plots of the (A) PhEA and (B) AT absorbance maxima at 310 and 290 nm, respec-
tively, vs. concentrations.

Appendix B.4. Determinations of Association Constants of Drug Loading Systems

For the determination of K;, a stock solution was prepared with 200 mg of BCDNS and
water in a 25 mL measuring flask. Volumes of 0 to 2 mL of the stock were taken and diluted
with water to produce a total volume of 2 mL with a fixed amount of each drug, 0.5 mL for
PhEA and 5.0 mg for AT, added. All the data obtained are presented in Table A5 for PhEA
and Table A6 for AT. By applying the extinction coefficient value ¢ to the Lambert-Beer
equation, it was possible to determine the PhEA and AT concentrations in the different
assays using the Higuchi-Connors method.

Table A5. Values of the different tests carried out to calculate the K, and complexation efficiency of
the BCDNS-PhEA system in water.

[ﬁgn ?\}[\;S] Absorbance [:EE;:]
5.920 1.126 0.237
5.328 1.006 0.212
4.736 0.896 0.189
4.144 0.775 0.163
3.552 0.654 0.138
2.960 0.564 0.119
2.368 0.478 0.101
1.776 0.404 0.085

0 0.132 0.028

Table A6. Values of the different tests carried out to calculate the K, and complexation efficiency of
the BCDNS-AT system in water.

[BCDNS] (mM) Absorbance [AT] (mM)
4.736 1.833 2.282
3.552 1.566 1.950
2.960 1.343 1.672
2.368 1.178 1.467
1.776 1.19 1.482
1.184 1.088 1.355
0.592 0.739 0.920

0 0.7 0.872
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The linear relationship obtained from a plot of the solubilized PhEA concentration
versus the added BCDNS concentration is shown in Figure A7. The value of the slope
was 0.03534 (£0.00115). Using Equation (1), the association constant K, was calculated,
resulting in a value of 1318 M~!. Finally, using Equation (2), the value of complexation
efficiency was calculated, resulting in a value of 0.03663 for the BCDNS-PhEA system.
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Figure A7. Graph of the concentration of solubilized PhEA versus the concentration of added BCDNS
and the linear fit.

Figure A8 shows the linear relationship obtained from a plot of the solubilized AT
concentrations versus the added CDNS concentration. The value of the slope was 0.297
(£0.024). The K, for the BCDNS-AT system was 484 M~ and the complexation efficiency
value was 0.422.
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Figure A8. Graph of the concentration of solubilized AT versus the concentration of added BCDNS
and the linear fit.

Appendix C
Appendix C.1. Size Histogram of Gold Nanoparticles

Figure A9 shows the size distribution histogram for synthesised AuNPs from repre-
sentative TEM images. The observed diameter was 18 (+4) nm.
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Figure A9. Histogram of size distribution of synthesised AuNPs.

Appendix C.2. Dynamic Light Scattering and C Potential Studies of Loading Systems and Gold
Nanoparticles Interacting with Supramolecular Systems

The studies using DLS and the ( potential are summarized in Table A7. BCDNS was
dispersed in water (pH 8.8) and measured, while BCDNS-drug systems were sonicated
and measured. AuNPs stabilized with citrate were filtered and then characterized. AuNPs
with BCDNS and drugs were centrifuged and resuspended in water (pH 8.8) prior to
characterization.

Table A7. Data obtained using dynamic light scattering (DLS) and the ¢ potential of BCDNS and CDNS-drugs, and
AuNPs with citrate, BCDNS, BCDNS-PhEA and RCDNS-AT.

System Hydrodynamic Diameter (nm) Intensity Peak Area (%) PDI Surface Charge (mV)
BCDNS 133.9 £ 66.9 100.0 0.197
BCDNS-PhEA 270.5 £ 48.0 87.0 0.398
BCDNS-AT 335.5 £ 150.5 89.0 0.355
AuNPs-citrate 339 +13.2 69.7 0.537 —51.40 +7.86
AuNPs-BCDNS 34.6 +12.9 70.0 0.542 —58.03 £7.01
BCDNS-PhEA-AuNP 5124247 85.8 0.571 —33.03 £5.26
BCDNS-AT-AuNP 114.0 +42.2 86.3 0.663 —38.37 £ 6.90
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Abstract: The formation of inclusion complexes between alkylsulfonate guests and a cationic pil-
lar[5]arene receptor in water was investigated by NMR and ITC techniques. The results show the
formation of host-guest complexes stabilized by electrostatic interactions and hydrophobic effects
with binding constants of up to 107 M~! for the guest with higher hydrophobic character. Structurally,
the alkyl chain of the guest is included in the hydrophobic aromatic cavity of the macrocycle while
the sulfonate groups are held in the multicationic portal by ionic interactions.

Keywords: pillararene; host:guest; supramolecular; hydrophobic; ITC; NMR

1. Introduction

Supramolecular chemistry is a topic of great interest to the scientific community that
wants to take advantage of non-covalent interactions, such as van der Waals forces, hydro-
gen bonds, 7-7 stacking interaction, electrostatic interactions, or hydrophobic/hydrophilic
interactions, with the aim of implementing and explaining increasing complexity systems
(bottom-up approach) [1-3]. During the last decades, numerous supramolecular systems
have been successfully developed and in the literature, there are numerous investiga-
tions regarding their applications as functional materials, in catalytic processes, electronic
devices, sensors, or drug carriers, etc., [4-6]. Among these applications, nanomedicine
presents a promising potential for modernizing traditional biomedical practices, and in
this context, the design of new supramolecular systems in the nanometric range is one
of the new frontiers that will offer new diagnostic and therapeutic applications in the
field of nanomedicine (drug delivery, gene delivery, drug/gene co-delivery, bioimaging or
photodynamic therapy) [7,8].

Noncovalent interactions present several advantages in comparison to covalent ones:

(i)  Aneasy and facile approach for building supramolecular structures avoiding synthetic
processes [9].

(ii) Supramolecular methods are cost-effective and environmentally friendly.

(ili) Supramolecular materials consist of components connected by non-covalent interac-
tions and experiencing spontaneous assembly and disassembly processes [10-12].

(iv) The formation of supramolecular materials is reversible and capable of being recycled
and self-repaired from external mechanical damage.

(v) Supramolecular materials have the ability to respond to external stimuli being able
to rearrange their structures or morphologies toward more stable states. This adap-
tive capability can be utilized for the development of stimuli-responsive functional
materials [13-16].
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(vi) Inaddition, it allows the manipulation of supramolecular molecules or building blocks
at the molecular level, modulating sizes and morphologies using the “bottom-up”
method, providing a variety of novel diagnostic and therapeutic platforms toward
applications in nanomedicine.

Within the different non-covalent interactions considered as supramolecular phenom-
ena, the host:guest between different substrates and macrocycles have been studied exten-
sively in recent decades. By including host:guest, two or more molecules can be integrated
in a simple and reversible way. This offers us multiple possibilities for new supramolecular
structure design. Molecular recognition that involves host:guest interactions play a vital
role in life-sustaining biological processes [17,18]. Macrocyclic compounds have been
extensively used and intensively investigated as prime host receptors with high affinity
and selectivity for complementary small guest molecules or ions. Examples of macrocycles
include cryptands [19], crown ethers [20-22], cyclophanes [23], cyclopeptides [24-26], cy-
clodextrins [27-29], resorcinarenes [30], cucurbit[n]urils [31-34], calix[n]arenes [35-38], and
pillar[n]arenes [39]. These macrocycles (hosts) have cavities that allow the encapsulation
of substrates of interest (guest). The external properties exhibited by the host molecules
favor interaction with the surrounding solvent. On the other hand, the characteristics of
the cavities allow the inclusion of the guest. This inclusion occurs through different causes
(hydrophobic and/or electrostatic interactions, formation of hydrogen bonds, suitable
molecular shape and/or size, etc. In fact, encapsulation in an aqueous solution of hy-
drophobic guest molecules in macrocyclic hydrophobic cavities is one of the most common
cases. The host:guest complex will exhibit high stabilities, providing robust and reliable
structures for obtaining supramolecular systems in aqueous media.

Pillar[n]arenes are one of the most recent families of macrocyclic hosts used in
supramolecular chemistry [40]. Pillararenes bring together some interesting character-
istics of other host systems in a single molecular structure, such as a highly symmetrical
pillar-shaped structure which is similar in many respects to that of highly symmetrical
cucurbiturils, a m-rich aromatic cavity, also found in calixarenes, and several hydroxyl
moieties on both rims, a feature shared with the highly functionalized cyclodextrins. Sub-
stituents on both rims of pillararenes affect their physical properties, such as solubility,
conformational and host:guest properties. Pillar[n]arenes are very useful structures useful
for the design of different supramolecular systems [41-51]. In particular, these systems have
interrelated applications in the biomedical and pharmacological fields as drug carriers [46],
transmembrane channels [47], or cellular glue [48].

Another aspect to consider is that the presence of charged groups on the pillars[n]arenes
convert them into water-soluble substrates (see Scheme 1). Furthermore, its ability to in-
corporate a wide variety of hosts into its cavity [52,53], its applications as catalysts [54-56],
detection [57,58] and gene nanocarriers [59] in aqueous media, has caused that numerous
investigations focus on them. When oppositely charged molecules were evaluated as hosts,
electrostatic interactions contribute significantly to stabilizing the resulting supramolecu-
lar system.

Pillararenes-based host-guest systems comprising amphiphilic guests offer interesting
strategies for the development of novel stimuli-responsive drug-delivery systems which
improve precision and efficiency in drug delivery [60-66].

In this sense, knowledge of the driving forces behind the host:guest complex formation
process is important. We know about the electrostatic interactions between the charged
groups of the pillar[5]arene and the ionic substrates, however, the role played by hydropho-
bic/hydrophilic interactions must be explored in detail. In this context, fundamental
studies on the interaction between charged pillararene receptors and model amphiphilic
compounds are of utmost importance for the intended pharmaceutical applications in
relation to these macrocycles.
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R

Scheme 1. Cationic pillar[5]arene and alkylsulfonates.

In this article, we present a structural and thermodynamic study on the host-host
complexes between a cationic pillar[5]arene and charged amphiphilic compounds, which
by keeping the head group constant, its hydrophobicity can be modulated by modifying the
length of the chain hydrocarbon. The family of amphiphiles chosen was the alkylsufonates
(see Scheme 1).

2. Materials and Methods
2.1. Materials

The highest purity commercially available reagents were supplied by Sigma-Aldrich
(Madrid, Spain) and were used without further purification. The water-soluble cationic
pillar[5]arene was obtained by a synthetic procedure described elsewhere [67]. Br- exchange
by BF4- was carried out as follows: To a solution with Br- (1.17 g, 0.514 mmol) in Milli-Q
water at room temperature and with stirring, AgBF4 was added slowly in little portions.
A grayish precipitate was obtained. The suspension was centrifuged, and supernatant was
collected and filtered (0.45 um). A yellowish solid was obtained after removing the solvent
(1.15 g, 96%). 'H NMR (D,O, 300 MHz): § = 6.89 (s, 10H); § = 4.36 (s, 20H); 5 = 3.91 (s,
10H); & = 3.72 (s, 20H); & = 3.19 (s, 90H); 1*C NMR (D,0, 75 MHz): § = 149.2 (C, 10C); § =
129.8 (C, 10C); b = 115.9 (CH, 10C); 6 = 64.8 (CHy, 10C); 6 = 62.3 (CHy, 10C); 6 = 53.7 (CHj,
30C); 5 = 29.3 (CH,, 5C); MS (ESI): m/z caled for [TMAP5'0* 9BF, ~ ]2+ 2253.4; found 2253.2;
caled for [TMAP5%+ .8BF,~]** 1083.3; found 1083.1. The final product was analyzed by
thermal gravimetric analysis to assess volatile content.

2.2. Microcalorimetry

An isothermal titration microcalorimeter (VP-ITC) supplied by Microcal Co. (Northamp-
toh, MA, USA) at 1 atm and 25 °C to carry out the microcalorimetric titrations. The procedure
used for each titration consisted in sequentially injecting a guest solution in a syringe (0.270 mL)
with shaking (459 rpm) into a host solution in the sample cell (1.459 mL). Before each titration,
the samples were degassed and thermostatted using an accessory supplied by ThermoVac
(Leybold Hispanica, Barcelona, SPAIN). For the reference cell, the same sample was used as in
the sample cell. The first injection was discarded in all the experiments carried out in order
to suppress the diffusion effects in the calorimetric cell of the syringe material. The number
of injections, their volume and the spacing time between each one were varied according
to the experiment. Binding constants were calculated from the titration curve by using the
AFFINImeter software (54SD, Santiago de Comostela, SPAIN).

2.3. NMR Spectrometry

NMR experiments were conducted at 25 °C on a spectrometer supplied by Bruker
(Bruker NEO 17.6 T) (Billerica, MA, USA) with 750 MHz proton resonance, equipped
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with a TH/1BC/15N triple resonance PA-TXI probe with deuterium lock channel and
shielded PFG z-gradient. The control software was TopSpin 4.0. Chemical shifts were
referenced to the lock deuterium solvent. Spectra have been processed and analyzed using
Mestrenova software v14.0 supplied by Mestrelab Inc (Santiago de Compostela, SPAIN).
The 1D 'H spectrum has been measured with 128 scans, d1 2s relaxation delay and 2.75 s
FID acquisition time (aq). The FID has been acquired with 64k complex data points. It
has been processed using Fourier Transformation (FT) and zero-filling. 131 k data points
spectra have been obtained. The total measurement time was ~10 min.

A two-dimensional 2D COSY spectrum magnitude mode was measured (pulse se-
quence “cosygpppqf” of Bruker library). The relaxation delay (d;) and the FID acquisition
time (at) were 2 and 0.172 s, respectively. The spectrum was measured with eight scans.
The number of points in the direct and indirect dimensions was 4 k and 160, respectively.
The spectrum was processed with apodization with a sine-bell function in both dimensions
and represented in the magnitude mode. The total measurement time was ~48 min.

A two-dimensional 2D HSQC multiplicity edited 1H-13C spectrum was measured
(pulse sequence “hsqcedetgpsisp 2.4” of the Bruker library). The spectrum includes adia-
batic inversion pulses in '3C and suppression of COSY type artifacts. The INEPTs transfers
were optimized for a nominal value of cp of 145 Hz. The delay for multiplicity selection
was set to 1/(2 - Jcp) to detect with the same sign signals of CH3 and CH groups and with
opposite phase CH; groups. The relaxation delay (d;) and the FID acquisition time (at)
were 1.6 and 0.112s, respectively; 2048 and 160 complex points in the t2 and t1 dimensions
spectrum were acquired. Scans number per t1 increment was 8. The total measurement
time was ~1 h 15 min.

3. Results

The hydrophobic cavity of the pillar[5]arene, together with the presence of five positive
charges in each rim makes this macrocycle an excellent receptor for amphiphilic anionic
guests. The complexation of the different alkylsulfonates, whose hydrophilic head exhibits
a negative charge, (G) by the pillar[5]arene (H) was studied by different experimental
techniques.

3.1. NMR Evidence of N-Octylsulfonate Complexation by Pillararene

NMR spectroscopy has been used to determine the structures of macrocycles com-
plexes. The 'H NMR spectra of octylsulfonate upon mixing in different proportions with
pillararene can be observed in Figure 1.
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Figure 1. "H NMR spectra in D,O at 25 °C for pillararene (1.5 mM); octylsulfonate (1.5 mM) and
mixtures of both with a constant concentration of pillararene (1.5 mM) and different concentrations
of octylsulfonate.
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All protons of octylsulfonate appear upfield-shifted with respect to the free guest
upon addition of pillararene, indicating that an inclusion complex was formed. These
results indicate that octylsulfonate is incorporated into the magnetic shielding region of
the pillararene aromatic cavity with the sulfonate group pointing towards the trimethy-
lammonium groups of the host. Moreover, the host proton signals are also affected by
complexation due to the asymmetric structure of the guest and the manner in which it is
inserted into the host cavity [52]. To determine the binding stoichiometry of the host:guest
complex, considering that fast exchange on the NMR chemical shift timescale was observed
for this complex, an NMR titration at constant host concentration, was carried out. Figure 2
shows that the magnitude of the upfield shift for guest hydrogen atoms increases upon a
gradual increase of the [host]/[guest] ratio, reaching a plateau for values higher than 1,
indicating a 1:1 stoichiometry for the inclusion complex.
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Figure 2. Chemical shifts for hydrogen atoms in alpha position to the sulfonate group in octylsulfonate
in the presence of increasing concentrations of host.

Detailed analysis of spectrum for [Pillararene] = 1.5 mM and [octylsulfonate] = 0.50 mM
(Figure 1) reveals that the signal corresponding to the methylene groups in positions C4-C7
of octylsulfonate splits into different signals, allowing a clear characterization of the inclu-
sion complex. Figures 3 and 4 show the HSQC and COSY spectra respectively allowing the
assignment of all signals in the NMR spectrum.
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Figure 3. HSQC spectra for a mixture of 1.5 mM of Pillararene and 0.5 mM of octylsulfonate in D,O a
25 °C. Labels for octylsulfonate hydrogen atoms are according to the picture shown in the figure.
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Figure 4. COSY spectra for a mixture of 1.5 mM of Pillararene and 0.5 mM of octylsulfonate in D,O a
25 °C. Labels for octylsulfonate hydrogen atoms are according to the picture shown in the figure.

Assignment of NMR signals allows us to quantify the magnitude of the complexation-
induced upfield effect for each hydrogen atom in octylsulfonate (results showed in Table 1).
We refer to a complexation-induced chemical shift as the difference between the chemical
shift observed for the guest free and complexed, Ad = dfee — dpound- The magnitude of
A} is dependent on the hydrogen atom position along the alkyl chain of octylsulfonate.
It is remarkable the very large magnitude of the upfield effects with values larger than
A% = 3 ppm for some central chain nuclei. Hydrogen atoms Hc and Hd show the large Ab
values allowing to propose a structure for the host:guest complex as shown in Figure 5.
Hydrogen atoms in positions c and d are located inside the aromatic region of the pillararene
allowing the large A values, Ad > 3 ppm. Hydrogens at position e should be just below
this region but close to the aromatic groups (Ad = 2.3 ppm). It is remarkable that hydrogen
atoms at positions g and h (Ad < 1 ppm), as well as in the alpha position to the sulfonate
group, are clearly located outside the aromatic region.

Table 1. Magnitude of the complexation induced chemical shifts (ppm) for host:guest complexes
between pillararene and different alkylsulfonates.

