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ARTICLE INFO ABSTRACT
Keywords: Nanomedicines containing the aromatic drug chloroquine and the polymer poly(sodium 4-styrenesulfonate) have
Chloroquine been theoretically designed and experimentally synthesized following the simple mixture of two aqueous solu-
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Nanoparticles

Drug delivery

Prolonged release

tions containing the drug and the polymer, respectively. Theoretical calculations show higher binding energy
between both the aromatic polymer and chloroquine, and a higher tendency to release water from their hy-
dration spheres, as compared to the binding between the drug and the aliphatic polymer poly(sodium vinyl
sulfonate). MD simulations show the spontaneous formation of stable structures of 10 nm of average diameter,
even combining short polymer chains, highly diluted reactants, and short reaction time (in the range of ps). Rapid
mixture of the liquids in a stopped flow equipment shows nanoparticle formation in the range of tenths of
seconds. Equilibration studies in the range of minutes evidence spheroidal nanoparticles with almost quantitative
association efficiency, 48.6 % of drug loading, size of 170 — 410 nm, low polydispersity (PdI = 0.25 — 0.47), and
negative zeta potential (-18 — —45 mV). They provide drug release for 30 days, and are stable to NaCl exposure,
pH gradient, several temperature values, and long-term storage. Furthermore, we demonstrate scaling up of the
nanomedicine production upon increasing the reaction volume. Our studies demonstrate that these highly loaded
drug nanoparticles are based on the occurrence of site-specific short-range interactions between the drug and the
aromatic excipient such as n-stacking. In the absence of the aromatic group in the polymer, weak interactions and
unstable formulations are evidenced, both theoretically and experimentally. The combination of the selected
theoretical and experimental tools could promote the efficient production of drug / polyelectrolyte formulations
with therapeutical applications. The chosen components could be considered as potential medicines or as model
components to design, develop, characterize, and scale up medicines comprising other combinations of drugs and
polymers.
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1. Introduction

Polymeric drug delivery systems in the form of nanoparticles (NPs)
are advantageous for controlled administration of drugs into the body,
helping to achieve desired target tissues, prolonging drug release, and
providing stable drug concentration in blood, without imposing strict
schedules of medicine administration to patients [1-5]. Among the
different drugs, it deserves special attention the vast number of active
molecules accomplishing these four requisites: possessing aromatic
residues, bearing ionizable groups, showing low molecular-weight
(<500 Da), and being water-soluble [6,7]. Following traditional nano-
encapsulation strategies, these drugs are difficult to encapsulate [8-10].

Interestingly, this kind of drugs should potentially undergo aromatic-
aromatic interactions with aromatic excipients such as aromatic poly-
mers. In particular, with the aid of aromatic polyelectrolytes oppositely
charged with respect to several drugs, NPs with outstanding drug
loading of around 50 % could be easily produced making use of a
combination of long-range electrostatic interactions and short-range
aromatic-aromatic interactions [8-11]. However, robust studies
providing a neat image of the formation process of colloidal particles in
water upon interaction between aromatic polyelectrolytes and comple-
mentary charged aromatic drugs are still missed, as well as the estima-
tion of the energy involved. Short-range aromatic-aromatic interactions
in water between oppositelly charged groups are conceived to involve
long-range electrostatic interaction, a strong hydrophobic contribution,
short-range electrostatic interactions, and may be potentially com-
plemented with van der Waals interactions and hydrogen bonding
[12-14].

Chloroquine (CQ) is an interesting drug to be nanoencapsulated due
to the variety of chronic diseases where this drug is currently used
(rtheumatoid arthritis, systemic lupus erythematosus, spondylitis, and
rosacea, among others) [15-19] and/or under investigation (cancer,
diabetes, atherosclerosis, dermatomyositis, and Sjogren’s syndrome,
among others) [20-25]. The prevention of important side effects
occurring with conventional formulations containing CQ (such as reti-
nopathy, cardiomyopathy, myopathy, and neuromyopathy) can be
supported with the development of stable nanoformulations able to
supply prolonged and controlled release [18]. Importantly, CQ is an
aromatic dicationic drug comprising a quinoline ring and other pro-
tonable amines in aliphatic residues: the high positive charge, the
extension of its & cloud, and the extension of its flexible aliphatic moiety
may allow strong interaction with aromatic polymers, with several
binding sites. Thus, providing a robust study of the interaction of CQ
with aromatic polymeric species, as well as the collapse of the system as
a colloidal suspension, both theoretically and experimentally, is of major
importance to understand the behaviour and dynamics of nano-
medicines based on this and similar drug species.