" \/f\/d\/b\/sc'3
g e c a
AS (ppm)

Ha Hb Hc Hd He Hf Hg Hh
CgSO3~ 0.91 1.48 3.27 3.58 2.37 1.46 0.56 0.14
C4S05™~ 1.11 1.72 37 38 2.02 0.98
C5S0;5~ 1.24 1.78 3.84 3.85 1.76
C4SO3~ 1.24 1.84 3.33 2.81
3505 0.94 12 2.16
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Hydrogen Atom
R: CH,CH,N*(CH3)s

Figure 5. (Left) Plot of the magnitude of complexation induced chemical shift, A3, as a function of the
hydrogen atom position (starting at the sulfonate group). (Right) Schematic picture of the host:guest
complex showing hydrogens Hc and Hd fully incorporated into the aromatic region of the host. For
simplicity only two trimethylammonium groups of pillararene are shown.

Similar experiments were conducted for shorter chain alkylsulfonates with three to
six carbon atoms (see Table 1) revealing that hydrogen atoms in positions Hc and Hd
show the large upfield effects confirming that these atoms are clearly included inside
the pillararene cavity. The complexation picture shows the sulfonate aligned with the
trimethylammonium head groups of the receptor in such a way that electrostatic interaction
should be the major driving force for complexation. It is remarkable that A5 values are
also dependent on the nature of the alkylsulfonate (see Figure 6). In fact, Ha hydrogen
atoms show the large upfield effect for alkylsulfonates with four and five carbon atoms,
meanwhile, alkyl sulfonates with three and eight carbon atoms present smaller values.
On the other hand, hydrogens Hc show the large upfield effect for C5SO3~ and C¢SO3~,
and hydrogens Hb show the large Ad for C4SO3~ and C550O3~. More clearly, Figure 6-left
shows that the magnitude of A is strongly dependent on the number of carbon atoms
in the alkylsulfonate for hydrogens Hc > Hb > Ha, being indicative of a different degree
of penetration into the pillararene cavity. Figure 6-right represents normalized Adcorr by
subtracting the values corresponding to hydrogens Ha. The normalized values are directly
comparable and indicate that Hc hydrogens are much closer to the cavity than Hb and
that an optimal degree of penetration is reached for five atoms of carbon. Alkylsulfonates
with three and four carbon atoms can form external complexes where the carbon atoms do
not fit neatly together. This causes that the magnitude of Ad.orr does not reach an optimal
value. Likewise, it is observed that for octylsulfonate, the Hc hydrogens present a lower
inclusion than for the 5 carbon atom homolog. This behavior may be due to a hydrophobic
pushup effect that compels the sulfonate group towards a plane superior to the portal of
the pillararene in order to accommodate more methylene groups inside the cavity. At the
same time, the possibility that the hydrophobic effect induces a greater degree of folding of
the alkyl chain in order to maximize the number of carbon atoms that can be included in
the cavity should be considered.

These results indicate that the location of the sulfonate group should be dependent
on the number of carbon atoms, being closer to the positive portal of the pillararene for
C550;~ and C4SO3 ™. This behavior can be observed for hydrogen atoms in positions Hb
and Hc, being clear evidence of a different degree of guest penetration into the host cavity
and, consequently, ruling out the electrostatic attraction as the only interaction stabilizing
the host:guest complex.
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Figure 6. (Left) Influence of the number of carbon atoms in the alkyl chain of alkylsulfonate on the
chemical induced upfield effect, Ad: (o) Ha; (o) Hb and (e) Hec. (Right) Values of upfield effect for
hydrogen atoms in positions (e) Hb and (e) Hc after correction by upfield effect of hydrogens Ha.

3.2. Calorimetric Titrations for Alikylsulfonate Recognition by Pillararene

In order to quantitatively evaluate the complexation of pillar[5]arene with each guest
and the stoichiometry of the complex formed, an isothermal calorimetry titration was
carried out at 25 °C under neutral conditions. Each titration was done by consecutively
adding the guest to the host in the sample cell. As an example, each butylsulfonate titration
in the sample cell containing the pillar[5]arene is shown in Figure 7 (see Supplementary
Materials for other alkylsulfonates). The experimental data were satisfactorily fitted to a
model of “a set of binding sites”, obtaining the binding constant (K) and the thermodynamic
parameters (Table 2).
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Figure 7. Microcalorimetric titration of butylsulfonate (G) with pillar[5]arene (H) in water at 25 °C.
(Top): Raw data for the 28 sequential injections (10 uL per injection) of a solution of G (0.5 mM) into a
solution of H (0.04 mM). (Bottom): “Net” heat effects fitted using the “one set of sites” binding model.
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Table 2. Thermodynamic parameters obtained for host:guest complexes between pillararene and

different alkylsulfonates.

KM AG? (kcal mol—1) AHO (kcal mol—1) TS? (kcal mol—1)
CgSO3~ (4.79 + 0.18) x 107 —10.43 —8.90 = 0.01 1.5
CeS03~ (1.67 + 0.02) x 107 991 —8.86 + 0.01 1.05
C5503~ (5.88 + 0.04) x 10° —-9.19 —8.70 £ 0.01 0.49
C480;~ (2.63 + 0.01) x 106 —8.72 —6.60 + 0.01 212
C380;5~ (7.22 + 0.02) x 103 524 442 +0.01 0.82

The results indicate that complexation is mainly enthalpy-driven
(AH® = —(6.60 + 0.01) kcal/mol) accompanied by favorable entropic changes
(TASY = 2.12 kcal/mol), this balance is more favorable to the enthalpic term with the
other alkylsufonates.

From the results of the experiments obtained for guests and other macrocyclic com-
pounds, it has been shown that non-covalent interactions contribute to enthalpic changes,
while entropy changes can be attributed to conformational changes and/or effects asso-
ciated with desolvation processes [68]. Thus, hydrophobic or electrostatic interactions,
together with dehydration processes, have a positive contribution to entropy. The negative
contribution would be produced by the loss of conformational freedom degrees (both on
the guest and on the host). Thus, the values obtained for the thermodynamic parameters
would indicate that the electrostatic interactions, 7t-7t, and C-H- - - 7t interactions between
the aromatic ring and the methyl group of the alkylsulfonate and the electron-rich pil-
lararene cavity would give rise to a favorable contribution on enthalpy. At the same time,
the solvent molecules (water) that surround both the host and the guest are released into
the bulk water and would be the cause of the entropic increase. The binding constant
obtained, K = (2.63 & 0.01) x 10° M, is comparable with those reported for negatively
charged pillararenos [52,53,68,69] or calixarenes [70-72].

Experimental results reported in Table 2 show alkylsulfonate binding constants to
be very sensitive to alkylsulfonate chain length with an increase of almost 10* fold on-
going from propane to octanesulfonate. Quantitative analysis of these binding constants
requires correction of binding constant for propanesulfonate. Because of its smaller value,
experimental results were obtained in the presence of [Pillararene] = 0.25 mM instead of [Pil-
lararene] = 0.04 mM used for other alkylsulfonates. Previous results from our group have
shown that toluenesulfonate binding constant to pillararene decreases from 1.37 x 10°M~!
to 3.18 x 10*M™! by increasing the host concentration from 0.01 to 0.1 mM [53]. This
behavior is due to BF4~ complexation by the pillararene, which difficult the entrance of the
guest. Extrapolation to alkylsulfonates implies that propanesulfonate binding constant of
1.86 x 10° M~ should be used for comparative proposes.

Figure 8 plots the dependence of the binding constant with the alkyl chain length and
includes similar results using 3-cyclodextrin as a receptor [73]. Quantitative analysis of
the thermodynamic parameters involved in the complex formation between surfactant
molecules and cyclodextrin can be simplified by considering the process divided into
three stages:

(i) Dehydration of surfactants and cyclodextrin This process is entropically favored due
to a strong water structuring that hydrates the exposed hydrophobic residue of the sur-
factant and to geometric constraints within the CD cavity. Water is structured around
the surfactant hydrophobic chain, giving rise to a strong network of hydrogen bonds.
The amount of water molecules involved in hydration scales linearly with the alkyl
chain length, therefore, the linear relationship between the number of carbons present
in the surfactant hydrocarbon chain and the micellization free energy, and similar
phenomena involving removal of the surfactant chain from the aqueous medium.
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(i) Inclusion of the surfactants in the CD’s cavity. Inclusion takes place with the entry
of the surfactant hydrocarbon chain inside the cavity, which is stabilized by Van der
Waals interactions. The internal diameter of 3-CD allows the loose accommodation of
a methylene group.

(ili) Hydration of the inclusion complex. In the last stage, water from the exposed part
of the guest is restructured and integrated into the hydration shell of the host:guest
complex [74].
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Figure 8. (e)Influence of alkyl chain length of alkylsulfonates on their binding constants to pil-
lar[5]arene using a [pillararene] = 0.04 mM at 25 °C. Value for propanesulfonate was extrapolated
from [host] = 0.25 mM (see text). (o) Binding constants for alkylsulfonates to 3-cyclodextrin taken
from ref. [73].

Alkylsulfonate binding constants to 3-CD increase with the number of methylene
groups into the alkyl chain in a non-linear way. The binding constants found for short
and very large alkyl chains present lower values than expected due to the fact that the
cavity occupation is not complete. This implies that a small amount of water molecules
is expelled into the bulk. On the other hand, in the case of large chains, the fact that the
binding constants present values lower than those expected would be due to the tolerance
of the cyclodextrin cavity to accommodate 6-8 methylene groups.

Figure 8 shows that pillararene is a much more effective receptor for alkylsulfonates
than B-CD by a factor of 10°. This effect should be ascribed to electrostatic interactions
between the negative charge of the guest and the positive ones on the upper and lower rim
of pillararene. Note that this interaction is not possible in the case of 3-CD as a receptor.
The influence of the alkyl chain length on the binding constants to pillararene parallels that
observed with 3-CD indicating that hydrophobic interactions are playing an important
role in the recognition ability of pillararene.

Hydrophobic effects in pillararene recognition are responsible for the different loca-
tions of the sulfonate group with respect to the positive upper or lower rim of the host.
This different location is reflected by the complexation-induced upfield effect observed
in Figure 6-left for hydrogens in alpha position (Ha) to the sulfonate group. Electrostatic
interaction in the host:guest complex will compel the sulfonate group close to the trimethy-
lammonium ones in such a way that the distance between the hydrogens Ha of the guest
and the aromatic ring of the host keeps constant. However, experimental results indicate
that this distance decrease for the following alkylsulfonates: CgSO3~ > C3S03~ > C¢SO3~
> (5503~ ~ C4S03~. X-ray crystal structure of 1,4-dipropoxypillar[5]arene confirmed that
itis a pentagon from the upper view and a pillar structure from the side view. The diameter
of the internal cavity was 4.7 A, which is similar to that of cyclodextrin, allowing the perfect
inclusion of methylene chain [75]. The height of pillararene cavity, taken as the distance
between the oxygen atoms in the upper and lower rims, is 5.5 A, allowing accommodation
of 4-5 methylene groups. It means that C5S03~ and C45O3~ are deeply included in the
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pillararene cavity in comparison to CgSO3~ and C3503 . The smaller alkylsulfonate does
not displace a large amount of water from the host cavity resulting in a small hydrophobic
effect. On the other hand, three methylene groups of CgSO3~ will be outside the cavity.
Their hydration in the host:guest complex will contribute unfavorably to its stability.

4. Conclusions

To sum up, we have demonstrated that alkylsulfonates with different chain lengths
are effectively bound by a decacationic pillar[5]arene receptor in an aqueous solution with
binding constants in the micro/submicromolar range. The formation of the complexes is
enthalpy and entropy driven suggesting that ionic, C-H: - - 7, van der Waals interaction
along with hydrophobic effects contribute to the binding stability. The observed increase in
the binding constants as the guest alkyl chain length increases provides strong evidence
for the contribution of the hydrophobic effect for the recognition process. This view is
supported by the structural NMR studies showing that hydrophobic alkyl chains are deeply
included in the aromatic cavity of the macrocyclic receptor. The results obtained herein
suggest that cationic pillararene receptors are potentially strong binders for anionic and
eventually zwitterionic lipids, and therefore, further studies addressing this class of natural
molecules as a guest should be considered due to the potential pharmaceutical applications
of these macrocycles.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.339
0/pharmaceutics14010060/s1, Figures S1-S4 show each titration of alkylsulfonates fitted by the “one
set of binding sites” model.
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Abstract: The formation of calixarene-based liposomes was investigated, and the characterization of
these nanostructures was carried out using several techniques. Four amphiphilic calixarenes were
used. The length of the hydrophobic chains attached to the lower rim as well as the nature of the
polar group present in the upper rim of the calixarenes were varied. The lipid bilayer was formed
with one calixarene and with the phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine,
DOPE. The cytotoxicity of the liposomes for various cell lines was also studied. From the results
obtained, the liposomes formed with the least cytotoxic calixarene, (TEACj)4, were used as nanocar-
riers of both nucleic acids and the antineoplastic drug doxorubicin, DOX. Results showed that
(TEAC;3)4/DOPE/p-EGFP-C1 lipoplexes, of a given composition, can transfect the genetic material,
although the transfection efficiency substantially increases in the presence of an additional amount of
DOPE as coadjuvant. On the other hand, the (TEAC,)4/DOPE liposomes present a high doxorubicin
encapsulation efficiency, and a slow controlled release, which could diminish the side effects of
the drug.

Keywords: cationic calix[4]arenes; liposomes; nucleic acids; transfection efficiency; doxorubicin;
encapsulation

1. Introduction

Liposomes are spherical structures, similar to vesicles, which have an inner aqueous
polar region and a hydrophobic lipid bilayer [1]. Their spontaneous formation in aqueous
solutions is due to interactions among water molecules, hydrophilic head groups and hy-
drophobic chains of the amphiphilic molecules forming the lipid bilayers [2-5]. Liposomes
have been prepared by several techniques such as thin lipid film hydration, solvent injec-
tion, detergent dialysis or reverse phase evaporation [2,4,5]. They are usually characterized
according to their size and number of bilayers, and their charge can be positive, negative
or neutral [6,7].

Since the pioneering work by Bangham [8], liposomes have been broadly used as
delivery systems for several diagnostic and therapeutic compounds including drugs, genes,
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imaging agents, proteins, or vaccines, among others [9-13]. Liposomes draw great interest
for many researchers working on biomedical applications due to the numerous advan-
tages they offer. It is easy to prepare biocompatible and biodegradable liposomes, with
low toxicity and immunogenicity, high stability, and with the ability to host hydrophilic
and hydrophobic compounds, whose release can be controlled [2,13,14]. A great variety
of amphiphilic molecules have been used to prepare liposomes, making the formation
of vesicles in aqueous solution favorable [15-17]. Among them, calixarenes have been
frequently used [18-20].

Calixarenes are macrocycles prepared by the base-catalyzed condensation of formal-
dehyde and p-substituted phenols [21]. They are composed of phenolic units disposed
in cyclic arrays and linked by methylene spacers. Their name comes from the word
calix crater because their tridimensional structure resembles that of an ancient Greek vase.
The most common calixarenes are calix[4]arenes, calix[6]arenes, and calix[8]arenes, where
[n] indicates the number of phenolic units. The synthetic, easy-to-obtain multivalent
ligands by introducing substituents of different nature at the upper and lower rim is one
of their main advantages. The structural variety of calixarenes permits to have selective
receptors for the inclusion of several neutral molecules, metal and ammonium anions, and
cations [22]. Besides, calixarenes can be used in the self-assembly of nanoparticles [23], in
the building of molecular machines and rotaxanes [24], for molecular encapsulation [25],
and many other applications [22,26,27].

The ability of calixarenes to bind, condense, and transport DNA across cell membranes
has been previously investigated [28]. In particular, calix[4]arenes in cone conformation
have been found to facilitate cell transfection effectively. Among them, those with long alkyl
chains usually lead to small aggregates with low polydispersity, promoting more efficiently
gene transfection [29]. On the other hand, it was previously shown that calixarenes interact
with the antineoplastic drug doxorubicin, DOX (Scheme 1) [30]. The interaction between
calixarenes and DOX is mainly mediated by host-guest and - interactions. Works in the
literature have shown that calixarenes can be used for the treatment of different types of
cancer [31], the results obtained for distinct cancer lines showing that a higher therapeutic
effect of the drug is achieved as well as a decrease in side effects.

Scheme 1. Structure of doxorubicin.

The authors have been interested in the interaction of calixarenes with nucleic acids
and antineoplastic drugs such as DOX [30,32-34]. In this work, the authors wanted to
investigate if the use of calixarene-based liposomes improves the results of their use
as nanodelivery systems as compared to the naked calixarenes. It is worth noting that
thanks to their unique structural properties, calixarene-based liposomes could provide
hybrid systems that will synergistically lead to non-viral vectors with enhanced cell trans-
fection properties [35,36]. Moreover, the hydrophobic cavity of calixarenes provide the
posibility that, within the calixarene-based liposomes, host-guest phenomena with dif-
ferent drugs can occur [37]. The more appropriate type of calixarenes for preparing
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calixarene-based liposomes are the amphiphilic ones. They can be obtained by intro-
ducing polar groups at one rim and hydrophobic chains at the other rim [30]. With
the goal of preparing calixarene-based liposomes for delivering of genetic material and
doxorubicin, in this work the cationic calix[4]arenes 5,11,17,23-tetratriethylammonium-
methylene-25,26,27,28- tetradodecyloxycalix[4]arene tetrachloride, (TEAC1y)4; 5,11,17,23-
tetra(3-methylimidazolium)-methylene-25,26,27,28-tetradodecyloxycalix[4]arene tetrachlo-
ride, (Im1p)4; 5,11,17,23-tetra(3-methylimidazolium)-methylene-25,27-dihexadecyloxy-26,
28-dipropoxycalix[4]arene tetrachloride, (ImIm3),; and 5,11,17,23-tetra(3-methylimidazo-
lium)-methylene-25,26,27,28-tetrahexadecyloxycalix[4]arene tetrachloride, (Imj4)s, have
been used to prepared liposomes (see Scheme 2). The abbreviations used tried to inform
the reader about the structure of the calixarenes. TEAC stands for tetraethylammonium
chloride and Im for imidazolinium, in order to distinguish between the two different
charged heads present in the upper rim of the calixarenes. The subscripts 3, 12, and 16
inside the parentheses indicate the length of the hydrophobic chains attached to the lower
rim. The subscripts 2 and 4 outside the parentheses indicate the number of units inside the
parentheses present in the calixarene molecules. Throughout this work the abbreviation

CAL means calixarene.
/¢\ /¢\
+ N—o + N—o

-I'\—lEt3 N\/ N\/

acl
2

A4CI
OR OR; OR,

Cl

A B

R=(CH,);;CH3 (TEAC ;)4 i) Rj= (CHy);1CH;3 Ry=(CHy);;CH; | (Imyp)y
ii) Rj= (CH,);5sCH; Ry=(CH,),CH;5 | (Imyglm;),
i) Rj= (CH,);5CH; Ry=(CH,);sCH;3 | (Imyg)y

Scheme 2. Structure of the calix[4]arenes investigated in this work. (A) Calix[4]arene ammonium
derivate; and (B) Calix[4]arene imidazolinium derivates.

The results obtained will be of interest for researchers working on the use of calixarenes
in several biotechnological applications.

2. Materials and Methods
2.1. Materials

The lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was purchased
from Avanti Polar Lipids (Alabaster, AL, USA). Red Safe was from iNtRON (Biotechnologiy,
Chicago, IL, USA). The rest of the materials, including doxorubicin, were from Sigma-
Aldrich (Darmstadt, Germany) and used without further purification.

ctDNA concentration was estimated by UV-visible spectroscopy measuring at 260 nm
(molar absorptivity 6600 mol~! dm? em~! [38]). The average number of base pairs was
estimated by agarose gel electrophoresis, using ethidium bromide, EB. The results indicate
that there are above 10,000 bp [39]. Throughout the manuscript, the ctDNA concentration
will be expressed per base-pairs. The pEGFP-C1 plasmid (Clontech, Biocientifica S.A.,
Buenos Aires, Argentina), pPDNA, was extracted from competent E. coli bacteria previously
transformed with pEGFP-C1; the extraction was done using a GenElute HP Select Plasmid
Gigaprep kit (Sigma Aldrich, Darmstadt, Germany). A protocol previously described was
used [40]. FuGENE 6 was from Promega Corporation (Madison, WI, USA).
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The syntheses of the cationic calixarenes (TEAC;3)s and (Imj¢Imj3), were previously
described [30], and (Imj5)4 and (Imy6)4 were purchased from Life Chemicals Inc. (Niagara-
on-the-Lake, ON, Canada). Their purity (>99%) was checked by 1H and 3C NMR, elemen-
tal analysis, and mass spectra.

Solutions were prepared with MilliQ water (resistivity > 18 M() x cm). The pH was
kept constant at 7.4 by using 10 mM HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid sodium salt) buffer.

2.2. Preparation of Liposomes

Liposomes were prepared using the lipid thin-film hydration method [41]. Briefly,
adequate quantities of calixarenes, CAL, and DOPE were dissolved in chloroform. Different
volumes of these solutions were mixed in order to obtain the desired cationic calixarene

molar fraction, «, given by:
ncAL

x=— (1)

NCAL + NpOPE

where ncap and npopg are the mole number of the cationic calixarene and the zwitterionic
DOPE, respectively, in the total volume of the organic solution.

A rotary evaporator was used to evaporate the organic solvent, at 303 K for 50 min.
The resultant dry lipid film was stored at 193 K for at least 24 h. In this way, degradation
is avoided [42]. Afterwards, 2 mL of HEPES 10 mM, pH = 7.4, was added for hydrating
the lipid film, and the mixture was submitted to 10 cycles of vortex (3 min/1200 rpm) and
sonication (2 min, JP Selecta Ultrasons system 200 W, 50 kHz, Abrera, Barcelona, Spain).
In the final step the solution was vortexed for 2 h at room temperature. The liposome
solution had a high polydispersity, with multilamellar liposomes. In order to obtain
a homogeneous size distribution solution with unilamellar liposomes, 1 mL of liposome
solution was extruded 10 times with a manual mini extruder from Avanti Polar Lipids
(Alabaster, AL, USA), using polycarbonate membranes of 100 and 200 nm (Whatman,
Maidstone, UK). After extrusion, the solutions were maintained in the dark at 277 K for
24 h for a complete stabilization. In this work the calixarene/DOPE liposomes will be
named CAL/DOPE liposomes.

Only in the case of (Imj¢)4 liposomes was a mixture of ethyl acetate:ethanol 1:1 used,
instead of chloroform, because of solubility problems. Nonetheless, by using this mixture in
the thin film hydration method, the characteristics of the liposomes containing (TEAC13)s,
(Im1)4, and (Im3Imy4), were similar to those observed using chloroform.

The composition (mole ratio) of the liposomes prepared is summarized in Table 1.

Table 1. Composition (mole ratio) of the CAL/DOPE liposomes prepared.

I3 (TEACq2)4 (Img2)g (Im3Imye), (Imy)sg
0.1 - - 1:9 19
0.2 1:4 1:4 1:4 1:4
0.3 1:2.33 1:2.33 1:2.33 1:2.33
0.4 1:5 1:5 1:5 -
0.45 1:1.22 1:1.22 - -
0.5 1:1 1:1 1:1 -

Mole ratio is expressed with respect to the ncay.

2.3. Preparation of Lipoplexes

The lipoplexes were prepared by mixing appropriate volumes of the liposome solution
and of the aqueous ctDNA (or p-EFGP-C1) HEPES 10 mM solutions in order to obtain the
desired L/D ratio. For each « value, the mass ratio L/D is given by the expression:

L _ mcar +mporg @

D mpNA
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where mpopg, mcar, and mpna are the masses of the zwitterionic phospholipid, of the
calixarene, and of the DNA, respectively, in the solution. In all the liposome solutions inves-
tigated, the mass of DNA was kept constant at 10~* g (the concentration was 1.0 mg/mL
or 8.1 x 1075 mol L™! given in base-pairs). The calixarene/DOPE/ctDNA lipoplexes will
be named CAL/DOPE/DNA lipoplexes.

The stability of the lipoplexes was followed by changes in their size and polydispersity
with time. The size remained unchanged for more than 48 h. The authors also checked
the stability of the lipoplexes, of different compositions, after dilution with buffer HEPES
10 mM. No variations in their size were observed.

2.4. Zeta Potential Measurements

Zeta-potential, ¢, values were calculated measuring the electrophoretic mobility of the
liposomes and of the lipoplexes from the velocity of the particles, using a laser Doppler ve-
locimeter (LDV). A Zetasizer Nano ZS Malvern Instrument Ltd. (Malvern, Worcestershire,
UK) was used. Temperature was kept at 303.0 & 0.1 K, and DTS1060 polycarbonatecapil-
lary cells were utilized. ctDNA concentration in the buffered solutions of liposomes was
8.1 x 107> M. Data are expressed as mean + SD from at least three separate experiments,
n=9.

2.5. Dynamic Light Scattering, DLS, Measurements

A Zetasizer Nano ZS Malvern Instrument Ltd. (Worcestershire, UK) was used to
estimate the hydrodynamic diameter, dy; (Z average), and the polydispersity index, PDI,
of the lipoplexes using DLS measurements. A scattering angle of 90° was used. A fixed
concentration of 8.1 x 107> M of ctDNA was present in all the liposome solutions investi-
gated. Data are expressed as mean + SD from at least three separate experiments, n = 9.
Temperature was maintained at 303.0 + 0.1 K.

2.6. Agarose Gel Electrophoresis

Agarose gel (1%) was prepared in a TAE buffer (40 mM Tris-acetate, 1 mM EDTA) in
a total volume of 180 pL and stained with the dye Red Safe (10 uL) for the visualization
of the nucleic acid bands. The ctDNA concentration was kept constant at 8.1 x 107> M.
The method was as follows: (i) 20 pL of the buffered liposome solution was mixed with
5 uL of 5 x DNA loading buffer. (ii) After homogenization, the resulting solution was
added in each well. Electrophoresis was performed at 90 V for 90 min. A detector Ultima
16si (Hoefer Inc., Holliston, MA, USA) was used for visualizing the nucleic acid bands by
irradiation with UV light (254 nm).

2.7. Circular Dichroism, CD, Spectra

A Biologic Mos-450 spectropolarimeter (Cambridge, UK) was used to register the CD
spectra. Scans were taken from 220 to 310 nm with a standard quartz cell of 10 mm path
length. Three independent experiments were done. Each spectrum was obtained from
an average of 10 runs, with a 5 min equilibration before each scan, at 303.0 & 0.1 K. The
ctDNA concentration was kept constant at 8.1 x 107> M in the lipoplex solutions. All
solutions were prepared in 10 mM HEPES buffer, pH =7.4.

2.8. Atomic Force Microscopy, AFM

Atomic force microscopy was used to study the structures of the lipoplexes. A res-
onance frequency of around 240 KHz and a nominal force constant of 42 N/m were the
working conditions in a Molecular Imaging PicoPlus 2500 AFM (Agilent Technologies,
Santa Clara, CA, USA). Silicon cantilevers (Model Pointprobe, Nanoworld, Neufchatel,
Switzerland) were used. The images were recorded in air and in tapping mode. Data
collection (256 x 256 pixels) was registered with scan speeds about 0.5 Hz. The ctDNA
concentration in the buffered HEPES 10 mM liposome solutions, pH = 7.4, was 0.6 pM.
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Images of the buffered liposome solutions were obtained using the following method:
(a) In order to prepare a modified mica surface, 0.1% (v/v) APTES aqueous solution was
dropped onto a freshly cleaved mica surface. It was washed with ultra-pure water after
20 min and air dried. (b) A 30 uL droplet of the lipoplex solution was deposited on the
modified mica surface and incubated for 30 min. (c) Subsequently, the mica surface was
washed with pure water and air dried for AFM imaging.

2.9. Electron Transmission Microscopy, TEM

TEM images of the lipoplexes were obtained in a Zeiss Libra 120 scanning electron
microscope (Carl Zeiss AG, Oberkochen, Germany), at 80 kV. Samples were prepared by im-
pregnation, using a 300 mesh copper grid coated collodion that, subsequently, was stained
with a solution of uranyl acetate (2.0%). Images were processed with a bottom-mounted
TEM CCD camera and recorded with a resolution of 2048 x 2048 pixels. Image] (National
Institutes of Health (NIH), Bethesda, MD, USA) bundled with 64-bit Java 1.8.0_172 was
used to analyze TEM images from independent experiments, for each of the lipoplex
solutions investigated.

2.10. In Vitro Cytotoxicity Assays

The cytotoxicity of the CAL/DOPE liposomes with o = 0.5 for (TEAC;2)4, (Im12)s, and
(ImyIm3)y, and with o = 0.3 for (Imyg)y, at different L/D values, was estimated in vitro
using the MTT assay [43]. These are the maximum « values that could be prepared for the
different calixarenes, and they were chosen to carry out the cell viability assays because
they correspond to the highest content of the cationic calixarene within the liposomes.
The cell lines used were RPE-1 (normal cell line), A549 (adenocarcinomic human alveolar
basal epithelial cell line), HepG2 (human liver cancer cell line), L5180 (adenocarcinomic
human colonic epithelial cell line), and MCF7 (breast cancer cell line). They were a gift
from different research groups from the IBIS (the Institute of Biomedicine of Seville). In any
case, all cell lines used were from commercial suppliers. Cell lines were plated out into
96-well plates at a density of 3000 cells per plate. The next day, the liposome solutions
were added to the wells, and the plate wa s returned to the incubator for 4 days more.
Later, they were pulsed with MTS (ROCHE, Basilea, Switzerland). According to the
manufacturer instructions, cell viability was measured by luminometry in a Varioskan
Flash (Thermo Fisher Scientific, Waltham, MA, USA). Each liposome concentration was
measured in triplicate.

2.11. Transfection Assays

The cell line chosen to carry out these experiments was the U20S, from human
osteosarcoma, because these cells are suitable for transfection experiments. The non-viral
vectors investigated were (TEAC;,)4/DOPE liposomes, containing the plasmid pEGFP-C1.
Liposomes of (TEAC1;)4 were selected because they are the least toxic of all the CAL/DOPE
liposomes investigated. On the other hand, pEGFP-C1 is a plasmid carrying an enhanced
GFP coding sequence with the required regulatory elements for constitutive expression of
the gene in human cells. The method used to carry out the transfection experiments was as
follows: 3 ng of pEGFP-C1 was added to a solution containing 180 uL of Opti-MEM (Gibco,
Thermo Scientific, Waltham, MA, USA), and the amount of liposome buffered solution
(HEPES 10 mM) necessary to obtain the L/D ratio for each « value was investigated.
The resulting mixture was incubated at room temperature for 20 min, and afterwards it
was added to a 50% confluent 6 cm plate with 3 mL of DMEM medium (Sigma Aldrich,
Darmstadt, Germany).

The cells were transfected with a mixture of transfection reagent and Opti-MEM
(not pEGFP-C1 included) as negative control. As positive control, FuGENE 6 transfection
reagent (E2311, from Promega Corporation, Madison, WI, USA) was used, according to
the manufacturer’s protocol (i.e., 3 ug of pEGFP-C1 in 200 uL Opti-MEM plus 9 pL of
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FuGENE 6). Transfection efficiency was evaluated by flow cytometry with a FACSCalibur
(BD Biosciences, Franklin Lakes, NJ, USA) 24 h after transfection.

2.12. UV-Visible Spectroscopy

The doxorubicin concentration was determined by UV-visible spectroscopy, using
a Hitachi UV-visible 3900 (Chiyoda, Tokyo, Japan) by measuring absorbance at 490 nm.
Temperature was kept using a Lauda (Stuttgart, Baden-Wiirtenberg, Germany) flow cryo-
stat connected to the cell compartment.

2.13. Encapsulation Efficiency Measurements

A dialysis method was used to estimate the doxorubicin, DOX, encapsulation effi-
ciency of the (TEAC;,),/DOPE liposomes. A total of 900 uL of drug-loaded liposomes
was added to a Spectra/Por® 3 (MWCO 3.5 kDa) from Spectrum Laboratories, Inc. (Ran-
cho Dominguez, CA, USA) The final concentration of antibiotic was 2 x 10~% M. The
dialysis membrane was plunged into a beaker containing 30 mL of 10 mM HEPES buffer
(pH =7.4), the same used for liposome hydration. The liposomes’ stabilization was ensured
by keeping the temperature at 4 °C throughout the process in order to avoid doxorubicin
degradation [32]. An aliquot of 1 mL from the beaker was taken at different time intervals.
These aliquots were replaced each time by an equal volume of buffer HEPES 10 mM in
order to keep constant the total volume of buffer in the beaker. Dialysis was followed for at
least 24 h. The encapsulation efficiency, EE, was calculated by using Equation (3):

EE(%) _ [DOX-| Liposomes

100 . [DOXJ1 = [DOX]y 5

[DOXIy [DOX]; ®
where [DOX] | ;0050mess [POX]r, and [DOX]y, ¢, are the DOX concentration encapsulated
into the calixarene-based liposomes, the total DOX concentration present in the system,
and the DOX concentration in the buffer solution, respectively. All the concentrations are
referred to the total volume of solutions.

The loading capacity, LC, can be calculated using the following expression:

n
LC = DOX.enc. % 100 (4)
NPOX, total T NCAL+DOPE

where Npox_enc., NDOX total, AN NCAL+pOPE represent the moles of the encapsulated drug,
total drug, and total lipids, respectively.

Quantification of doxorubicin concentration was done by UV-visible spectroscopy
(A =490 nm). Each experiment was performed in triplicate.

2.14. In Vitro Drug Release

After applying the dyalisis method, the doxorubicin loaded (TEACy;)4/DOPE lipo-
somes were suspended in buffer HEPES 10 mM, pH = 7.4, in a glass vial under continuous
magnetic stirring, 200 rpm, at 37.4 °C (the human body temperature). A sample was
removed at determined time intervals and, subsequently, replaced with an equal amount
of buffer. This is a way to simulate the in vivo removal of a drug into a systemic circulation.
The concentration of the antibiotic was estimated by UV-visible spectroscopy, measuring
the absorbance at 490 nm. The absorbance data were corrected from the dilution effect.
Three separate experiments were done. The precision was close to 7%.

2.15. Statistical Analysis

Values are expressed as the mean + standard errors of independent experiments.
Statistical analysis was performed with Student’s t-test and one-way analysis of variance
(ANOVA). When p < 0.05 (95% confidence) the differences were considered as significant.
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3. Results and Discussion
3.1. Calixarene-Based Liposomes

Calixarene-based liposomes were prepared at several cationic CAL molar fractions «
(¢ =ncaL/(ncaL+ npopg)). In particular, this magnitude was varied within the interval
from 0.1 to 0.5. Molar ratios higher than 0.5 were not investigated because these liposome
solutions showed a high polydispersity index, PDI (PDI > 0.8). Figure 1 shows the depen-
dence of the hydrodynamic diameter of the calixarene-based liposomes on the calixarene
molar ratio, «, in these nanostructures. The interval of « studied for each calixarene was
limited by solubility problems. In the case of (Imye)4, it was particularly narrow. Figure 1
shows that the size of the CAL/DOPE liposomes initially decreased upon increasing «, but
a subsequent increase in the molar ratio led to an increase in the liposome sizes. This trend
was observed for all CAL/DOPE liposomes with the exception of (Imj)4, for which no
clear trend was observed due to the narrow « interval studied.
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Figure 1. Dependence of the hydrodynamic diameter, dyj, on the cationic calixarene molar fraction,
. T=303.1+0.1K.

The experimental observations could be explained by considering the main interac-
tions controlling the liposome sizes. On one hand the hydrophobic interactions are the
driving force for the formation of liposomes, and they favor a diminution in the liposome
size [44]. On the other hand, the electrostatic repulsions between the positively charged
head groups of the calixarenes in the bilayer make an increase in the liposome size more
favorable. At low « values the hydrophobic interactions mainly control the liposome
sizes, and an increment in « results in a diminution of the hydrodynamic diameter, dy.
A further increment in « means an increase in the amount of cationic CAL within the
liposomes, and, as a consequence, the electrostatic repulsions will augment. At a given
« value, depending on the calixarene nature, the electrostatic repulsions overcome the
hydrophobic interactions, and an increase in « is followed by an increase in d; since the
cationic head groups tend to separate. The hydrophobic interactions are expected to be
stronger in the case of (TEACy;)4 and (Imy;)4 than for (ImzImy4),. The latter has alternate
chains, which makes the interaction between the two 16 C tails more difficult. Besides, two
of the chains are short (three C atoms), this resulting in weak hydrophobic interactions
when compared to those with 12 C atoms. Therefore, the minimum in the plots of dy vs. «
is expected to be observed for higher « values in the case of (TEAC3)4 and (Imy)4 than
in the case of (Imzlmy), as in fact is observed. Following the same reasoning, (Imy))4
should present the minimum at the highest « value. However, this is not observed.