To study non-covalent interactions between drugs and polymers,
able to sustain a colloidal state, the non-covalent interactions (NCI) plot
in density functional theory (DFT) serves as a powerful visualization
technique, offering a comprehensive means to analyze and identify non-
covalent interactions within molecules and materials [26-31]. This
method relies on the reduced density gradient (s) and electron density
(p) to pinpoint regions characterized by low s and low p, indicative of
non-covalent interactions such as hydrogen bonds and van der Waals
forces. The strength and nature of these interactions can be further
characterized by examining the sign and magnitude of the second
eigenvalue (17) of the electron density Hessian matrix. One of the
notable features of the NCI plot is its ability to visualize non-covalent
interactions in three-dimensional space. The color-coded representa-
tion, based on the strength and type of interaction, enhances the inter-
pretability of the plot. Moreover, this technique is versatile, applicable
to both wavefunction calculations from quantum chemistry methods
like DFT and experimental electron densities obtained from X-ray
diffraction. Importantly, the NCI remains invariant to transformations of
molecular orbitals, providing a real-space representation of non-
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covalent interactions. Analysis tools, such as the integration of density
over interaction strength ranges, enable the quantification of the relative
strength of interactions. Consequently, the NCI plot serves as a valuable
tool for gaining insights into diverse aspects of molecular behavior,
including chemical bonding, intermolecular forces, molecular packing,
and protein-ligand binding. The utility of the NCI plot extends beyond
qualitative visualization. It also facilitates a quantitative understanding
of weak interactions that influence the structure, function, and proper-
ties of molecules.

In this work, we will study the interaction, after the mixture of two
aqueous liquids, of the drug CQ with the Food and Drug Administration
(FDA) approved polymer poly(sodium 4-styrenesulfonate) (PSS)
[32-37], focusing at producing high loading drug nanoparticles
(HLDNPs), demonstrating in-bench scale-up and prolonged drug release.
Several quantum chemical calculations and molecular dynamics (MD)
tools will be applied to the combination of the components in order to
calculate the involved binding energy, involved interacting groups, and
the dynamic behaviour of the reactants. Control experiments (for
theoretical and experimental analysis) will be done with the non-
aromatic polyelectrolyte poly(sodium vinylsulfonate) (PVS). The na-
ture of the interactions between components and the obtained structures
are presented and discussed. Furthermore, important pharmaceutical
parameters such as association efficiency (AE), drug loading (DL), sta-
bility in several conditions (NaCl exposure, pH gradient, temperatures,
and long-term storage), and drug release profiles are analysed and dis-
cussed for the obtained HLDNPs. The combination of the selected
theoretical and experimental tools could promote the efficient produc-
tion of drug / polyelectrolyte formulations with therapeutical
applications.

2. Materials and methods
2.1. Materials

Chloroquine diphosphate (CQ, 515.9 g/mol) was purchased from
Sigma Aldrich (USA) and used as received. The anionic aromatic poly-
mer PSS (206.2 g/mol of monomeric units) was purchased from Sigma
Aldrich (USA), purified and later fractionated over a membrane of a
molecular weight cut-off (MWCO) of 5000 Da (Biomax, 63.5 mm
diameter) by diafiltration, first with 0.15 M of NaNOj3 (Sigma Aldrich,
USA) and later in the absence of NaNOs. The anionic aliphatic polymer
poly(sodium vinylsulfonate) (PVS) (130.1 g/mol of monomeric units)
was purchased from Sigma Aldrich (USA) and used as received. The pH
was controlled with an Edge® HI2002 pH meter (Hanna Instruments,
USA) using minimum amounts of NaOH and HCl (Merck, Germany). For
the stability experiments, the ionic strength was reached using different
concentrations of sodium chloride, NaCl (Sigma Aldrich, USA). All the
solutions were prepared with Milli-Q water obtained from a Simplicity
SIMS 00001 equipment (Millipore, France), except to the NMR experi-
ments where the solutions were prepared with deuterium-depleted
water, DO (Sigma Aldrich, USA). The chemical structures of CQ and
each polymer (PSS and PVS) are shown in Fig. S1.

2.2. Methods
2.2.1. Theoretical methodology

2.2.1.1. Intermolecular interaction energy. The local and global mini-
mum for 10 000 interacting species, including CQ and polymer (PSS or
PVS), were explored with the SnippetKick algorithm [38-43], which
uses a stochastic method. This is an implementation of the Kick algo-
rithm [44-46]. The Kick algorithm is designed to search for the putative
global minimum in molecules of a desired chemical composition, as well
as complex systems such as the CQ / polymer systems. The geometry
optimizations were carried out using the PM6-D3H4 [47] semi-
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empirical quantum-mechanical method implemented in MOPAC16 [48]
and using the COSMO solvent model. The lowest energy isomer reported
by the searches was used for intermolecular interaction energy
calculations.

The strategy for calculating the intermolecular interaction energy of
CQ in the presence of PSS and PVS is as follows: each fragment of the
system was considered separately, these fragments being the CQ mole-
cule, PSS, and PVS polymer chain. Each one was optimized separately
using the PM6-D3H4 semi-empirical quantum-mechanical method and
solvation effects were included via the COSMO model. Furthermore,
each of these fragments was re-optimised with the Density-Functional
Theory (DFT) by a hybrid functional PBEO [49] (Perdew-Burke-Ern-
zerhof exchange energy and Hartree-Fock exchange energy) with 6-
31G* basis set and the Grimme dispersion correction (D3) [50]. Water
was simulated as a solvent using the SMD parametrization of the IEF-
PCM [51]. The DFT quantum mechanics calculations were performed
using the Gaussian16 software [52]. Subsequently, the heat of formation
(AHy) and energies (E) were calculated for each fragment using PM6-
D3H4//COSMO and PBE0-D3/6-31G*//PCM. Finally, the intermolec-
ular interaction energy (AEp;,q) was obtained according to the following
equations:

PM6—D3H4 o ©

AEhim{ =AH Jpolymervco (AH foolymer + AH f(‘Q) (1)
PBE0—D3/6-31G*

AEhiml / = Lpolymer+cQ — (Epoly/ner + ECQ) (2)

2.2.1.2. Noncovalent interaction index (NCI). To reveal possible non-
covalent CQ interactions in the presence of PSS and PVS, such as
hydrogen bonds, n-stacking, anion-r interactions, steric repulsion, and
van der Waals interactions, we used the non-covalent interaction index
(NCI) [28,29]. The NCI is based on the electron density (p), its de-
rivatives, and the reduced density gradient (s). In this work, all these
calculations were carried out with PBE0-D3/6-31G*. Water was simu-
lated as a solvent using the SMD parametrization of the I[EF-PCM [51].
The quantum mechanics calculations were performed using the
Gaussianl6 software [52]. The NCI was computed using the GPUAM
[53] and NCIplot [28] softwares. Molecular visualization of the systems
was carried out with the VMD software package [54].

2.2.1.3. All-atom molecular dynamics simulations. Classical MD simula-
tions were performed using the package NAMD-GPU 3.0 software [55].
Four MD simulations were performed for the species shown in Table S1
interacting in aqueous medium. Chloroquine (CQ) dication was
parametrized using the LigParGen web server (http://zarbi.chem.yale.
edu/ligpargen/) and implementing the OPLS-AA/1.14*CM1A(-LBCC)
force field parameters for organic ligands [56,57]. The polymeric
model of PSS and PVS used the CHARMM22 protein force field [58] and
Merck molecular force field [59]. The specific parameters used for the
molecular simulations can be found in the Supplementary Material. The
simulations were carried out using the CHARMM?27 force field in an
explicit solvent with the TIP3P water model (=~ 44 000 water molecules).
Starting configurations were generated in cubic boxes with lateral di-
mensions of 120 x 120 x 100 A3, The systems were prepared by
randomly placing CQ, PSS or PVS, and water molecules in the simulation
box using the Packmol software [60], that creates an initial point for MD
simulations by packing molecules in defined regions of space. First, each
system was minimized until convergence (40 000 steps) was reached
and then was equilibrated by 1 ns. Then, 200-ns-long production MD
simulations were performed on each system. During the MD simulations,
the equations of motion were integrated with a 2.0 fs time step in the
NPs ensemble. The SHAKE algorithm was applied for all hydrogen
atoms, and the van der Waals cutoff was set to 10.0 A. The temperature
was maintained at 300 K by employing the Nose-Hoover thermostat
method with a relaxation time of 1.0 ps. The Langevin piston Nose-
Hoover method was used to control the pressure at 1.0 atm. Long-
range electrostatic interactions were considered by means of the

Journal of Molecular Liquids 395 (2024) 123906

particle mesh Ewald approach. Data were collected every 50 ps during
the MD runs. Molecular visualization of the systems and MD trajectory
analysis were carried out with the VMD software package [54].

2.2.1.4. Coarse-grained molecular dynamics simulations. The process of
coarse graining involves reducing the degree of freedom by representing
the group of atoms by a bead. In this work, we have used PSS polymer
and CQ molecule coarse grained (CG) based on the MARTINI model
[61]. In general, the MARTINI model maps four heavy atoms (excluding
hydrogen) to a single bead, while for structures containing ring, two or
three atoms are mapped to a bead. There are four main types of inter-
action sites: polar (P), non-polar (N), apolar (C), and charged (Q). Each
main type is further divided into subtypes depending on its hydrogen
bonding capabilities as donor (d), acceptor (a), both (da), and none (0),
or by a number denoting a degree of polarity from high (5) to low (1).
The PSS polymer MARTINI CG models are based on the CG model
developed by Yethiraj et al. [62,63]. In this model each monomer (4-
styrene sulfonate) group consists of five CG sites. The CG bead for the
backbone is assigned as type SC1 such that its center of mass is in be-
tween two consecutive styrene groups. SC4 is assigned for the ring bead,
Qa for the sulfonate group, and Qd for the sodium counterion (the SC1,
SC4, Qa, and Qd types are the standard MARTINI particle types). The CG
mapping structure and parameters were carried out with Auto_ MARTINI
in the case of CQ dication [64,65]. The system was then solvated using ~
10° MARTINI water molecules (four water molecules are mapped to one
CG water bead).

After energy-minimization (40 000 steps) of the CG system, the
simulation was equilibrated for 300 ns before a 6.5-us production run
using the package NAMD-GPU 3.0 software [55]. The temperature was
kept at 300 K using a Langevin thermostat with a damping coefficient of
0.5 ps. Periodic boundary conditions (PBC) were used and the pressure
was kept at 1 atm using a Nose-Hoover-Langevin piston [66] with a
piston period of 200 fs and a decay time of 100 fs. Non-bonded in-
teractions were cutoff at 12 A, with shifting throughout the interaction
range for electrostatic interactions and beginning at 9 A for van der
Waals interactions to implement a smooth cutoff. Pair lists were updated
at least once per 10 steps, with a 14 A pair list cutoff. The simulations
were performed using a 20 fs time step.