Apart from the solubility problems, a possible explanation would be that the long
hexadecyl chains could fold towards themselves, resulting in steric hindrance [45], which
would make smaller liposomes more favorable.

The cytotoxicity of the CAL/DOPE liposomes was estimated by using the MTT assay.
Since DOPE is considered a biocompatible lipid, the cell viability in several cell lines was
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determined for the highest « value, corresponding to the liposomes with the largest amount
of cationic calixarenes. Figure 2 shows the results obtained, from which some conclusions
can be reached. (TEACj,)4/DOPE liposomes are the less toxic of all. From the comparison
of the data corresponding to the (TEAC;;)s/DOPE liposomes to those of (Imjz)s, one
can say that the substitution of quaternary ammonium groups by imidazolinium ones
results in an increase in the cytotoxicity of the liposomes. A similar result was observed
by Rodik et al. in a previous work [46]. On the other hand, an increase in the length of
the hydrophobic chains attached to the lower rim of the calixarenes caused a diminution
in the cell viability. This was particularly evident for the (Imy4)4/DOPE liposomes. This
behavior can be attributed to a higher lipophilicity, which results in a higher ability to
penetrate and disrupt the cell membrane. It was particularly evident for the (Imy4)s/DOPE
liposomes. A similar trend has been previously observed by other authors [47]. Besides,
Figure 2 shows that (Im3Im;¢), /DOPE liposomes present a specific selectivity towards
tumor cells, while (Im1,),/DOPE liposomes act particularly on MCF7 mammary cells and,
at high concentrations, on HepG2 and A549 cells.
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Figure 2. Cell viability values in the presence of different liposome concentrations at o = 0.5 for
(TEAC2)4, (Im12)4, and (ImzImye)s, and at o = 0.3 for (Imyg))4, The results are the average of three
independent experiments: (A) (TEACi2)4; (B) (Im12)4; (C) (Im3Imyg)z; (D) (Imyg)4.
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3.2. CAL/DOPE/DNA Lipoplexes

In order to study the characteristics of the CAL/DOPE/DNA lipoplexes, the zeta
potential, {, was measured for a given molar ratio, «, at different mass ratios L/D. Figure 3
shows the results obtained for the different calixarenes studied in this work. In all cases
when L/D increases, the charge of the lipoplex goes from negative to positive. The
solutions were stable, and no turbidity was observed in any system. This is an expected
result since, for a given «, an increase in L/D means an increment in the amount of
cationic lipid, CAL, in the liposomes. The charge inversion observed indicates that the
polynucleotide interacts with the cationic calixarene within the lipoplex. From the data
in Figure 3 it is possible to calculate (L/D)g, the value of the mass ratio corresponding
to a zeta potential equal to zero; that is, when the lipoplexes are neutral. (L/D)¢ values
can also be calculated theoretically using Equation (5). The deduction of this equation is
described in the Supplementary Information.

L) _ 9apn y MeaL o (ncatMcart nporeMbore) 1
DJo ™ ala = Mo (ncaL+nporE) —OCAL
(ncaL+nDOPE) (5)

_ 9apN o Mcar o, «Mcap+(1—o)Mpope
=t Mpp < «
dcaL bp

where g,y and qé ar, are the charges of the polynucleotide and of the CAL, respectively.
The charge of calf thymus DNA is considered to be—2 per base-pairs [48]. Mcar, and Mpopg
are the molecular weights of the cationic calixarene and non-ionic lipid, respectively, M,
being the polynucleotide molecular weight per base-pair. ncay, and npopg are the number
of moles the CAL and DOPE, respectively. The rest of the symbols have been previously
defined. Table 2 summarizes the experimental and the theoretical (L/D)¢ values. One
can see that, within experimental errors, the theoretical and the experimental values agree
quite well. It is important to know the charge of the different lipoplexes prepared because
one of the requirements for an efficient cellular uptake is that the charge of the nanocarrier
(the lipoplexes in this work) has to be positive in order to cross the negatively charged
cellular membrane [49].

Table 2. Theoretical and experimental (L/D)g values.

(L/D)g
o (TEACq2)4 (Imqs)g (Imq6Ims3); (Imyg)y
0.10 - - 6.6 6.6 692 69b
0.20 382 3.6° 372 360 362 3.7b 392 3.9P
0.30 282 26b 274 260 262 26P 294 29P
0.40 232 22b 222 20P 212 21°b - -
0.45 212 1.8b 202 1.8 - - - -
0.50 202 18P 194 1.7b 182 18P - -

a Theoretical values; Experimental values.

Charge inversion of DNA in the lipoplexes can also be investigated by gel elec-
trophoresis. Figure S1 (Supplementary Information) shows the results obtained by using
this technique. In this figure a migration to the anode is observed for L/D values lower
than (L/D)g, for the systems investigated, although a diminution in the mobility of the
band is found when L/D approximated to (L/D)g. Once this value is reached, the mobility
is hindered, this pointing out that the charge of the polynucleotide has been inverted
from negative to positive. These results are in agreement to those found by zeta potential
measurements (see Figure 3).
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Figure 3. Dependence of the relative zeta potential, —((/ (), of the CAL/DOPE/DNA lipoplexes
on L/D for different molar ratios . T =303.0.1 + 0.1 K. (A) (TEAC13)4; (B) (Imy2)4; (C) (ImzImyg)s;
(D) (Imy6)s4.
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Another important magnitude is the size of the lipoplexes. Recent studies indicated
that there is a particular size range adequate for cellular uptake [18,50]. Although cellular
uptake depends on the type of cells and on the different barriers making this process
difficult [49], the appropriate nanocarrier size is usually considered to be a few hundred
nanometers. Figure 4 shows the dependence of the hydrodynamic diameter, dy, on the
mass ratio L/D, for a given o value, for the calixarenes investigated. In all cases a Gaussian
dependence of diy on L/D was observed. This dependence can be explained as follows. At
low as well as at high L/D values, the lipoplexes are negatively and positively charged,
respectively (see Figure 3). That is, there are repulsive forces among them that kept them
apart and maintained a stable size distribution. When L/D is approaching (L/D)e, the
charge of the lipoplexes is moving closer to zero. As a consequence, the lipoplexes do not
repel each other and an aggregation process occurs, a steep increment in dgy being observed.
This explanation is supported by Figure S2 (Supplementary Material), which shows the
dependence of the relative zeta potential, ({/ (o), and of the hydrodynamic diameter, dyy,
of CAL/DOPE/DNA lipoplexes on L/D for o = 0.2. Apart from the L/D values close to
(L/D)o, the lipoplex sizes observed for the different molar ratios «, and for all the CAL
studied, are within the hundred nanometers size range.

A way of getting information about the conformational changes of the DNA in the
lipoplexes, when the mass ratio L/D varies, is by circular dichroism, CD. Figure 5 shows
the CD spectra of the CAL/DOPE/DNA lipoplexes for different « and L/D values. First,
it was checked that the liposomes in the absence of DNA did not contribute to the spectra.
All CD spectra were run taking as reference an aqueous buffer solution HEPES 10 mM,
at pH = 7.4. Figure 5 shows the CD spectrum corresponding to pure DNA in aqueous
buffered solution of HEPES 10 mM. This spectrum presents a negative band, at about
247 nm, due to the right-handed helicities of the polynucleotide, and a positive band, close
to 280 nm, coming from the 7—7 stacking interactions between the bases. This spectrum
is in agreement with that expected for the right-handed B form of the double-stranded
ctDNA [51]. For all the CAL/DOPE/DNA lipoplexes investigated, a diminution in the
positive band intensity upon increasing L/D was observed. The (Imj¢)s/DOPE/DNA
lipoplexes could not be studied at higher L/D values because of solubility problems. This
makes the comparison of the results obtained for this calixarene with those corresponding
to the rest of the macrocycles more difficult.

The dependence of the positive band intensity on L/D could be explained consider-
ing the attractive electrostatic interactions between the DNA phosphate groups and the
positively charged calixarenes within the lipoplexes. These interactions could cause the
opening of the DNA double strand and conformational changes in the polynucleotide.
An increment in L/D is accompanied by an increase in the amount of cationic calixarene in
the lipoplexes. Therefore, it would be expected that the diminution in the positive band
intensity was larger, for a given « value, the higher L/D is, as is observed.

The displacement of the inflection point (observed at 260 nm for pure DNA) towards
higher wavelengths as well as the increase in the negative band intensity are usually related
to the DNA denaturation and to DNA conformational changes [52,53]. Bombelli et al. found
a similar dependence of the DNA spectrum in gemini surfactants/DOPE/DNA lipoplexes
on L/D [54]. These authors proposed that the gemini surfactant/DNA interactions in
the liposomes causes a conformational DNA change from a B form to a more condensed
Y phase, where the polynucleotide molecules are partially inserted within an inverted
hexagonal lipid rearrangement, which gives the DNA a certain spatial organization and
a fixed directionality.
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Figure 4. Dependence of the hydrodynamic diameter, dy, of the CAL/DOPE/DNA lipoplexes
on L/D for different molar ratios «. T =303 £ 0.1 K. (A) (TEAC13)4; (B) (Im13)s; (C) (ImzImyg)s;
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Figure 5. Dependence of the circular dichroism spectra of the CAL/DOPE/DNA lipoplexes on L/D for different molar
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The displacement of the inflection point wavelength diminishes when « increases.
This could be due to the effects of the presence of DOPE on the DNA conformation, as was
pointed out by Marty et al. [55] in different liposome formulations. It is also observed in
Figure 4 that the wavelength displacement is lower for (Imj)4 than for (TEAC)4 (14 nm
vs. 6 nm, respectively). Both calixarenes have the same hydrophobic tail length. This
observation was explained considering that the imidazolinium groups were intercalated,
at least partially, between the DNA base pairs, this stabilizing the B form of the DNA [56].
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At this point it is worth noting that there are not enough experimental results for (Imy)4
that permit the comparison with the other CAL.

The circular dichroism results seem to indicate that the lipoplex formation results
in DNA conformational changes. In order to support this hypothesis, atomic force mi-
croscopy measurements, AFM, were carried out. Figure 6 shows the AFM images corre-
sponding to pure DNA (Figure 6A), together with those of CAL/DOPE/DNA lipoplexes
of different compositions, for two of the calixarenes investigated (Figure 6B-E). In the
absence of liposomes, the pure DNA presents an elongated form (see Figure 6A). For
(Im3zImj14), /DOPE/DNA and (TEAC;;),/DOPE/DNA lipoplexes at o« = 0.2 for L/D =1
(Figure 6B,D), which is lower than (L/D)g, some globular structures are observed, and the
length of the DNA seems to be somewhat shorter, although no substantial conformational
variations are observed. Yan et al. [57] explained the formation of the globular structures,
linked across DNA strands, on the basis of an increased bending of the DNA double helix,
this leading to the formation and stabilization of intramolecular loops. The separation of
the double DNA strand into single strands, due to electrostatic attractions between the
DNA and the cationic calixarenes, favors this process. For L/D =7, (L/D) > (L/D)g, the
number of globular structures present in the images increases. However, a full condensa-
tion of the polynucleotide is not reached (Figure 6C,E) since some elongated fragments
of DNA are still observed. These experimental observations are in agreement with the
CD spectra.

11.85 nm

0.02 nm 0.00 nm

Figure 6. AFM topographic images of CAL/DOPE/DNA lipoplexes in buffered solutions, 10 mM
HEPES (pH = 7.4), adsorbed on APTES modified mica surface. (A) Pure DNA; (B) (Im3Imjg), ot = 0.2
and L/D =1; (C) (Im3Imy¢); « =0.2and L/D =7; (D) (TEACy3)4 « =0.2and L/D = 1; (E) (TEAC1p)4
a=02andL/D=7.
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With the goal of visualizing the morphology of the CAL/DOPE liposomes and
CAL/DOPE/DNA lipoplexes, transmission electron microscopy measurements were car-
ried out. Figure 7 shows the TEM images obtained for some of the systems investigated.
One can see that a spherical morphology is observed for both the liposomes and the
lipoplexes studied. The molar ratio « = 0.3 was chosen because Figure 1 shows that, for
the two calixarenes studied, the minimum size is found close to this molar ratio value. It
is interesting to indicate that (TEAC;2)s/DOPE and (Im13)4/DOPE liposomes are the less
cytotoxic among the calixarene-based liposomes investigated. For the mass ratio L/D =5,
the charge inversion of the polynucleotide is complete for (TEAC;,)4/DOPE/DNA and
(Im1)4/DOPE/DNA lipoplexes, at & = 0.3 (see Figure 3). Figure 7 shows that the two
lipolexes not only are spherical, but their size is in the order of a few hundred nanometers.
This is important in relation with the use of lipoplexes for gene delivery since it has been
shown that a spherical morphology and a small size are two characteristics of the genetic
material nanocarriers that favor transfection efficiency [49]. Besides, the liposome and
lipoplex sizes measured using DLS (Figure 4) and TEM are in agreement, as one can see in
Table 3.

Figure 7. TEM images of the following systems: (A) (TEAC;;)s/DOPE liposomes with « = 0.3;
(B) (Imj2)4/DOPE liposomes with « = 0.3; (C) (TEAC;,)4/DOPE/DNA lipoplexes with & = 0.3 and
L/D =5; (D) (Imy;)4/DOPE/DNA lipoplexes with o = 0.3 and L/D = 5.

Table 3. Sizes of various liposomes and lipoplexes, with a molar ratio & = 0.3, measured by dynamic
light scattering, DLS, and electronic transmission microscopy.

Hydrodynamic Diameter (DLS)/nm Diameter (TEM)/nm
(TEACy2)4 (Imy2)4 (TEAC12)4 (Img2)4
Liposomes 147 £ 4 157 + 4 130 + 32 140 + 40
Lipoplexes (L/D = 5) 183 +9 276 £ 8 183 4 39 223 4 47
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3.3. Transfection Efficiency of CAL/DOPE/pDNA Lipoplexes

The transfection experiments were carried out for the lipoplexes containing the least
cytotoxic calixarene: (TEACiy)4. Before carrying out these measurements, the cell viability
of the liposomes for the human bone osteosarcoma epithelial cells U20S using the MTT
assay was carried out. This is the cell line used in the transfection experiments because it is
considered an easy-to-transfer cell line. Figure 8 shows the results obtained. In this figure,
the cytotoxicity of the (TEAC;,),4/DOPE liposomes in the presence of additional DOPE
(+1/4 of the DOPE amount present in the liposomes) is also presented. These systems were
investigated because in the transfection experiments the addition of DOPE could make
the delivery of genetic material more efficient [58]. Therefore, given that the transfection
efficiency, TE, of the lipoplexes was studied in the presence of this phospholipid, the cell
viability experiments in the presence of different cell lines for (TEAC;;)4/DOPE liposomes
+ DOPE was also carried out.
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Figure 8. Dependence of the cell viability (%) of (TEACj3)4/DOPE liposomes in U20S cancer cell
line, at 48 h, on the concentration of (TEAC;;)4 within the liposomes, for a constant cationic lipid
molar ratio & = 0.3. The experiments were done in triplicate. (A) In the absence of additional DOPE;
(B) in the presence of additional DOPE (+1/4 of the DOPE amount present in the liposomes), which is
not forming part of the (TEACy;)4/DOPE liposomes.

One can see that, for « = 0.3, the presence of additional DOPE, which is not present in
the liposomes, substantially diminishes the cell viability of (TEAC1,)s/DOPE liposomes.
In the absence of additional DOPE, the cell viability of the (TEAC;3)4/DOPE liposomes
is lower than 60% for concentrations of the cationic calixarene [(TEAC2)4] > 20 ug mL~1.
However, the addition of DOPE to the system caused the cell viability of the
(TEACy3)4/DOPE liposomes to be lower than 60% for cationic calixarene concentrations
[(TEAC12)4] > 5 ug mL~!. That s, keeping the cationic calixarene molar ratio « equal to
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0.3, the cell viability substantially decreases when the [(TEACi3)4] within the liposomes
increases if additional DOPE is present.

The transfection process of the plasmid pEGFP-C1 was carried out on the U20S cells.
The TE of the (TEAC;,)4/DOPE/pEGFP-C1 lipoplexes, with « = 0.3, within a L/D range
between 9 and 90, in the presence as well as in the absence of additional DOPE, was
estimated. Expression of GFP is frequently used to follow transfection, and it does not
require any additional manipulation of the sample since GFP is an intrinsically fluorescent
protein. Therefore, its fluorescence can be readily measured directly. The lowest L/D
value studied was 9, with the idea of assuring that the lipoplexes have a positive charge,
a requirement to cross the cell membrane. On the other hand, L/D values higher than 90
were not investigated because this would mean a high amount of cationic calixarene present
in the liposomes, this increasing cytotoxicity (see Figure 2). In regard to the introduction of
additional DOPE in order to improve the TE, amounts of DOPE up to 1/4 of that present
in the lipoplexes were investigated. Higher additional phospholipid amounts were not
studied to avoid a further increase in cytotoxicity (see Figure 8).

Figure 9 shows that for the mass ratio L/D = 9 no transfection was observed in the
absence as well as in the presence of additional DOPE. Negligible TE values were also
found for L/D values lower than 90. For this reason, they are not shown in Figure 9.
However, for L/D =90 a low TE was observed, close to 3%. This TE is much lower than
that of the FuGENE 6 reagent. When DOPE was added (1/4 of the amount of phospholipid
present in the lipoplexes), the TE for L/D = 90 increased up to 16%. For additional DOPE
amounts lower than 1/4 no changes in the TE for L/D=9 were observed. The increment
in the TE caused by the addition of the helper lipid DOPE could be due to an increase in
the stabilisation of the interactions cationic lipid /p-EGFP-C1 [59,60]. Besides, the addition
of DOPE could also make the transfer of the genetic material in the context of endosomal
escape more favorable, due to its fusogenic character [61].
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Figure 9. Percentage of GFP-positive cells after transfection with 3 pg of p-EGFP-C1, 24 h post
transfection; 10,000 cells were analyzed per condition by flow cytometry (FACS). (a) (TEAC;2)4/
DOPE/pEGFP-C1 liposomes at a= 0.30; and (b) (TEAC;;)4/DOPE/pEGFP-C1 liposomes + DOPE at
o =0.30.

Figure 10 shows the FACS analyses of cells transfected with 3 ug of p-EGFP-C1 with
the indicated reagents. Representative images of GFP-positive cells after transfection are
shown in Figure 11.
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Figure 10. FACS analysis of cells transfected with 3 ug of p-EGFP-C1 for the different reagents. The
charts show green fluorescent emission (X axis) vs. red fluorescent emission (Y axis) of 10,000 live
cells analyzed per condition 24 h post-transfection. The GFP gate defines the area where cells with
a clear increase in their green fluorescent emission are observed without a parallel increase in their
red fluorescent emission. (A) Control; (B) FuGENE 6; (C) (TEAC1,)4/DOPE/pEGFP-C1 liposomes
at oc = 0.30 for L/D = 90; and (D) (TEACy;)4/DOPE/pEGFP-C1 liposomes + DOPE at « = 0.30 for
L/D =90.
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Figure 11. Representative images of GFP positive cells after transfection with 3 pg of pEPFG-C1.
(A) Control; (B) FuGENE 6; (C) (TEAC;2)s/DOPE/pEGFP-C1 lipoplexes at « = 0.3 and L/D = 90;
(D) (TEAC;2)4/DOPE/pEGFP-C1 lipoplexes at « = 0.3 and L/D = 90 in the presence of additional
DOPE. Scale bar: 10 pm.
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3.4. Encapsulation of Doxorubicin

Doxorubicin (see Scheme 2), DOX, is an antineoplastic drug displaying a strong
antitumoral activity against a wide spectrum of human cancers. It is used in the treatment
of various lung, breast, or ovarian cancers. Itis also used in chemotherapy for leukemia and
lymphomas [62-64]. DOX intercalates between the base-pairs of the DNA, this resulting
in the inhibition of the synthesis and transcription of the genetic material. The result is
the blocking of the enzyme topoisomerase II, which hindered the division and growing
of cells. Besides, the interactions DOX/DNA cause variations in the chromatin structure,
which triggers apoptosis in cells [65]. In spite of the beneficial DOX activity, its clinical
use is limited by its side effects. Gastrointestinal toxicity, stomatitis, myelosuppression,
or cardiotoxicity are some of the most frequent side effects caused by the treatment with
DOX [66-68].

The study of the encapsulation of drugs within nanocarriers is of great interest because
it could permit the transportation of the drug towards its therapeutic target but, simultane-
ously, diminishing the drug side effects. One of the most frequently used nanocarriers are
liposomes, particularly in the case of doxorubicin [69-71]. In fact, there is a commercial
liposome preparation for DOX administration in chemotherapy called Doxil® [72]. Other
types of nanovehicles have also been used to administer doxorubicin [73-76]. In this work,
the (TEACy2)4/DOPE liposomes were used to study the encapsulation and the release of
doxorubicin. These liposomes were chosen because of the low cytotoxicity they present,
which is one of the requirements of nanocarriers for biomedical applications.

Before studying the encapsulation of doxorubicin within the calixarene-based lipo-
somes, the stability of these nanostructures was investigated. Stability was followed by
DLS measurements, through the dependence of the hydrodynamic diameter, dy, and the
polydispersity, PDI, on time, at 310 K (simulating the human body temperature). Figure 12
shows the results. One can see that the liposomes were stable during approximately 6 days.
After that time the size as well as the PDI increased, this indicating that the system was not
stable for longer times. The results observed in Figure 12 could be explained by the frag-
mentation of the lipid membrane of the liposomes due to the hydrolytic decomposition of
the phospholipid molecules. As a consequence, their structure will vary, and an increment
in the surface of the liposome membranes can occur, this causing an increase in both the
hydrodynamic diameter and the polydispersity.

The encapsulation of doxorubicin within the (TEAC;;)4/DOPE liposomes was done
during the hydration process of the lipid bilayer (thin lipid film method). A DOX buffered
solution (HEPES 10 mM, pH = 7.4) was added to the dry lipid bilayer. Afterwards,
the vortex-sonication cycles were carried out, followed by the extrusion process. The
final DOX concentration was 2 x 10~% mol L™! in all cases. In order to estimate the
amount of DOX encapsulated, the drug-loaded liposomes were dialyzed (see Section 2.12).
The doxorubicin concentration was determined by UV-visible spectroscopy measuring
absorbance at 490 nm. The temperature was kept at 277 K in order to avoid doxorubicin
degradation. The results obtained are summarized in Table 4.

Table 4. Encapsulation efficiency, EE%, and loading capacity, LC, of doxorubicin in the (TEACy5)4/
DOPE liposomes. T =277 K. Three independent experiments were carried out for each system studied.

[ EE% LC%
0.2 72+5 1.85+0.18
0.4 83+1 4.21 £+ 0.09

Table 4 shows that for the two molar fractions « investigated, the encapsulation
efficiency was high. EE% increased when « augmented. This experimental observation
could be explained by considering the interactions between (TEAC;), and doxorubicin,
which were investigated in a previous study [30]. An increase in the amount of the
antineoplastic drug in the liposome, an increase in «, will favor these interactions, this
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leading to an increment in the encapsulation efficiency. The loading capacity also followed
the same trend as EE%, and the explanation is similar to that given above.
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Figure 12. Variation of the hydrodynamic diameter, dgy, and of the polydispersity, PDI, with time for
(TEAC1,)4/DOPE liposomes at 310 K. (A) ot = 0.2; (B) x = 0.4.

The size and the polydispersity, PDI, of the (TEAC;;),/DOPE liposomes with and
without loaded DOX were compared. The measurements were done by DLS, and the data
are listed in Table 5. One can see that the hydrodynamic diameter as well as the PDI of the
liposomes were similar in the absence and in the presence of doxorubicin.

Table 5. Hydrodynamic diameter, dyj, and polydispersity, PDI, of (TEACi3)4/DOPE liposomes and
doxorubicin loaded (TEAC3)4/DOPE liposomes. T = 310 K. The results are the average of three
independent experiments.

« dy/nm 2 PDI 2 dy/nm P PDI b
0.2 200 + 7 0.23 £ 0.02 186 + 6 0.18 + 0.02
0.4 13146 0.163 + 0.012 134+ 6 0.22 + 0.03

2 (TEACy2)s/DOPE liposomes. b DOX loaded (TEAC;,);/DOPE liposomes.

When a drug is loaded in a nanocarrier, it is important to study the release time
of the drug. The method used to investigate the release was described in the Experi-
mental section, and it was carried out also at 310 K, in order to mimic the human body
temperature. Figure 13 shows the variations of EE% against time for doxorubicin loaded
(TEACy2)4/DOPE liposomes with molar fractions 0.2 and 0.4. The concentration of doxoru-
bicin was estimated measuring the absorbance at 490 nm. From the variations of EE% with
time, it is possible to deduce that the release follows a pseudo-first-order kinetics.
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Figure 13. Release of doxorubicin from DOX loaded (TEAC;;)s/DOPE liposomes at 310 K.
(A) x =0.2; (B) @ = 0.4. The values are the average of three independent experiments.

The following kinetic rate constants were estimated: 1.9 x 10~ min~! and 1.6 x 10~° min~!
for « = 0.2 and « = 0.4, respectively. Figure 13 shows that not all the doxorubicin was
released from the liposomes. This could be explained by considering that, once the lipo-
somes are fragmented, CAL molecules free from the lipid bilayer will be present in the
solution. (TEACy;)4 can form different aggregates at low CAL concentrations, and DOX
could be bound to them [30]. This hypothesis is in agreement with the results shown
in Figure 13, since less doxorubicin was released in the case of « = 0.4 than of o« = 0.2.
An increase in the molar ratio o« means an increment in the amount of calixarene present in
the liposomes. Therefore, once the liposomes are broken, there will be a larger number of
free CAL molecules to associate with the doxorubicin and, consequently, the amount of
antineoplastic drug released from the liposomes will be lower.

The results obtained indicate that (TEAC;,)4/DOPE liposomes can be used as non-
cytotoxic nanocarriers for the antineoplastic drug doxorubicin. Besides, even when lipo-
somes are fragmented, the DOPE as well as the (TEAC;,), molecules are non-cytotoxic [30].
The half-lives of the release were 2.5 and 3 days for « = 0.2 and « = 0.4, respectively, this
pointing out that the side effects of the doxorubicin could be diminished due to a controlled
release of the drug encapsulated as compared to the use of the naked drug.

4. Conclusions

In this work the formation of calixarene-based liposomes, CAL/DOPE, was inves-
tigated. Calixarenes with hydrophobic chains of different length attached to their lower
rim were considered. The nature of the hydrophilic head present in their upper rim was
also changed. The phospholipid DOPE was used, together with the cationic calixarene, for
forming the lipid bilayer of the liposomes. The liposomes were characterized using several
techniques. TEM images showed their spherical morphology. Cell viability experiments
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permitted the estimation of the cytotoxicity of the CAL/DOPE liposomes of different
compositions, the results showing that the (TEAC;)4 liposomes are the least cytotoxic.

The formation and characterization of CAL/DOPE/DNA lipoplexes of different com-
positions was investigated and the nanostructures characterized. They have a spherical
geometry and a size on the order of a few hundred nanometers. Subsequently, trans-
fection experiments were carried out only for the least cytotoxic calixarene, (TEAC)4.
Results showed that some of these (TEACy;)s/DOPE/p-EFGP-C1 lipoplexes can transfect,
although the transfection efficiency, TE, is low. However, the presence of an additional
amount of DOPE substantially increases the TE. This could be explained considering that
the presence of DOPE can stabilize the interactions between the cationic lipid and the
plasmidic DNA. Besides, the addition of DOPE could also make the transfer of the genetic
material in the context of endosomal escape more favorable, due to its fusogenic character.

The antineoplastic agent doxorubicin was encapsulated in the (TEAC;;)s/DOPE
liposomes with high encapsulation efficiencies. The liposomes were stable for close to
6 days, at 310 K (the human body temperature). The drug release was studied, and the
results showed that the liposomes can be utilized for a controlled release of the drug. Their
use could suppose a diminution in its side effects.

The results obtained also show that the calixarene-based liposomes seem to be better
nanocarriers, for both nucleic acids and doxorubicin, than their aggregates (micelles and
vesicles), formed by the naked calixarenes.

Future investigations will be oriented to the design and preparation of new non-
cytotoxic amphiphilic calixarenes with the goal of using the CAL/DOPE/DNA lipoplexes
as nanocarriers for the delivery of genetic materials, with a high transfection efficiency. The
CAL/DOPE liposomes can also be checked as nanovehicles for different drugs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13081250/s1, Deduction of Equation (5); Figure S1: Electrophoretic mobility
shift assay on an agarose gel (1%) for CAL/DOPE/DNA lipoplexes; Figure S2: Dependence of
the relative zeta potential, ((/ (o), and of the hydrodynamic diameter, dyj, of CAL/DOPE/DNA
lipoplexes on L/D for « = 0.2. T =303.0.1 £ 0.1 K.
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Abstract: The present study evaluates the use of newly synthesized poly(L-lactic acid)-co-
poly(butylene adipate) (PLA/PBAd) block copolymers as microcarriers for the preparation of arip-
iprazole (ARI)-loaded long acting injectable (LAI) formulations. The effect of various PLA to PBAd
ratios (95/5,90/10, 75/25 and 50/50 w/w) on the enzymatic hydrolysis of the copolymers showed in-
creasing erosion rates by increasing the PBAd content, while cytotoxicity studies revealed non-toxicity
for all prepared biomaterials. SEM images showed the formation of well-shaped, spherical MPs
with a smooth exterior surface and no particle’s agglomeration, while DSC and pXRD data revealed
that the presence of PBAd in the copolymers favors the amorphization of ARI. FTIR spectroscopy
showed the formation of new ester bonds between the PLA and PBAd parts, while analysis of the MP
formulations showed no molecular drug-polyester matrix interactions. In vitro dissolution studies
suggested a highly tunable biphasic extended release, for up to 30 days, indicating the potential of
the synthesized copolymers to act as promising LAI formulations, which will maintain a continuous
therapeutic level for an extended time period. Lastly, several empirical and mechanistic models were
also tested, with respect to their ability to fit the experimental release data.

Keywords: long acting injectables; poly(L-lactic acid); poly(butylene adipate); block copolymers;
aripiprazole; microparticles; sustained release

1. Introduction

In the past few decades synthetic polymers that degrade under physiological condi-
tions (i.e., biodegradable polymers) have become increasingly common in medical and
pharmaceutical applications [1-3]. Especially, in the case of particulate drug formulations
(such as nano- or microparticles) an increasing number of polymeric materials, and espe-
cially polyesters, have been introduced and implemented for drug delivery [4-6]. Amongst
them, the preparation of long-acting injectable (LAI) formulations is probably the most in-
tensively studied application for such polyester-based systems. In general, LAls’ are being
utilized to reduce drug administration frequency, resulting to higher patient compliance.
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Compared to other formulations, LAls can provide a prolonged and constant therapeutic
effect, enhance the biological half-life of drugs, improve bioavailability and protect the
active pharmaceutical ingredients (APIs) against harsh environmental conditions [7-9].
In addition, compared to other materials, such as lipids, polyesters can be customized more
easily in order to adapt to any specific type of drug [4]. However, despite the numerous
scientific reports, the fact that only about 20 different LAI products are available in the
market, suggests that the design of such drug formulations is a rather difficult task [10].

In this context, perhaps the most widely explored polyester used is poly(L-lactide)
(PLA) and its copolymer with glycolic acid (i.e., poly (lactic-co-glycolic acid), PLGA) [11,12].
In general, PLA or PLGA LAI formulations have been investigated as suitable matrix/carriers
to deliver a variety of APIs, including small molecules, peptides and proteins for periods
ranging from one week to several months [13-19]. In the last two decades several PLA
or PLGA-based products have been brought into the market [11,20,21]. The characteris-
tics of the polymer, such as molecular weight (MW), copolymer composition, terminal
groups functionality and glass-transition temperature (Tg) are the key factors affecting
its biodegradability and, hence, release kinetics. However, despite their inherent flexi-
bility, PLA and PLGA-based LAIs face a number of challenges, including initial burst
release, enhanced lag-time, incomplete drug dissolution and poor drug stability during
both production and storage [10,11]. In an attempt to overcome these limitations, a wide
range of suitable biodegradable polymers, including poly-e-caprolactone, polyorthoesters,
polydioxanones, polyphosphazenes, polyanhydrides, poly(acyanoacrylates), polyiminocar-
bonates, polyoxalates and polyurethanes, have been proposed as alternatives. Among
them, poly(alkylene adipate) derivatives were only recently introduced showing promising
results [22,23].

In general, poly(alkylene adipate)s, derived from dicarboxylic acids and different
aliphatic diols, such as poly(ethylene adipate) (PEAd)), poly(propylene adipate) (PPAd)
and poly(butylene adipate) (PBAd), seem to be a promising PLA or PLGA substitute in
terms of ecological and economic (balance of cost-benefit) factors [24—27]. In a recently
published attempt, the use of poly(alkylene adipate)s, as sole matrix/carriers for the
preparation of drug LAI microparticle formulations showed promising results, in terms of
efficacy, although incomplete drug dissolution was recorded in addition to rather short
sustained action (a plateau was reached in dissolution at 3 days) [22]. These results indicate
that a certain amount of tunning is needed in order for this type of polyesters to be suitable
for LAI formulations. Similar results were also obtained from another study, where the
combination of poly(butylene adipate) (PBAd) with PLA in the form of a physical blend
was utilized in order to prepare novel electrospun nanofibrous matrices for the sustained
delivery of the immunomodulatory drug, teriflunomide [23]. In this study, a controlled
release pattern of the drug was achieved and varied analogous to the proportion of the
PBAd and the drug content.

In view of these findings, we recently published a study on the synthesis of a new
block copolymer with enhanced physicochemical and mechanical performance, based
on butylene adipate segments [28]. Specifically, block copolymers of PBAd combined
with PLA (Figure 1a) were synthesized via a two stage polycondensation and analyzed in
regard to thermal and mechanical properties. The results showed that the continuity of
the two polymers throughout the copolymer volume and the semicrystalline morphology
were both easily tuned by either the preparation method conditions and the ratio of PBAd
to PLA to the drug. Based on these features it can be assumed that the new prepared
block copolymer may be a promising candidate for the preparation of drug-loaded LAI
microparticles (MPs).
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Figure 1. Chemical structures of (a) PLA /PBAd copolymers and (b) aripiprazole (ARI).

In the present study the use of the recently synthesized PLA /PBAd block copolymer
was evaluated as a suitable LAI carrier. Aripiprazole (ARL Figure 1b), a second-generation
antipsychotic, is used as a model drug, which according to the FDA, is one of the several
antipsychotic drugs marketed as a LAI formulation (please see Abilify Maintena®), which,
however, presents a long initial lag-time (this is why oral ARI is simultaneously given for
14 consecutive days after the initial LAI injection) and is administrated rather frequently
(i.e., once per month) [29-31]. Hence, within the set of the present study, after the initial
evaluation of the biodegradation and the cytotoxicity profile of the neat PLA /PBAd block
copolymers, ARI-loaded PLA/PBAd MPs were prepared via the emulsification/solvent
evaporation method and thoroughly evaluated in terms of physicochemical and pharma-
cotechnical properties.

2. Materials and Methods
2.1. Materials

ARI (7-(4-[4-(2,3-Dichlorophenyl) piperazin-1-yl|butoxy)-3,4-dihydroquinolin-2(1H)-
one) form III crystals were kindly donated by Pharmathen S.A. (Athens, Greece). Adipic
acid (ACS reagent, >99.0%), 1,4-butanediol (99%), tetrabutyl titanate (TBT) (97%) and
the Tin(II) 2-ethylhexanoate (TEH) (96%) catalysts were obtained from the Sigma-Aldrich
(Saint Louis, MO, USA). L-Lactide (98%) and (S,S)-3,6-dimethyl-1,4-dioxane-2,5-dione
were purchased from Alfa Aesar Chemicals (Kandel, Germany). Rhizopus delemar and
Pseudomonas cepacia lipases were purchased from Fluka BioChemika, Steinheim, Germany.
All other solvents and reagents used were of analytical or pharmaceutical grade and were
used as received.