2.2.2. Experimental methodology

2.2.2.1. Uv—vis and NMR spectroscopy. UV-vis experiments were per-
formed in a spectrophotometer Agilent 8453 (Agilent, USA) using a
quartz cuvette (Hellma®, Germany) of 1 cm of path length. Solutions of
[CQl=2x 10° M in the presence of the polymers ([PSS] =5 x 10°Mor
[PVS] = 5 x 10° M of monomeric units) and in the absence of the
polymers were selected for the experiments. NMR studies were per-
formed on an Avance400 (Bruker, USA) in D»0, using 5 mm diameter
glass tubes (volume of solution typically 0.7 mL). 'H NMR experiments
were performed under selected conditions of [CQ] = 1 x 1023 M and
[PSS] =1x107? M, each compound was lyophilized (volume of 750 pL)
and D,0 was used for reconstitution before analysis.

2.2.2.2. Preparation of CQ / polymer formulations. 5.0 mL of an aqueous
solution containing CQ was added to 5.0 mL of an aqueous solution
containing the anionic polymer (PSS or PVS) at pH 7 under continuous
stirring (5 min). The final apparent concentration was defined in order
to obtain different CQ / polymer molar ratios. The final CQ concentra-
tion was varied between 3.3 x 10 M and 4.0 x 10> M and the con-
centration of the anionic polymer was maintained at 3.3 x 10> M.
Dynamic light scattering (DLS) was selected to identify (or not) the NPs
formation. For scaling up, a selected formulation was tested (CQ / PSS =
0.4). Briefly, the volume of each component (CQ and PSS) was increased
by 2.5, 5, and 10 times (before mixing), maintaining the original con-
centrations to secure the CQ / PSS molar ratio, and, in consequence, the
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NPs formation. The obtained formulations were stirred for 5 min at room
temperature and pH 7.

2.2.2.3. Nanoparticle characterization. Dynamic light scattering (DLS)
and laser Doppler anemometry (LDA) was used to determine the hy-
drodynamic diameter (including the polydispersity index, PdI) and zeta
potential of the NPs, using a ZetaSizer NanoZS (Malvern Instruments,
UK). The determination of nanoparticle concentration was performed by
Nanoparticle Tracking Analyses (NTA) in a NanoSight NS300 (Malvern
Instruments, UK). The formulations were diluted (up to 100 times with
Milli-Q water) to reach optimum range of NPs (107 = 10° NPs/mL). At
least five videos (one minute each) of the NPs formulation were obtained
by the NanoSight. Size distribution and particle concentration were
obtained after the analyses of the videos (NTA v 3.0 software, Malvern,
UK). Scanning transmission electron microscope (STEM, Inspect F-50,
FEI, Holland) was used for the morphological characterization of the
NPs. The samples for STEM analyses were obtained sticking a droplet
(20 pL) of the NPs formulation over a grid (copper covered with For-
mvar, 200 mesh,) during 2 min, later the remotion of the droplet was
done with filter paper (avoiding the paper touching the grid), then the
grid was washed twice with a droplet of Milli-Q water (1 min) and
removing the droplet with filter paper. The sample was then stained (1
% w/v phosphotungstic acid) by adding to the grid for 2 min a droplet of
this solution and removing with filter paper. The grid was dried at room
temperature for at least 60 min before analyses.

The formation kinetics of the NPs were analyzed by rapid mixing
stopped-flow measurements performed in a SFM3000 stopped-flow in-
strument (Bio-Logic, France) attached to a PMS250 spectrometer (Bio-
Logic, France). A MOS-200 (Bio-Logic, France) was used to irradiate the
samples with light at the wavelength of 630 nm. Both PMS250 (Bio-
Logic, France) photomultiplier (PMT) and optical fiber MOS200 (Bio-
Logic, France) were set at 90°, allowing detection of scattered light. A
two phases method was programmed in the stopped-flow software
Biokine version 4.6 (Bio-Logic, France), to first wash the cuvette with 75
uL of water during 100 ms and then mixing, during 25 ms, equal
amounts (75 pL) of PSS 6.6 x 10 M and different CQ solutions,
respectively, covering a CQ / PSS molar ratio from 0.1 to 0.7. This
mixing method has a deadtime of 3.6 ms. The variation of PMT voltage
as function of time was monitored up to 100 s with sampling periods of
50 ms. At least 10 replicates were done for each CQ / PSS molar ratio,
and the average curve was obtained using the Biokine software. The
resulting average data was fitted to the monoexponential function

y=at+b+Cel ) 3)

as well as to the bioexponential function

y=at+b+Ciel ™ 4 Crel) @

where y corresponds to the scattered light intensity, t is the time (s), a
and b are two fitting constants, C, is the amplitude for the process n, and
ky, is the kinetic constant (s_l). The quality of the fit is assessed from the
reduced X2 error values [67], which is defined as

1 2
Pi (es)