2.2. Synthesis of PBAd and PLA/PBAd Block Copolymers

PBAd and PLA/PBAd copolymers were prepared by the method we previously
published [28]. Briefly, PBAd was prepared via a two-stage esterification and polycon-
densation. During the first stage (esterification), accurately weighed amounts of adipic
acid and 1,4-butanediol, in a 1/1.1 molar ratio, were placed in a round-bottom flask and
the polymerization mixture was degassed and purged with nitrogen several times, before
heating to 180 °C under constant stirring and then gradually heating up to 220 °C over a
period of three hours. After removal of the water formed, the nitrogen flow was stopped
and 400 ppm of TBT (0.05 g mL ! in toluene) was added to the mixture under high vacuum
(5.0 Pa), in order to avoid excessive foaming. The temperature was then increased to 240 °C
and the polycondensation reaction was carried out for another two hours.
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After the preparation of the neat PBAd the PLA/PBAd copolymers were prepared via
ring opening polymerization of L-lactide. Briefly, proper amounts of L-lactide and PBAd
(corresponding to a final copolymer weight ratio of 95/5, 90/10, 75/25 and 50/50 w/w
PLA to PBAd) were placed in round bottom flasks along with the THE (used as a catalyst
at 400 ppm based on the L-lactide concentration). After nitrogen purging, the mixture
was heated up to 200 °C and the reaction was initiated and carried out under constant
mechanical stirring for one hour. The MW of the prepared copolymers was increased by
heating up to 220 °C, under high vacuum (5.0 Pa) for 15 min. Then, the flasks were cooled
to room temperature and the copolymers were purified by dissolving them in chloroform
and precipitating in cold methanol twice, prior to using them. The precipitates were
filtered and dried in a vacuum oven at 50 °C for 24 h. All samples were collected, placed in
hermetically sealed vials, after purging with Ny, and stored at 5 °C before further use.

2.3. Characterization of PLA/PBAd Block Copolymers

Following their preparation, the newly synthesized block copolymers were character-
ized in terms of biodegradation and cytotoxicity profiles, characteristics that are extremely
significant when preparing drug LAI formulations. Results, in terms of structural charac-
terization, MW, physical state, thermal properties and molecular mobility, are given in a
previous study of ours (Table 1) [28].

Table 1. Values of interest for the synthesized copolymers: molecular weight values, weight averaged (My) and num-
ber averaged (M,), and polydispersity index (PDI), estimated by SEC, and crystallization, melting and glass transition
temperatures (T, Tm and Tg accordingly), estimated by DSC.

Technique SEC DSC
PBAd PLA
M M, PDI T, T, T, T T, T,
1 w n C g m c g m
Sample (g/mol)  (g/mol) Q) Q) Q) Q) Q) o)
PLA 130k 73k 1.79 - - - - 55 149/155
PLA/PBAd 95/05 98k 61k 1.60 21/32 - 53 - 53 148/155
PLA/PBAd 90/10 97k 59k 1.65 15/32 - 52 - 54 148/155
PLA/PBAd 75/25 95k 57k 1.66 2/31 —64 52/55 - 54 147/154
PLA/PBAd 50/50 98k 57k 1.73 28 —-60 52/55 - 54 148/154
PBAd 90k 49k 1.85 29 -62 55 - - -

2.3.1. Enzymic Hydrolysis

PLA/PBAd enzymatic hydrolysis was performed based on a previously employed
method [32]. Briefly, the neat PBAd and PLA and the PBAd/PLA copolymers were
prepared in the form of films, using an OttoWeber Type PW 30 hydraulic press (Paul-Otto
Weber GmbH, Remshalden, Germany). The films were placed in petri dishes and 5 mL of
phosphate buffer solution (0.2 M, pH 7.4) was added, containing 0.09 mg/mL of Rhizopus
delemar lipase and 0.01 mg/mL of Pseudomonas cepacia lipase. The petri dishes were kept at
37.0 & 1.0 °C in an oven for twenty days, while the media were replaced every 24 h. After
predetermined time intervals, the films were removed from the lipase solution, washed
thoroughly with distilled water and dried at 40 °C in vacuo, until constant weight. Every
measurement was repeated three times. The degree of enzymatic hydrolysis was estimated
from the weight loss, as compared to the initial weight of the samples.

2.3.2. Size-Exclusion Chromatography

The molecular weights of all samples after enzymatic hydrolysis were estimated
by size-exclusion chromatography (SEC). The analysis was performed by means of SEC
equipment consisting of a Waters 600 high pressure liquid chromatographic pump (Waters,
Milford, MA, USA), Waters Ultrastyragel columns (HR-1, HR-2, HR-4 and HR-5) and a
Shimadzu RID-10A refractive index detector (Shimadzu Corporation, Kyoto, Japan). Col-
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umn calibration was performed using polystyrene standards (1-300 kg/mol in molecular
weight). The concentration of the prepared solutions was 20 mg/1000 mL, the injection
volume was 150 mL and the flow rate was 1 mL/min, operating at 60 °C.

2.3.3. Cytotoxicity Studies

Human adipose-derived mesenchymal stem cells culture (hAMSCs): For the evalua-
tion of neat polymer and copolymers cytotoxicity, hAMSCs were provided from Biohel-
lenika S.A. (Thessaloniki, Greece) after adipose tissue isolation from healthy volunteer
donors. Experimentally, after liposuction adipose tissue washed twice in PBS (phosphate
buffered saline) (1X, pH 7.4) (BIOWEST, Nualillé, France). Overnight digestion was per-
formed with 5 mg collagenase type I (Sigma-Aldrich, Saint Louis, MO, USA) per 10 g of
adipose tissue after overnight incubation. The mixture was filtered using a 70 um cell
strainer (CORNING, Glendale, AZ, USA) and centrifuged at 850 x g for 10 min. The pellet
was resuspended in Dulbecco’s modified Eagle’s medium (DMEM)(BIOWEST, Nuaillé,
France) supplemented with 10% fetal bovine serum (FBS)(BIOWEST, Nuaillé, France) and
2% penicillin/streptomycin and plated in culture flasks for 72 h until cells” adherence
to the plastic surface (37 °C incubation with 5% CO2). The cell culture medium was
replaced every 2-3 days until 80-90% confluence was reached. Cells were used in the
experiments between passage 4 and 5. Every cells’ detachment was performed with 0.05%
trypsin-EDTA (BIOWEST, Nuaillé, France).

Sterilization of the materials and cell seeding: All the materials were sterilized in
gradually reduced ethanol concentrations (100%, 70% and 50% in ddH,O) and, after
washing twice with ddH,O, were left to air dry for 5 h under sterile conditions. Fibrin glue
was prepared after the blood sampling of a healthy volunteer donor. A total of 10 uL of
fibrin glue per film were placed in the bottom of a 24-well plate and the materials were
seeded using a sterile pincher from above by applying minimal manual pressure and were
left to air dry overnight under sterile conditions.

hAMSCs were detached using trypsin-EDTA 1x in PBS. A total of 3.5 x 10° cells were
resuspended in the DMEM full medium and were subsequently placed above the films
of each condition. A total of 3.5 x 10° cells were also plated in a plastic surface without
any material and used as a control group. Upon air drying for 4 h in the incubator 1 mL
of the DMEM full medium was added per well for the culture initiation. After 48 h, the
cytotoxic effect of the materials was determined with an MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5 diphenyl tetrazolium bromide) assay.

In vitro cytotoxicity assays: The MTT cell proliferation assay, which employs the
reduction of tetrazolium salts by metabolically active cells for examining cellular viability,
was used for in vitro cytotoxicity assessment (Trevigen, Gaithersburg, MD, USA 4890-
025-K). After 48 h of coincubation with the formulations, the medium was removed and
cells were washed once with PBS before adding fresh medium including the 1/10 MTT
reagent (Sigma-Aldrich, Saint Louis, MI, USA). Upon the removal of the MTT, 1 mL/well
of DMSO was introduced for one additional hour of incubation. The optical density of
MTT formazan deposits was quantified by a spectrophotometer at a 570 nm and 630 nm
wavelength (PerkinElmer, Boston, MA, USA). All experiments were conducted in triplicate.

2.4. Preparation of ARI MPs

ARI MPs were prepared using PLA and PBAd polymers and their copolymers using
an emulsification/solvent evaporation method. Briefly, 250 mg of polymer (pure PLA, pure
PBAd and copolymers) were initially dissolved in 5 mL of dichloromethane and stirred
with a magnetic stirrer. Then 50 mg of ARI were added to the solution and sonicated
for 1 min until complete dispersion. The aqueous phase (50 mL of deionized H,O and
50 mL of 1% w/v PVA solution) was then added to the dispersion phase, homogenized
and left under stirring (1200 rpm), at room temperature, until the solvent was completely
evaporated. When the microspheres were formed, they were separated from the rest of the
solution by centrifugation at 4500 rpm for 10 min. Possible solvent or emulsifier residue
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was removed by three consecutive washes with deionized water. The microspheres were
then freeze-dried in order to remove any water residue. For the preparation of non-drug
loaded MPs, the same procedure as the one described above was followed without the
addition of the API. All final samples were subsequently stored at 4 °C using hermetically
sealed amber glass vails before further use.

2.5. Characterization of MPs
2.5.1. Differential Scanning Calorimetry (DSC)

DSC studies were conducted, using a Perkin—Elmer, Pyris Diamond DSC. In brief,
accurately weighed samples (5.0 = 0.1 mg) of the raw materials (i.e., neat PLA, neat PBAd
and neat ARI) and the PLA-ARI, PBAd-ARI and PLA/PBAd-ARI MPs were hermetically
sealed in aluminum pans and placed in the DSC sample holder. Then the samples were
heated from 25 to 180 °C with a heating rate of 20 °C/min and the various thermal events
were recorded using the Pyris Diamond software. The melting points (Tpe) were deter-
mined as the peak temperature and the glass-transition temperature (Tg) was determined
as the inflection point temperature, while the enthalpy of fusion (AHy) was determined
as the integrated area of the heat flow curve in all cases. Nitrogen flow (50 mL/min) was
applied in order to provide a constant thermal blanket within the DSC cell. The instrument
was calibrated for temperature using high purity benzophenone, indium and tin, while
the enthalpic response was calibrated using indium. All measurements were conducted
in triplicate. The standard deviations of temperatures and enthalpies determined, in this
work, were not higher than 1.0 °C and 3.0 ] /g, respectively.

2.5.2. Wide Angle Powder X-ray Diffractometry (pXRD)

pXRD patterns of the raw materials (i.e., neat PLA, neat PBAd and neat ARI) and the
PLA-ARI, PBAd-ARI and PLA /PBAd-ARI MPs were recorded using an XRD-diffractometer
(Rigaku-Miniflex II, Chalgrove, Oxford, UK) with a CuK« radiation for crystalline phase
identification (A = 0.15405 nm for CuK«). All samples were scanned from 5 to 50° with a
scanning rate of 1 °/min.

2.5.3. Scanning Electron Microscopy (SEM)

The morphology of the neat PLA, PLBAd and PLA/PBAd copolymers in the form
of film before and after the enzymatic hydrolysis study and the ARI-loaded PLA, PBAD
and PBAd MPs before and after the completion of the dissolution study was examined
in a SEM system (JEOL JMS-840, JEOL USA Inc., Peabody, MA, USAmanufacturer, city,
country). All samples (either in the form of thin films or MPs) were covered with carbon in
order to provide good conductivity of the electron beam. All SEM images were collected
with the following operating conditions: (1) accelerating voltage 20 kV, (2) probe current
45 nA and (3) counting time 60 s.

2.5.4. Fourier-Transformed Infrared Spectroscopy (FTIR)

The chemical structure and the formation of molecular interactions in PLA /PBAd
copolymers and the PLA-ARI, PBAd-ARI and PLA /PBAd-ARI MPs was elucidated by FTIR
spectroscopy. FTIR spectra of the samples were received with an FTIR spectrophotometer
(model FTIR-2000, Perkin Elmer, Dresden, Germany) using KBr discs (thickness of 500 pm).
The spectra were collected in the range from 4000 to 400 cm ™! at a resolution of 2 cm ™! (total
of 64 coadded scans) and were baseline corrected and converted into the absorbance mode.

2.5.5. Yield, Encapsulation Efficiency and Drug Loading

MPs’ yield, drug loading and encapsulation efficiency (EE) were determined by
applying the following equations:

Yield (%) = [weight of MPs]/[initial weight of polymers and ARI] x 100 (1)

Drug loading (%) = [weight of ARI in MPs]/[total weight of MPs] x 100 (2)
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EE (%) = [weight of ARI in MPs]/[initial weight of ARI] x 100 3)

Microspheres equivalent to 10 mg of aripiprazole were dissolved in the minimum
quantity of dichloromethane and then diluted with the mobile phase: H,O pH 3.5: ace-
tonitrile 60:40 (v/v). The resulting solution was filtered through 0.45 pm filter paper and
the filtrate was assayed for ARI using a Shimadzu Prominence HPLC system (Shimadzu
Corporation, Kyoto, Japan), consisting of a degasser (Model DGU-20A5), a pump (Model
LC-20AD), an automatic sampler (Model SIL-20AC), an ultraviolet-visible variable detector
(Model SPD-20A) (Amax = 254 nm) and a thermostatic oven (Model CTO-20AC). A reverse
phase C18 column (250 mm x 4.6 mm I.D., 5 um particle size) was used for chromato-
graphic analysis. The flow rate was adjusted to 1 mL/min and the infusion volume was
20 uL. The chromatograms obtained were processed with the LC Solution software (v1.2,
Shimadzu Corporation, Kyoto, Japan). All measurements were conducted in triplicate.

2.5.6. In Vitro Dissolution Test

The MPs (having 10 mg of ARI) were suspended in 2 mL of PBS and inserted in a dial-
ysis tubing cellulose membrane bag (D9402-100FT; Sigma-Aldrich, Steinheim, Germany)
with a molecular weight cut-off of 12,000-14,000, which was then sealed and placed into
the dissolution basket (Distek Inc., North Brunswick Township, NJ, USA, model 2100C
Dissolution Test System), equipped with an automatic sampler (Evolution 4300 Dissolution
Sampler). The dissolution studies were performed under sink-conditions, using 400 mL of
a phosphate-buffered saline (PBS) solution (pH 7.4), at 50 rpm /37 4 0.5 °C. The solubility
of ARIin PBS was 0.3 mg/mL (measured at 37 °C with the shaking flask method). Samples
(2 mL) were withdrawn at predetermined time intervals, filtered and the concentration of
ARI was determined using the above described validated HPLC method. Additionally,
after the completion of the dissolution experiments the remaining MPs were withdrawn
from the dialysis tubes, dried and analyzed for ARI content, using the HPLC method
described in Section 2.5.5. All experiments were conducted in triplicate.

In order to evaluate the drug release mechanism, in vitro dissolution results were
fitted to the following release kinetics models [33]:

Zero order model: Dy = Dy + kot 4)

First order model: logD; = logDy + k1t/2.303 (5)
Higuchi square root model: Dy = Dy + kHtl/ 2 6)
Hixon-Crowell model: Dtl/ 5= Dol/ 5 kyct (7)
Korsmeyer-Peppas model: Di/De = Dy + kpt" 8)

where, Dy is the amount of drug released at time t, Dy is the initial amount of drug
released, D;/Dy is the fraction of drug released at time t, kg is the zero-order release
constant, kj is the first-order release constant, kyj is the Higuchi release constant, kyjc is the
Hixson-Crowell release rate constant, k, is the Peppas release constant and n is the release
exponent respectively.

2.6. Statistical Analysis

Statistical significance in the differences of the means was evaluated by using Student’s
t-test or Dunnett’s test for the single or multiple comparisons of experimental groups,
respectively. A difference with a p-value (p*) < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Evaluation of neat PLA/PBAd Block Copolymers

As stated in the Introduction, the present study attempts to build upon the previously
published promising results regarding the thermal and mechanical properties of the newly
synthesized PLA /PBAd block copolymers and to evaluate their use as matrix/carriers
for the preparation of ARI loaded LAI MPs. In this context, cytotoxicity and enzymatic

77



Pharmaceutics 2021, 13, 930

hydrolysis of the neat copolymers are initially evaluated, since these two features are
extremely important before proceeding with the preparation and evaluation of the LAI MPs.

3.1.1. Cytotoxicity Results

In general, polymers or copolymers that will be used to prepare such drug delivery
systems should possess low cytotoxicity. Polyesters, based on PLA, poly (glycolic acid)
(PGA) and polycaprolactone (PCL) and their copolymers, have been widely used as such
biomaterials with a low cytotoxicity profile [34—40]. However, the cytotoxicity arising from
the biodegradation of the newly prepared PLA/PBAd is unknown, and, hence, systematic
evaluation is needed in order to verify their safety. The MW of the newly synthesized
copolymers (measured by size-exclusion chromatography) varied from 98k-95k, while the
polydispersity index (PDI) was below 2.0 in all cases (1.60-1.85) [28].

Figure 2 illustrates the cytotoxicity effect of the prepared block copolymers on hAM-
SCs, where the y-axis shows the reduction of yellow 3-(4,5-dimethythiazol2-y1)-2,5-diphenyl
tetrazolium bromide (MTT) by mitochondrial succinate dehydrogenase.
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Figure 2. Cytotoxic effect on hAMSCs after incubation with neat PBAd, neat PLA and the newly
prepared PLA /PBAd block copolymers.

During this study, the MTT, which enters hAMSCs, passes through the mitochondria
where it is reduced to formazan. Subsequently, the cells are solubilized and the formazan
content is measured spectrophotometrically. Since MTT reduction can only happen in
metabolically active cells, the degree of activity is a measure of the cells’ viability. Generally,
in order for a material to be classified as toxic a reduction in the measured absorbance
should be more than 50% as compared to the control sample. Hence, based on the obtained
results, all studied materials can be considered as non-toxic since the max reduction in the
measured absorbance was 40%. Specifically, in the case of PLA /PBAd block copolymers the
obtained results showed a similar (for PLA/PBAd 50/50 and 75/23 w/w) or a significantly
better (for PLA/PBAd 90/10 and 95/5 w/w) cytotoxicity profile as compared to the neat
PLA, which is considered to be a non-cytotoxic biopolymer. Furthermore, results showed
that the metabolic activity of the cancer cell line was dependent on the PLA to PBAd ratio
within the copolymer, with samples higher in PLA showing a remarkably lower toxicity.
Therefore, based on the MTT assay results it can be said that all prepared copolymers are
non-toxic and, hence, are suitable candidates for the preparation drug LAI formulation.

3.1.2. Enzymatic Hydrolysis

In addition to non-toxicity, evaluation of the enzymatic hydrolysis profile of a polymer
(or copolymer) is needed in order to clarify whether this material can be used as a LAI
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matrix/carrier, including, of course, MP based formulations. Generally, enzymatic hydrol-
ysis (i.e., the path to polymer’s degradation) is controlled by various factors related to the
structure, the solid and thermal properties, etc. Among them, the mobility of polymer (or
copolymer) segments, the crystalline morphology (including spherulite size), the ratio and
the balances of hydrophilic/hydrophobic segments, the molecular weight, the Ty and Tg
are all factors that significantly affect the hydrolysis rate and extent [41-45].

In the present study, the enzymatic hydrolysis of the raw materials (i.e., the neat PBAd
and PLA) and the newly synthesized PLA/PBAd block copolymers were evaluated in
solutions containing a mixture of R. delemar and Pseudomonas cepacia lipases, at 37 °C and
pH 7.4. Figure 3 shows the calculated hydrolysis in terms of weight loss vs. time profiles.
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Figure 3. The enzymatic hydrolysis profile measured as % weight loss vs. time plots for the neat
PBAd, the neat PLA and the various PLA/PBAd block copolymers.

In the case of the neat PLA, the results showed an extremely slow enzymatic hydrolysis
rate reaching 3% within the first six days of testing. This slow degradation for PLA may be
attributed to the polymer’s high hydrophobic nature and to its high degree of crystallinity
and its rather high Ty,e1; and Tg (i.e., 150 °C and 55 °C, respectively [28]). In contrast to PLA,
PBAd showed a substantially higher degree of enzymatic hydrolysis. This higher hydrolytic
rate is in agreement with previous results [23] and can be attributed to the polymer’s low
Tg (approximately —55 °C) and Tpl¢ onset (40 °C), which allow the polymer’s segments
to move around more freely, thus, enabling water to penetrate and hydrolyze the PBAd
ester bonds more easily. In the case of PLA/PBAd samples, results showed an increase in
the copolymer’s hydrolysis, which was proportional to the PBAd content. Specifically, as
the content of PBAd increased, the copolymer’s degradation (measured in terms of weight
loss) also increased. Hence, based on the obtained results, it should be noted that the
prepared block copolymers also show highly tunable enzymatic hydrolysis characteristics.
This is extremely important since, depending on the pharmacological properties of the
API, the specific disease features and patients’ individual characteristics, the proposed new
biomaterials may be received as a universal solution for tailored drug or patient treatment.

However, despite the above presented significant findings, regarding the hydrolysis
rate and extent of the prepared copolymers, in depth analysis of the degradation process is
also needed in order to gain a true insight into the enzymatic biodegradation phenomena.
In this context, the morphology of the prepared samples, before and after enzymatic
hydrolysis, was evaluated via SEM. The results, presented in Figure 4, showed that the
neat PLA remained almost unaffected after six days of testing, while neat PBAd showed
an extensive mass degradation, which was dispersed uniformly along the whole surface
of the sample. Similarly, the PLA/PBAd copolymers showed increased mass loss, as the
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content of PBAd increased, while, according to all collected images, it was obvious that
the degradation mechanism of the copolymers, during their enzymatic hydrolysis at 37 °C,
was related initially to surface erosion. This was also confirmed by SEC measurements after
the first six days of study, which showed that molecular weight values remained practically
unchanged compared to the initial samples, while weight loss was taking place (Table 2).
However, even in this case, hydrolysis is a dynamic procedure. It has been found that the
hydrolytic chain cleavage proceeds preferentially in the amorphous regions of polyesters,
leading initially to the increase in polymer crystallinity [46]. Due to the interconnections of
amorphous fractions, hydrolysis becomes also a bulk erosion process after a period of time.

Initial Day 6™

PBAd

PLA

PLA/PBAd 95/5

PLA/PBAd 90/10

PLA/PBAd 75/25

PLA/PBAd 50/50

Figure 4. SEM micrographs of the neat PBAd and PLA and the various PLA/PBAd block copolymers
during enzymatic hydrolysis at zero time (initial) and after six days.
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Table 2. SEC estimated molecular weight values, My, and My, and % weight loss, after six days of
enzymatic hydrolysis.

Sample Mw (g/mol) Mn (g/mol) % Weight Loss
PLA 129.7k 72.8k 1.267
PLA/PBAd 95/05 97.8k 60.8k 2.109
PLA/PBAd 90/10 97.1k 58.6k 2.837
PLA/PBAd 75/25 93.9k 56.9k 7.230
PLA/PBAd 50/50 97.9k 57.1k 9.178
PBAd 88.9k 47.9k 10.912

3.2. Evaluation of ARI-loaded MPs

Based on the previously obtained results, the newly synthesized PLA /PBAd block
copolymers show a good cytotoxicity profile and highly tunable enzymatic hydrolysis
characteristics, features that makes them good candidates as LAI matrix/carriers. Hence,
in the following section the preparation of such drug-loaded formulations (in the form of
MPs) will be thoroughly evaluated.

3.2.1. MPs Morphology Evaluation Via SEM

As stated previously, in the present study the newly prepared PLA/PBAd block
copolymers (at several PLA to PBAd ratios) were tested as suitable biopolymers for the
preparation of ARI LAI MPs. In this set framework, the effect of the PLA and PBAd content
on the size and the morphological characteristics of the drug-loaded MPs was initially
investigated via SEM. Results in Figure 5 showed the formation of spherical MPs with a
smooth exterior surface, while in all cases no particle agglomeration was observed.

Specifically, regarding the MPs prepared with the initial polymeric raw materials
(i.e., PLA and PBAd), results showed the formation of significantly larger particles in the
case of PLA with more spherical shape and uniform size distribution, while some defects
were also observed on the surface of the said MPs. These differences can be attributed to
the more hydrophobic nature of PLA (as compared to PBAd), which leads to a better ho-
mogenization and consequently more controlled solvent removal processes. Additionally,
a significant role also plays the notable differences in the thermal properties of the two
tested biopolymers, with PBAd’s lower Tp,ej; and Tg values enabling the ‘softening” of the
just formed MPs during the solvent removal phase, leading in this way to the formation
of smaller drug-loaded spherical MPs (as compared to PLA). In the case of PLA/PBAd,
results showed that as the PBAd content increased within the block copolymer the particle
size of the obtained MPs decreased. Specifically, the average particle size (measured as dsp)
of the prepared ARI-loaded MPs, measured from at least ten SEM images, was estimated
as 58.2 + 15 um, 43.3 &+ 10 um, 30.15 £ 10 pm and 18.8 + 5 pm, for the MPs prepared
with PLA/PBAd 95/5,90/10, 75/25 and 50/50, respectively. Considering the previously
published results on the thermal properties of the prepared neat block copolymers [28],
where it was found that the melting properties of the two monocomponents (i.e., PLA and
PBAJ) are retained in the newly prepared biomaterial, the obtained results indicate that
the addition of PBAd in the block copolymer chain (and its more hydrophilic nature and
lower melting temperature) is responsible for the reduction of the resultant ARI-loaded
MP’s size.

3.2.2. MPs Yield, Drug Loading and EE

Table 3 summarizes the yield, drug loading and EE values for the prepared ARI-
loaded MPs.
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Figure 5. SEM images for the ARI-loaded MPs prepared using PLA, PBAd and the newly synthesized PLA /PBAd block
copolymers as the matrix/carriers.

Table 3. Yield, drug loading and EE of the prepared ARI MPs.

Average Particle

Sample Size (dsp) (um) Yield (%) Drug Loading (%) EE (%)
PLA 56.3 £ 15 77.73 £ 2.84 16.35 £ 1.75 42.73 +2.08
PLA/PBAd 95/5 58.2 £ 15 89.32 £ 2.03 14.56 +1.86 44.84 +2.87
PLA/PBAd 90/10 43.3 + 10 92.51 +2.48 13.19 +2.83 38.17 £ 3.54
PLA/PBAd 75/25 302+ 10 98.60 + 1.38 12.48 +2.16 39.78 £ 2.86
PLA/PBAd 50/50 188 +5 97.40 £1.24 11.30 £ 3.14 32.67 £3.07
PBAd 21345 60.35 + 3.68 17.48 +2.47 36.52 +4.23
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Based on the obtained results, the yield in all MPs ranged from 60.35 to 98.6% with
the PLA-PBAd copolymers showing much more improved yields, as compared to the neat
PLA and PBAd MPs. Additionally, a closer look at the obtained results revealed that the
higher yield values were recorded in the case of MPs containing higher amounts of PBAd
(i.e., PLA/PBAd 75/25 and 50/50), indicating that the presence of PBAd in the backchain
of the prepared copolymer results in a more efficient (at least in terms of yield productivity)
MP’s preparation process. However, in contrary to the previous findings, results regarding
MP’s drug loading and EE showed the opposite effect. Specifically, as the content of PBAd
increased in the PLA /PBAd copolymer, the resultant ARI-loaded MPs showed lower drug
loadings and EE values. This indicates that, contrary to MP’s productivity, the presence of
PBAd results in droplets that were harder to solidify, and hence there was much more time
for the API molecules to diffuse away from the droplet into the aqueous phase medium,
resulting in the preparation of MPs with a lower drug content.

3.2.3. MPs’ Thermal Properties and Physical State Evaluation Via DSC

The thermal properties and the physical state of the drug-loaded MPs as compared
to the neat raw materials were evaluated with the aid of DSC (Figure 6a). In the case of
the neat ARI, results showed an initial endothermic peak at 140.6 °C, corresponding to
the melting of the ARI form III crystals, followed by a small recrystallization exotherm
(at 144 °C) and a second endothermic peak at 151. 9 °C corresponding to the ARI form
I crystals melting. These results indicate that the initially used ARI was in the form of
polymorph III crystals, while during its melting a phase transition from polymorph III to
polymorph I was recorded. This behavior is in agreement with previous studies evaluating
the phase transition phenomena occurring during ARI’s DSC heating [47]. Regarding the
neat initial polymers, the results in the case of PBAd showed a broad DSC endotherm with
a peak at 63.3 °C, corresponding to its melting, while PLA showed a Ty transition point at
69.9 °C and a melting endotherm at 153.4 °C, both indicative of its semicrystalline nature.

Looking at the DSC thermograms of the drug-loaded PBAd- and PLA-MPs, similar
thermal events were detected, as is in the case of pure (neat) polymers. Specifically, in the
case of ARI-PBAd MPs, a broad endothermic peak was recorded at 58.9 °C corresponding
to the melting of the crystalline part of the polymer, while for ARI-PLA MPs a Tg (with an
endothermic overshoot due to the molecules’ relaxation) was recorded at 67.5 °C followed
by an endothermic melting peak at 143.9 °C, corresponding to the melting of the PLA. It
is important to note that in all thermograms a small drop in the obtained thermal events
was recorded (as compared to the neat polymeric raw materials), which is attributed to the
presence of the API and the remaining solvents (used for the preparation of the MPs) that
act as plasticizers to the whole system.

Additionally, it should be pointed out that in the case of ARI-loaded PBAd MPs, no
thermal events were recorded in respect to the API, indicating that probably the drug was
amorphously dispersed within the polymeric matrix, although in situ solubilization of the
ARI crystals during the DCS heating scan cannot be excluded. On the contrary, results from
the DSC thermograms of the drug-loaded PLA MPs, showed a small melting endotherm
at 137 °C, which is probably attributed to some of the remaining ARI form III crystals.
Similar results were also obtained for the drug-loaded MPs prepared with the newly
synthesized PLA /PBAd block copolymers, where the DSC endotherm corresponding to
the API melting was decreasing as the PBAd content increased, while at the higher PBAd
content used (i.e., PLA/PBAd 75/25 and 50/50) no such API melting peaks were recorded.
Hence, based on the DSC results it seems that the presence of PBAd in the PLA /PBAd block
copolymers favors the amorphization of the API leading to its complete amorphization in
ratios higher that 75/25 w/w PLA to PBAd.
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Figure 6. DSC thermograms (a) and XRD diffractograms (b) of the neat raw materials (i.e., ARI, PLA
and PBAd) and the prepared drug-loaded MPs.

3.2.4. Physical State Verification Via pXRD

The physical state of the API after the preparation of the drug-loaded MPs was also
evaluated via pXRD in order to verify the results suggested by DSC. Figure 6b shows the
pXRD diffractograms of the raw materials, the recrystallized neat PLA (after solubilizing in
dichloromethane, i.e., the solvent used for the preparation of the MPs) and the respective
MPs. In the case of the neat ARI, results showed several sharp pXRD diffractogram peaks
at 20 of 10.9, 16.6, 19.3, 20.3 and 22.0°, which were all characteristic of the ARI form III
crystals [48]. In the case of neat PBAd, two characteristic pXRD peaks were recorded at 20
of 21.1 and 24.2°, which were both located over a broad amorphous halo, indicating that
the neat copolymer was semicrystalline in nature. Regarding the neat PLA, two different
PXRD patterns were recorded before and after its recrystallization. Specifically, the polymer
as received showed a characteristic amorphous halo, indictive of its highly amorphous
nature, while upon its recrystallization new crystals were recorded at 20 positions of 14.8,
16.9, 19.1 and 22.5°, respectively, all of which were also seen in the case of PLA’s melt
recrystallization [28]. In regard to the drug-loaded MPs using only PBAd, the recorded
pXRD diffractograms showed only the characteristic peaks of the neat copolymer, indicating
that the API was amorphously dispersed within the MPs’ matrix/carrier. In contrast, in the
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case of PLA drug-loaded MPs, in addition to the polymer’s characteristic pXRD pattern,
two diffractogram peaks corresponding to the ARI’s form III crystals (i.e., 26 of 20.4 and
22.0°, respectively) were also recorded, indicating that the API was recrystallized during
the formation of the said MPs. Similarly, in the case of MPs prepared with the newly
synthesized PLA/PBAd block copolymers having high PBAd content (i.e., 75/25 and
50/50 PLA to PBAd ratio), no ARI characteristic pXRD peaks were recorded, indicating
that the API was amorphously dispersed within the said matrix-carriers. On the contrary,
in the rest of the samples, i.e., those using PLA /PBAd copolymers with high PLA content,
two characteristic ARI form III peaks (although of low intensity) were recorded, indicating
that a small portion of the API was recrystallized in these cases. Hence, based on the
obtained results, the pXRD analysis verifies the previously presented DSC findings, since
the increase in PLA’s content within the newly synthesized PLA/PBAd block copolymers,
leads, indeed, to ARI’s recrystallization.

3.2.5. Evaluation of Molecular Interactions

In a further step, FTIR spectroscopy was used in order to identify the formation of
molecular interactions during the preparation of the drug-loaded MPs. Initially, before pro-
ceeding with the FTIR analysis of the MPs, the spectra of the newly prepared PLA/PBAd
block copolymers were evaluated (Figure 7a) in an attempt to identify the molecular inter-
actions evolving between the two polymeric components (i.e., PLA and PBAd) during the
copolymerization process. Specifically, in the case of PLA the asymmetric and symmetric
vibrations of the methylene groups were recorded at 2995 cm~! and 2945 cm ™!, respec-
tively, while the vibrations of the carbonyl C=0 and the C-O-C ester groups were recorded
at 1757-1710 cm~! and 1188 cm~!. In the case of PBA, the characteristic absorption peaks
of the ester -COO- and the C-O-C appeared at 1735 cm ™! and 1100-1300 cm ™!, respectively,
while the peaks located at 1450-1465 cm ™! were attributed to the C-H bending vibrations
of the methylene and methyl groups. In all spectra the low intensity peaks recorded at
3300-3550 cm ™! can be attributed to the presence of -OH end groups. Regarding the
newly synthesized copolymers, results showed increased similarities among the recorded
spectra. Specifically, in all cases a strong absorption peak at 1730 cm ™! was recorded, due
to the formation of a new ester bond between the PLA and the PBAd (responsible for
the formation of the new block copolymer). Additionally, there were also several peaks
in the range of 750-1100 cm~ ! and 1100-1400 em ™1, corresponding to the C-C and C-O
vibrations, respectively. Finally, the presence of the methylene groups within the newly
synthesized copolymers was also confirmed by the specific FTIR absorption peaks recorded
in the region of 2700-3000 cm ™.

Moving along with the evaluation of molecular interactions, evolving within the
prepared drug-loaded MPs, Figure 7b shows the recorded FTIR spectra of all systems along
with the spectrum of the neat API. In regard to ARI, results showed the presence of several
characteristic FTIR absorption peaks at 3195 cm ™! (corresponding to the NH vibrations),
2949 and 2840 cm ™! (attributed to the CH), 1679 cm™~!, due to C=0, and 1628 cm~!, due to
C=C, vibrations), while the peaks at 1160 and 1123 cm ! are attributed to the stretching
vibration of the single C-O and C-C bonds, respectively. Before proceeding with the analysis
of the MPs’ FTIR spectra, it is important to note that in general, polyesters, such as those
evaluated in the present study, consist mainly of ester bonds and terminal carboxylic and
hydroxyl groups, which can interact, via hydrogen bonding (HB), with the ester groups
or the amino groups of ARI and its two chlorine atoms located in the dichlorophenyl part
of the molecule. Hence, in order to determine if such interactions exist in the prepared
systems, we will focus our analysis on the characteristic peaks recorded in the region of
the hydroxyl and carbonyl groups of the FTIR spectrum. Looking at the obtained MPs’
spectra, the hydroxyls of the polyesters in the MPs were recorded at 3480 cm~! and no
obvious shifts were apparent amongst the examined systems. Additionally, in the region of
carbonyls’ absorption bands, all polyesters show a similar wide peak at 1730 cm~!, while
next to it (at 1679 cm~!) the carbonyl vibration of the pure drug is recorded indicating
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that the API was successfully encapsulated in the prepared MPs. Finally, since, there are
no differences (or shifts/displacements) in the FTIR absorption peaks, it seems that no
molecular interactions are taking place between the API and the copolymer.
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Figure 7. FTIR spectra of: (a) the neat PLA, PBAd and the PBA/PBAd copolymers and (b) the API
and the prepared API-loaded MPs.