In addition, the stability of the formulations was evaluated in terms
of hydrodynamic diameter and zeta potential at different stimulus (NaCl
exposure, pH gradient, several temperatures, and long-term storage)
using a ZetaSizer NanoZS. The concentration of NaCl in the medium was
controlled with an automatic titrator (MPT-2, Malvern Instruments,
UK). For pH variations, HCI (0.25-0.01 M) and NaOH (0.25-0.01 M)
solutions were selected and controlled with the automatic titrator. The
temperature of the samples was modified directly in the NanoZS in-
strument (20 — 50 °C, with a thermal equilibrium time of 15 min for each
measurement of hydrodynamic diameter and zeta potential).
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2.2.2.4. Drug association efficiency and drug loading. In order to calcu-
late drug AE and DL, centrifugation / ultrafiltration in Vivaspin®6 tubes
(MWCO 3 kDa, 5000 G x 40 min) was selected. Briefly, the AE of CQ in
the CQ / PSS formulations was determined analysing the amount of drug
in the filtrate so that the amount of drug associated to the polymer over
the initial total amount of drug added can be obtained. The DL (% w/w)
was calculated by dividing the mass of associated drug by the obtained
weight of the formulations. The total weight of the formulations was
estimated using different criteria and compared. The criteria were: i)
total initial polymeric fraction and associated drug fraction with
respective counterions; ii) total initial polymeric fraction and associated
drug fraction without respective counterions. CQ quantification was
obtained by determining the absorbance at 343 nm (Agilent 8453
spectrophotometer, USA). The standard curve was linear (R2 > 0.999, 4
x 10° M to 3 x 10°® M), the molar extinction coefficient was 14 577
M lem™L

2.2.2.5. In-vitro drug release. In-vitro drug release data were exposed to
mathematical kinetics models (program DDSolver) as previously
described [68]. The Akaike information criteria (AIC), coefficient of
determination (R?), and the model selection criteria (MSC) values were
considered for the selection of the model, then the release data were
fitted to different models (zero order, first order, Higuchi, and
Korsmeyer-Peppas) [69]. The release data were obtained by conven-
tional dialysis and USP apparatus 4 (continuous flow-cell) as follows:

2.2.2.5.1 Dialysis: CQ / PVS or CQ / PSS formulations (5 mL) were
added to a dialysis bag (MWCO 10 kDa, ThermoScientific, USA). The
dialysis bag was submerged in Milli-Q water (95 mL, pH 7.0) or condi-
tions simulating biological environments (Milli-Q water, 0.13 M NacCl,
pH 7.4), under continuous agitation (C-MAG HS 7, IKA, Staufen, Ger-
many) at 37 °C. The experiments were carried out for 30 days. 500 pL of
the solution were removed at selected time intervals and replaced with
the same volume of the release medium. The released CQ was analysed
measuring the absorbance of each sample by spectrophotometry (Agi-
lent 8453 spectrophotometer, USA).

2.2.2.5.2 USP apparatus 4: For these experiments, the set-up of the
continuous flow method was combined with a dialysis bag containing
the NPs into the cell [70]. In brief, CQ / PSS NPs (5 mL) were transferred
to the dialysis bag (MWCO 10 kDa, ThermoScientific, USA) and sub-
merged into the flow-cell (12.5 mL capacity). Drug release analyses were
evaluated using Milli-Q water (250 mL, pH 7). The continuous flow-cell
(Sotax CE 6, Sotax AG, Switzerland) was operated in the close configu-
ration with a flow rate of 4 mL/min at 37 °C. Experiment were carried
out during 6 h, 500 uL of each solution were removed every 15 min and
immediately restored with the same volume of Milli-Q water. The
released CQ was analysed measuring the absorbance of the aliquots by
spectrophotometry (Agilent 8453 spectrophotometer, USA).

3. Results and discussion
3.1. Interactions between CQ and PSS

When aromatic-aromatic interactions are held between an aromatic
polyelectrolyte and aromatic counterions, the release of water from the
hydration sphere of both interacting groups, together with specific ef-
fects associated to the short-range interaction may produce spectro-
scopic changes, reflected, as seen here, in UV-vis and 'H NMR spectra.
These are differentiating facts with respect to the mere long-range
electrostatic interaction. In addition, the resistance to the cleaving ef-
fect of added electrolytes in solution is another property associated with
aromatic-aromatic interactions whereas a high ionic strength tends to
screen long-range electrostatic interactions, which are then cleaved.

The UV-vis spectra of CQ in the absence and in the presence of the
aromatic PSS and the non-aromatic polymer PVS (similar to PSS but
with the absence of the aromatic ring) used as control are shown in
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Fig. 1. UV-vis spectra (A) of CQ 2 x 10-5 M pristine (a), in the presence of PSS 5 x 10-5 M (b), and in the presence of PVS 5 x 10-5 M (c¢).1H NMR spectra (500 MHz)
in D20 at pH 7 of the aromatic region of solutions containing (B): CQ 1 x 10-3 M in the absence of PSS (a’), PSS 1 x 10-2 M (b’), and CQ 1 x 10-3 M in the presence of
PSS 1x10-2 M (c”).