3.2.6. In Vitro Dissolution Profile

In the final step of the present work, the effect of the newly synthesized block copoly-
mers on the in vitro dissolution characteristics of ARI were evaluated. Figure 8a depicts
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the dissolution profiles of the prepared drug-loaded MPs. The maximum ARI released
from the PLA-PBAd MPs ranged from 37.70% (with PLA-PBAd 95/5) to 60.38% (with
PLA-PBAd 50/50) indicating a wide distribution, in terms of drug release extent. This
can be partially attributed to the amorphization of the drug within the MPs, induced by
the presence of the PBAd, and its fine dispersion within the polymeric matrix (confirmed
previously by the XRD and DSC results). Additionally, drug assay analysis of the remain-
ing MPs after the completion of the dissolution trials (Table 4) revealed the presence of
un-dissolved API still “trapped” within the polymeric structure. This may explain the
incomplete delivery of the API observed in all MPs formulations. Lastly, regarding the ARI
that was neither recovered from the microparticles nor released, we can postulate that this
was probably lost during the withdrawal of the MPs from the dialysis tubes and the drying
process conducted before the ARI content analysis. Additionally, we may assume that a
small portion of the API may be “lost” due to the drug’s degradation during dissolution,
although in order to support/verify this hypothesis ARI solution stability at 37 °C for
30 days has to be performed.
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Figure 8. In vitro drug % release vs. time of the encapsulated ARI in PLA/PBAd MPs, during the 30 (a) and the 0.5 (b) days

of the experiment.
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Table 4. % Aripiprazole drug remained in the MPs at the end of the in vitro release study.

Sample Remained ARI (%)
PLA 66.28 £0.23
PLA/PBAd 95/5 60.08 £2.12
PLA/PBAd 90/10 58.42 +1.54
PLA/PBAd 75/25 50.63 £ 2.03
PLA/PBAd 50/50 3894 £1.78
PBAd 34.78 227

The MPs prepared, using PLA, showed the lowest drug release rate, on contrary to
the MPs prepared with PBAd where the maximum release rate was achieved. The rest
of the formulations using the newly synthesized PLA-PBAd block copolymers showed
increasing API release rate (and extend) as the PBAd content increased. Therefore, it seems
that the addition of PBAd to the polymeric matrix significantly improves the hydrolysis
rate of PLA and, consequently, the dissolution rate of the encapsulated API. Based on
these findings it must be said that the use of the newly synthesized PLA/PBAd block
copolymers as matrix/carriers for the preparation of ARI-loaded MPs, results in highly
tunable extended release profiles for the API, which may be controlled for up to 30 days.
Therefore, under in vivo conditions this could possibly lead to new formulations able to
maintain continuous therapeutic levels for an extended time period (>30 days), with no lag-
time, and hence, emerge as an alternative long-acting treatment option for the management
of chronic diseases.

Looking again back to the obtained dissolution results, it is obvious that ARI’s disso-
lution from the prepared MPs followed a biphasic release profile in all cases. Specifically,
after an initial burst phase (Figure 8b) attributed to the active substance present on the
surface of the MPs, a fast release phase was observed for up to approximately five (5) days,
followed by a slower release phase for the remaining twenty-five (25) days. Keeping in
mind that drug release from such MPs is mainly controlled by the interplay between API’s
diffusion from the polymeric matrices and polyester’s erosion/degradation behavior, it can
be assumed that in both phases (i.e., the fast and the slow) these two different mechanisms
have a different impact. Therefore, in an attempt to identify the differences prevailing in
each release phase, the obtained dissolution data were fitted in the various kinetic models
described in Section 2.5.6. The goodness of fit (expressed by the correlation coefficient, R?)
and the k-constants for each model are summarized in Table 5.

Table 5. Dissolution data model fitting results for the employed drug release kinetic models.

PLA d PLA/PBAd
Release Fitting FBA 95/5 90/10 75/25 5050
Model
R? Kk-Constant R2? k-Constant R2 k-Constant R? k-Constant R? k-Constant R2? k-Constant
Fast-release phase
Zero order 060 277d°! 0.77 8.03d°! 0.68 4.61d7! 0.67 4.32d°! 0.82 554d°! 0.80 7.43d7!
First order <0.01 0.09d°! 058 0.20d°! 016 0.11d°! 012 0.10d°! 054 0.11d°! 057  0.17d7!
Higuchi 031 14.84d-! 093 254542 083 1645d°/2 081 1603d /2 094 16.67d /2 093 2295d1/2
Hixson-Crowell <0.01 0.05d°! 0.69 0.06d! 0.08 0.03d°! 0.04 0.03d°! 048 0.03d°! 049 0.05d°!
Korsmeyer—Peppas 099 21.90d™ 099 29.93d™ 099 2066d™ 098 2035d™" 098 19.06d™ 098 2670d~"
Slow-release phase
Zero order 0.77 420d°! 098 391d°! 0.84 398d! 0.89 4.02d°! 0.87 4.08d! 093 342471
First order 0.69 0.07d°! 071  0.03d°! 0.75 0.06d7! 0.77  0.06d°! 074  0.06d°! 0.80 0.04d7!
Higuchi 060 16.64d /2 053 1058d /2 066 16.08d /2 066 1521d /2 062 14.60d /> 066 12.79d 1/2
Hixson-Crowell 0.74 0.02d7! 0.76  0.01d7! 081 0.02d°"! 0.83 0.02d°"' 0.79 0.01d! 085 0.01d!
Korsmeyer-Peppas 076 521d™ 098 061d™ 083 499d™" 088 3.89d™ 085 331d™ 093 262d™

Looking at the obtained results, in the case of the initial release phase (i.e., up to
five days) the higher R? values for all samples were obtained for the Korsmeyer-Peppas
equation, indicating that the said model is more suitable to describe the obtained dis-
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solution data. In general, the Korsmeyer—Peppas model is able to describe the several
mechanisms that simultaneously control the dissolution behavior in such systems, by
the use of the exponent n. Specifically, n values below 0.5 suggest that the drug diffuses
through the matrix and is released with a quasi-Fickian diffusion mechanism, while val-
ues between 0.5 and 1 indicate an anomalous, non-Fickian, drug diffusion and values
above 1 suggest a non-Fickian, Case II, release kinetics mechanism [33]. Based on the
obtained Korsmeyer-Peppas fitting results, the exponent # in the initial fast release phase
was below 0.5 in all cases (i.e., NpLA) = 0.088, N(PBAd) = 0.337, N(PLA/PBAd 95/5) = 0.268,
npLA/PBAd 90/10) = 0.256, 11(pLA /PBAd 75/25) = 0.366 and 1(pLa /PBAd 50/50) = 0.348) indicating
that the drug released from all prepared MPs in the first five days was diffusion controlled.
Interestingly, in the case of the slow-release phase (i.e., starting from the 6th day and lasting
up to 30 days) the fitting results in Table 5 showed that the release of the API from all
prepared MPs followed a zero-order release mechanism. This is also verified by the n
exponent of the Korsmeyer-Peppas model fitting, where, in all cases, was approximately
one (i.e., npLa) = 0.917, nppaqg) = 1.057, npLa/pBad 95/5) = 0.920, npLa/PBAd 90/10) = 0.989,
(PLA/PBAd 75/25) = 1.032 and (PLA/PBAd 50/50) = 1.066). Hence, it seems that in the lat-
ter stage of API’s dissolution the initially diffusion-controlled phase is compensated by
the simultaneous matrix swelling (due to the polyester’s wetting) and a small portion
of matrix erosion (due to the polyester’s hydrolytic degradation) leading in this way
to a ‘balanced” zero-order release profile, which is essential in achieving stable in vivo
pharmacokinetic behavior.

Morphology Evaluation after Dissolution Studies

In a further step, in order to examine the process of polyester degradation/erosion
during dissolution and to correlate this with the enzymatic hydrolysis results presented in
Section 3.1.2, SEM images were taken after the completion of the test (Figure 9). As evi-
denced, in the case of neat PLA and the two polyesters containing only a small amount of
PBAd, namely PLA/PBAd 95/5 and 90/10, the surface and shape of the prepared micro-
spheres remained practically unchanged (Figure 9). On the other hand, neat PBAd and the
polymeric matrices containing high PBAd load (i.e., PLA/PBAd 75/25 and PLA /PBAd
50/50) demonstrated some clear evidence of surface erosion, presumably due to polyester
hydrolysis or drug dissolution. From these images, we can thus conclude that the amount
of PBAd bares a crucial role to the extent of polyester degradation and consequently the
drug release rates, which is in accordance to previously discussed results from neat polymer
enzymatic hydrolysis studies.

A Mechanistic Release Model

Finally, since the so-called “standard” dissolution release models used in the literature
and herein (see Equations (4)-(8)) present several limitations related to the assumptions
made for their implementation (for details please see Reference [33]), new, more sophisti-
cated models were also tested for modeling the obtained results.

In general, there are two types of models to describe a physicochemical process such as
the drug’s dissolution. The first kind is the so-called empirical models. The physical content
of these models is limited. Some of them are just equations used to describe appropriately a
large amount of experimental data and some of them have a kind of qualitative information
of the physical mechanism that is responsible for the process evolution. The second type
of models are the so-called mechanistic models. These models include information of
the underlying mechanism and in addition they can consider several mechanisms acting
simultaneously. After considering exhaustively the whole toolbox of existing empirical
models to describe the present data, an attempt to construct a mechanistic model of the
present release process was made.
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Figure 9. SEM images of the polyester erosion process after 30 days of dissolution.

Looking closely at the form of the release data, the performance of the “standard”
release models and the data for hydrolysis evolution of the polymer matrices, the following
scenario appears: There is an initial fast release phase that can be partially attributed to the
presence of API probably in the form of a thin film layer located on, or near, the surface
of the MPs. It is not clear if the mechanism of this layer release is diffusion or matrix
erosion since both are equally probable. The second release phase (which is slower) is
mostly controlled by Fickian diffusion, although a small erosion contribution is also there
(verified by the SEM images presented in Figure 9). Assuming that a fraction of the drug in
the polymer is free to move and its motion occurs through the diffusion mechanism and
that the shape of the particles is approximately spherical (verified by SEM that is imaged
in Figure 5), the transient partial differential equation of diffusion is probably the best
model to describe the dissolution behavior of the API [49]. However, in this case a very

90



Pharmaceutics 2021, 13, 930

simple exponential form, called the linear driving force approximation, can be also used
to model the obtained results [50]. This same approximation was also used in the present
study for modeling the dissolution kinetics of the API located on the surface layer, despite
its unknown release mechanism. Finally, there is a fraction of drug immobilized in the
polymer matrix. This fraction can be released only through matrix erosion (due to polyester
hydrolysis). In the absence of any other information a zero order release dynamics model
will be assessed for this fraction. It should be pointed out that for the limited extent of
hydrolysis observed here, this approximation is quite realistic. By summarizing the above
arguments, the released drug fraction evolution can be approximated by the following
(uniformly valid in time) expression:

Cr = @1(1 —exp(—kit)) + @2(1 — exp(—kat)) + kst )

where C; is the cumulative API released (%), @1 and k; are the percentage of drug in
the excess layer and the corresponding kinetic constant respectively, ¢, and k; are the
percentage of mobile drug and the corresponding kinetic constant respectively and kj is the
kinetic constant of the erosion process. It is noted that the linear superposition of diffusion-
and erosion-induced release is allowed only because the erosion extent is small.

Figure 10 shows the comparison between the predicted and the experimentally derived
points after fitting to Equation (9).
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Figure 10. Comparison of experimental release data (symbols) to the mechanistic model-based
Equation (9) (continuous lines). The presentation is made in two-time scales just for clarity:
(a,b) 0-30 days and (c,d) 0-0.5 days.

The R? factor was larger than 0.99 in all cases except for composites 75/25 and 50/50
for which it was 0.98 and 0.99, respectively (probably due to a more complicated release
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scenario than the one described by Equation (9)). Nevertheless, and despite this small pitfall,
the mechanistic model proposed herein is still more efficient compared to the “standard”
empirical model tested previously, since it is able to model the dissolution profile of the
API within the whole-time domain of the test (i.e., both release phases simultaneously).
The values of the fitting parameter according to Equation (9) are presented in Table 6.

Table 6. Parameters derived by fitting Equation (9) to the experimental drug release data.

. k k k D x 10V
Material 1 @2 (d*ll) (d*zl) (d*31) (mzlg)

PLA 20 13 30 0.12 0 7.4
PLA-PBAd 95/5 14.5 18.25 20 0.36 0.15 23.5
PLA-PBAd 90/10 17.5 20 15 0.18 0.15 6.5
PLA-PBAd 75/25 16.25 28 40 0.17 0.15 3
PLA-PBAd 50/50 20.5 31.7 80 0.28 0.3 1.9

PBAd 19 32 50 0.4 0.4 3.5

According to the obtained results, the percentage of drug in the excess layer was 20%
and the corresponding parameters ¢; and k; did not show any systematic correlation
to the copolymer matrix composition. This is expected to be the case for a rather ran-
dom procedure of accumulation of drug in the surface layer. The fraction of the mobile
drug appears to increase consistently from 13% (for PLA) to 32% (for PBAd), while the
corresponding kinetic constant k, appeared also to increase in the same order (with the
exception of the 95/5 composite). Finally, the erosion constant k3 increased as the content
of PBAd increased, which is in agreement with the hydrolysis rates evaluation presented
previously.

The diffusion coefficient, D, of the mobile drug presented also in Table 6 was calculated
based on the following equation [50]:

D =kpr?/15 (10)

where r is the radius of the particles (presented in Table 6). Based on the obtained results,
the range of values corresponding to D consisted of the drug diffusion within the polymer
matrix and is in agreement with the results describing the second (and slower) release
phase (depicted by k;, constant). However, no such relation was proven in the case of
the k; constant, since the characteristic length of diffusion in the first fast release phase is
unknown. So, it can be said that the release of the drug’s initial fraction (i.e., ¢1) may be
either from the fast erosion of the very thin API layer located on the surface of the MPs or
due to the fast initial API diffusion from this surface layer.

4. Conclusions

In the present study PLA/PBAd-based ARI-loaded LAI MPs were successfully pre-
pared for the first time. Results regarding the highly tunable enzymatic hydrolysis profile
and the low cytotoxicity of the new copolymers, amplified the previously made sugges-
tions that these new copolymers can be considered as a quite promising candidate for the
preparation of drug sustained release formulations. Evaluation in terms of morphological
characteristics (via SEM), productivity (in terms of MPs’ yield) and drug loading also
showed extremely promising results. Physicochemical analysis of the prepared formu-
lations revealed the amorphous API dispersion with increasing PBAd content, while no
specific molecular interactions between the drug and the polyesters were recorded, based
on FTIR spectroscopy. Lastly, in terms of the in vitro dissolution profile, results suggested
that the newly synthesized PLA/PBAd block copolymers can successfully control the
release rate and extent of the API’s release from the prepared MPs, indicating that, prob-
ably, under in vivo conditions their use may lead to new formulations that will be able
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to maintain a continuous therapeutic level for an extended time period (>30 days), with
reduced lag-time, as compared to the currently marketed ARI LAI product.
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Abstract: The combinational application of photothermal therapy (PTT), chemotherapy, and nan-
otechnology is a booming therapeutic strategy for cancer treatment. Multi-walled carbon nanotube
(MWNT) is often utilized as drug carrier in biomedical fields with excellent photothermal properties,
and indocyanine green (ICG) is a near-infrared (NIR) dye approved by FDA. In addition, ICG is also
a photothermal agent that can strongly absorb light energy for tumor ablation. Herein, we explored a
synergistic strategy by connecting MWNT and a kind of ICG derivate ICG-NH, through hyaluronic
acid (HA) that possesses CD44 receptor targeting ability, which largely enhanced the PTT effect
of both MWNT and ICG-NH,. To realize the synergistic therapeutic effect of chemotherapy and
phototherapy, doxorubicin (DOX) was attached on the wall of MWNT via 7t—m interaction to obtain
the final MWNT-HA-ICG/DOX nanocomplexes. Both in vitro and in vivo experiments verified
the great therapeutic efficacy of MWNT-HA-ICG/DOX nanocomplexes, which was characterized
by improved photothermal performance, strengthened cytotoxicity, and elevated tumor growth
inhibition based on MCE-7 tumor models. Therefore, this synergistic strategy we report here might
offer a new idea with promising application prospect for cancer treatment.

Keywords: multi-walled carbon nanotube; photothermal therapy; indocyanine green; synergistic
strategy; cancer treatment; targeted drug delivery

1. Introduction

Cancer remains one of the deadly diseases that seriously threatens human health.
Despite the encouraging progress of medical advancement, effective therapeutic methods
against cancer are still insufficient. Conventional treatment modalities such as chemother-
apy, radiotherapy, and surgery often undergo many drawbacks such as unavoidable side
effects, severe pain, potential development of drug resistance, and inadequate effectiveness
due to the instability and rapid clearance of drugs, which all cause unsatisfactory outcomes
of anticancer therapy [1-3]. To overcome the limitations mentioned above, more and
more attempts based on targeted drug delivery have been developed to improve cancer
treatment efficacy. In this context, nanomaterial-mediated platforms have been widely
explored in anticancer drug delivery, which serve as effective carriers of both therapeutic
agents and diagnostic agents due to their distinctive properties and unique advantages,
such as increased drug stability, reduced systemic toxicity, improved pharmacokinetics,
elevated bioavailability, precise drug transportation capability, and controlled drug release
ability [4-7].

From all the nanomaterials, carbon nanotubes (CNTs) have captured many researchers
attention due to their multiple application possibilities in cancer theranostics [8]. CNTs
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possess tiny tubular shapes composed of carbon atoms that are ordered to form a hon-
eycomb nanostructure with many unique physicochemical characteristics [9]. Generally,
CNTs can be sorted into either single-wall carbon nanotubes (SWNTs) or multi-wall carbon
nanotubes (MWNTs) according to the sheet number of carbon atoms, both playing a sig-
nificant role in anticancer therapy [10]. Due to their multifunctionality, CNTs are widely
investigated in cancer treatment through various therapeutic modalities. For instance, the
strong absorption of CNTs in near-infrared (NIR) regions make them ideal candidates in
phototherapy. In addition, CNTs can transform the laser energy to acoustic signals and
display excellent resonant Raman scattering and photoluminescence in NIR region, which
are all advantageous to their application in cancer imaging [11]. Moreover, many studies
have reported that CNTs can be taken up by various cell types due to their needle-like
architecture, which enhances their deep tumor penetration to act as ideal drug delivery
platforms in anticancer therapy [12]. Additionally, the ultra-high surface area of CNTs for
drug loading also benefits their utilization in anticancer drug delivery. However, there are
still some obstacles that limit their broad application in biomedical fields. For example, the
unique nanostructure of CNTs promotes their hydrophobicity and causes cytotoxicity [13].
Therefore, functionalizing CNTs to increase their hydrophilicity as well as attenuate their
inherent cytotoxicity is a key point to improve their biocompatibility for safe application in
cancer therapy [14].

Phototherapy is an emerging therapeutic modality that takes advantage 