Fig. 1A. Cloudless samples were achieved since the reactants are highly The H-RMN spectra of CQ in the presence and in the absence of PSS
diluted. A bathochromic effect is evident in the CQ spectrum in the are shown in Fig. 1B. The signals of the CQ aromatic protons (between
presence of PSS that is typical for intimate aromatic-aromatic in- 6.0 and 8.0 ppm) are strongly affected by PSS showing upfield shifting
teractions, as seen for other aromatic counterions [71,72]; this is not and broadening. These features constitute strong evidence of the
observed for CQ in the presence of PVS with which the drug interacts occurrence of secondary site-specific aromatic-aromatic interactions
mainly through ionic forces. because the hydration shell of the components changes, and magnetic
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Fig. 2. Non-covalent interactions of (A) CQ + PSS polymer chain and (B) CQ + PVS polymer chain at the lowest energy conformation. The CQ-polymer interactions
are illustrated on surfaces, blue indicates strong attractive interactions, green indicates weak interactions, and red indicates overlap interactions. These calculations
were performed at the PBE0-D3/6-31G* level of theory.
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fields produced by electronic currents of the aromatic groups strongly
affect the neighbour structures [8,73-77]. A decrease on the mobility is
responsible of the bands broadening and the low signal-to-noise values.
In fact, NOESY spectrum as complementary evidence of the short-range
interaction could not be acquired due to the low signal-to-noise ratio for
the drug proton transitions. This is also interpreted as a sign of the
tendency to confine the drug in the polymer domain, thus pointing at the
formation of HLDNPs.

Intermolecular interaction energy calculations were used to quanti-
tatively estimate the CQ binding energy to PSS and PVS. Table S2
summarizes the respective binding energy results. The highest binding
energies are found for CQ interacting with PVS (-6 — —8 kcal/mol), while
very remarkable lower energy values are observed for the CQ / PSS
system (-17 — —27 kcal/mol), meaning a higher affinity for the polymer
comprising aromatic groups. These intermolecular interaction energies
are shown at two levels of theory: PM6-D3H4///COSMO and PBE0-D3/
6-31G*//PCM levels. Contributions to the interaction energy between
CQ and PSS include hydrogen bonding interaction of the CQ quinoline
nitrogen and tertiary amino group with the oxygens of the sulfonate
group of each monomer of the PSS chain, as well as the n-stacking
interaction between the aromatic quinoline group of CQ and the styrene
of the PSS polymer. These contributions are shown in the NCI 3D dia-
gram in Fig. 2. The blue region between quinoline nitrogen and tertiary
amino group and the oxygens of the sulfonate group corresponds to
hydrogen bonds. These interactions are related to the distance between
the O "HN contacts, which is 1.720 i\, for the quinoline nitrogen and the
sulfonate oxygens, and 1.831 A, for the tertiary amino group and sul-
fonate oxygens. In addition to these non-covalent interactions, there are
other attractive interactions, which are represented in green. These in-
teractions are represented by n-stacking and van der Waals forces be-
tween the aromatic quinoline group of CQ and the styrene of the PSS
polymer.

MD simulations give us trajectories showing interesting features
about the CQ interaction with PSS and PVS. Results with only 2 CQ
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molecules and 200 monomer units of PSS (CQ / PSS = 0.01) show that
CQ tends to bind to the polymer and maintain its binding during the 200
ns trajectory, as can be seen in Fig. S2A. On the contrary, when PVS is
present, CQ is observed as free solvated molecules, as can be seen in
Fig. S2B. As the concentration of CQ increases in the CQ / PSS system,
aggregation of CQ is observed around the PSS polymer chains, forming
an interface between the polymer and CQ (Fig. 3), enhancing
aggregation.

In Fig. 4A, the radial distribution functions (g(r)) clearly show a
higher interaction between the quinoline nitrogen atom with the sulfur
atom of PSS, compared with PVS, which has a lower probability of
interaction with CQ. This is mainly due to the structure of PVS, with no
aromatic groups. The solvent accessible surface area (SASA), related
with the theoretical available area for the CQ-PSS interaction at the
different CQ concentrations (Fig. 4B), show that the area of the polymer
increases as the CQ concentration increases, promoting the capture of
CQ along the polymer chains. The PSS core is clearly affected by ag-
gregation, and this behaviour is consistent with that observed experi-
mentally. The changes observed when the concentration of CQ increases
are associated to changes in the hydrophobicity of the system, driven by
a decrease on the amount of water surrounding the PSS polymer due to
the mutual CQ / PSS short-range interactions. Strong solvation of ions
such as CI" and Na" by water molecules enhances the interaction be-
tween CQ and PSS.

To determine the nature of the chemical bonds between CQ and PSS
responsible for the stabilization of CQ / PSS HLDNPs, we have analyzed
the non-covalent interactions of the most representative cluster of MD
trajectories through the promolecular electron densities approach
[28,78] (Fig. 5). A polymeric chain of 20 NaSS monomers was taken as a
model as the central part at a cutoff distance of 7.0 A to define the
interfacial contact distance. This cutoff distance was centered on the PSS
polymer chain, where all CQ molecules at that distance were considered
after a previous clustering analysis of the most relevant molecular dy-
namics. It was found that the most abundant non-covalent interactions

Ons

100 ns

200 ns

Fig. 3. Trajectory snapshots of PSS polymer stabilization and CQ entrapment in hydrophobic domains of MD-3 (CQ / PSS = 0.1, 200 PSS monomers and 20 CQ at
300 K) (A) and MD-4 (CQ / PSS = 0.4, 200 PSS monomers and 80 CQ at 300 K) (B). Color representations of PSS (gray) and CQ (yellow).
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Fig. 4. Representative radial distribution functions (g(r)) between the quinoline nitrogen atom and the sulphur atom for PSS and PVS polymers (A). Solvent
accessible surface area (SASA) for the PSS polymer at different CQ concentrations at 300 K (B).
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Fig. 5. Representative non-covalent interactions over the MD simulations for MD-1 (CQ / PVS = 0.01, 200 PVS monomers and 2 CQ at 300 K) (A) and MD-2 (CQ /
PSS = 0.01, 200 PSS monomers and 2 CQ at 300 K) (B). The blue surfaces indicate strong attractive interactions, green indicates weak interactions, and red indicates
overlap interactions. These calculations were performed at the promolecular electron densities.
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are hydrogen bonding interactions of the quinoline nitrogen and tertiary
amino group of CQ with the oxygens of the sulfonate group of PSS, in
addition to aromatic z-stacking and Cl---n type interactions, where the
aromatic n-stacking interactions are held between the aromatic quino-
line group of CQ and the styrene group of PSS, and the halogen-r in-
teractions are held between the chlorine of the aromatic quinoline group
of CQ with the aromatic ring of the styrene of PSS.

To complement the all-atoms molecular simulation studies, coarse-
grained MD simulations were performed to study the self-assembly of
the PSS polymer encapsulating the CQ molecules in aqueous solution.
Simulations for 6.5 ps revealed that four PSS polymer chains, each
composed of 80 NaSS monomers, are able to form a nanoparticle of
approximately 10 nm in diameter (Fig. 6A), which is embedded in CQ
molecules. This PSS nanoparticle is formed by the interaction of CQ
molecules with each polymer chain, and hydrophobic self-assembly of
the four resulting complexes, which in tandem encapsulates the CQ
molecules, forming a uniform layer of CQ aggregates around the PSS
polymer nanoparticle. Thus, the process of self-assembly and aggregate
formation is divided into three steps (Fig. 6B) during the course of the
molecular simulation (6.5 ps in total): first, PSS chains interact with the
CQ molecules; then, single chain CQ / PSS complex chains self-assemble
forming aggregates; finally, a spherical, defined nanoparticle structure is
formed, consisting of the four aggregated CQ / PSS complex chains;
throughout the simulation, after the formation of the spherical PSS
polymer nanoparticle the radius of gyration (Rgy,) stabilizes until
equilibrium is reached achieving a value of around 3 nm, indicating that
the polymer is stabilized together with CQ molecules in the form of NPs,
as can be seen in Fig. S3. This spherical structure of the PSS polymer is
commonly accepted and proposed in the literature [63] showing an
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interface between hydrophobic and hydrophilic regions. The extent of
the hydrophobic regions increases with the increase of the number of ion
pairs formed between the benzenesulfonate moieties and CQ molecules,
thus enhancing the encapsulation of CQ molecules. The main driving
force for the association is the hydrophobic interactions between the
polymer backbone and the ion pairs resulting from the interaction of
both CQ and PSS benzenesulfonate groups. It is important to note that
these analyses are considering short polymer chains, highly diluted re-
actants, and short reaction times comparing with those that will be
tested in bulk, thus, reasonably, larger NPs could be experimentally
obtained.

3.2. CQ / PSS HLDNPs formation and characterization

The formation of CQ / PSS HLDNPs was experimentally evaluated.
Conditions for HLDNPs formation were found at a fixed final polymer
concentration of 3.3 x 10> M. Formulations with CQ / PSS molar ratio
between 0.1 and 1.2 were developed. It is possible to observe in Fig. 6C
that at low ratio (CQ / PSS = 0.1) clear solutions were obtained which
are attributed to the presence of soluble complexes and/or low
concentrated NPs. From CQ / PSS = 0.2 to 0.5, NPs suspensions were
obtained, revealed by a notorious Tindall effect at naked eye. At CQ /
PSS higher than 0.5 ratio, lower turbidity and the presence of macro-
precipitates were evidenced, so that the colloidal state of the suspension
collapses due to a higher PSS charge neutralization by the CQ counter-
ions. As can be seen in Fig. 6D, NPs of hydrodynamic diameter in the
range of 170 — 410 nm with PdI in the range of 0.25 - 0.47, are formed in
the range CQ / PSS = 0.2 to 0.5, as seen by DLS. The corresponding zeta
potential ranged between —18 and —45 mV, ensuring stability of the
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Fig. 6. Coarse-grained representation of the size of PSS polymer nanoparticle interacting with CQ molecules in simulations (last frame equivalent to 6.5 ps). Color
representations of PSS polymer (yellow) and CQ (gray) (A). Coarse-grained MD simulation showing the spontaneous formation of PSS polymer nanoparticle (on a
time scale of 1.2 ps) interacting with CQ molecules. Color representations of PSS (yellow) and CQ (gray) (B). Optical images of CQ / PSS 0.1, 0.4, 0.6 (C); Size (bars),
zeta potential (thombuses), and NPs concentration (number) of tested CQ / PSS formulations (mean + SD; n = 3) (D); Time dependence of scattered light after rapid

mixing of PSS and CQ solutions (E).
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NPs. Moreover, NTA evidenced nanoparticle concentrations in the range
0f 0.9 x 10'° t0 6.6 x 10'® NPs / mL. The time dependence of scattered
light intensity after mixing equal amounts of PSS and CQ solution at
different CQ / PSS molar ratios was obtained using a stopped-flow
reactor, and the results are shown in Fig. 6E. This process was moni-
tored for 100 s. We observed that for low CQ / PSS molar ratio (i.e., 0.1
and 0.2) the scattered light was weak, consistent with the absence or the
presence of a very few number of particles, as shown by DLS and NTA.
The data for CQ / PSS compositions in the range of 0.3 to 0.7 were fitted
using two non-linear functions corresponding to a monoexponential
(Equation (3) and a bioexponential function (Equation (4), respectively
(see Tables S3 and S4). For monoexponential fitting we observed that
fitted data did not match with the scattered data at low times. However,
the fitting is improved by using a biexponential function. In this case, x>
obtained for the biexponential fitting is one order of magnitude lower
than the obtained for the monoexponential fitting [67]. Similar results
have been observed during the formation of supramolecular structures
such as complementary charged polyelectrolyte complexes [79], pH
induced micellization [80], and in the formation of polyion micelles
complexes of positive and negative block copolymers such as PSS-b-PEO
[81]. These results indicate that NPs formation after rapid mixing is
dominated by two continuous processes occurring with different rate.
The first fast process, where scattered light increases with a large
amplitude (C1 parameter in Table S4), is associated to the formation of
continuous polymer-drug assemblies in a quasi-equilibrium state for-
mation; the latter slow processes, where scattered light increases with a
low amplitude (C2 parameter, Table S4), is related to the formation of
final equilibrium CQ / PSS complexes from previously formed aggre-
gates in the rapid process [67,82]. This mechanism is consistent with the
coarse-grained simulations seen in Fig. 6A-B, although the time scale is
much longer. It is interesting to note that the scattered light intensity at
longer times increases up to a CQ / PSS = 0.5, and then decreases,
possibly due to the formation of polydisperse suspensions, consistent
with the results shown by DLS and microprecipitation seen at naked eye.

The results obtained at CQ / PSS = 0.4 are outstanding: this
formulation shows the smallest HLDNPs with the lowest size PdI (0.25),
and with the lowest zeta potential (higher stability), and at the same
time the highest NP concentration. STEM images of this formulation
show uniform spheroidal structures (Fig. 7A) whose size is smaller than
that shown by DLS. These results could reflect the hydrated and partially
swollen state of the HLDNPs in water that shrink in the drying process
during sample preparation for STEM. In the case of CQ / PVS formula-
tions explored as control, NPs are also found in the same composition
range, which disappears upon addition of NaCl (100 and 200 mM)
(Fig. 7B), suggesting weaker interactions between the two components,
mainly attributed to electrostatic interactions between the oppositely
charged molecules, allowing the formation of NPs by ionic self-
assembly. As said above, the observed behaviour typically occurs
when electrostatic forces are dominant on the overall interactions since
these interactions are cleaved by the ionic strength. Thus, CQ / PVS NPs
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(CQ / PVS = 0.4) show size of ~ 70 nm, PdI of ~ 0.2, and zeta potential
of ~ —20 mV in the absence of NaCl, and the interaction is cleaved in the
presence of the added electrolyte. On the contrary, the selected CQ / PSS
NPs (CQ / PSS = 0.4) are stable in terms of size and zeta potential under
increasing NaCl concentrations with minimal deviations. This is an
important fact, since NaCl is ubiquitously present in the body fluids
[8,83,84]; thus, these results aim at ensuring stability of the CQ / PSS
formulations into the body.

Due to the outstanding stability of these CQ / PSS NPs (CQ / PSS =
0.4) in the presence of aqueous NaCl, further studies have been done to
provide important pharmaceutical and industrial information. Thus, the
stability of the obtained NPs at CQ / PSS = 0.4 was also studied under
other biological and challenging storage conditions. As can be seen in
Fig. S4, results show that the CQ / PSS HLDNPs (CQ / PSS = 0.4) are
widely stable under temperature variations, pH gradient, and prolonged
storage, with minimal deviations. For this formulation (CQ / PSS = 0.4)
we also analysed two very important technological parameters: AE,
which achieved 99.8 %, and DL, which took values as high as 48.6 %.
The achieved values indicate that only a negligible mass of drug is not
interacting with the selected polymer (0.2 %), and that the interacting
molecules of CQ represent half of the mass in each NP. These results are
impressive and highlight the strategy of providing aromatic-aromatic
drug-polymer interactions as a complement to obtain nano-
formulations based on ionic assembling.

The release profiles of the HLDNPs CQ / PSS 0.4 were obtained by
conventional dialysis and continuous dissolution (USP 4 dissolution
apparatus) both in water and in simulated body fluid. A sustained and
prolonged release of CQ from the HLDNPs in Milli-Q water was evi-
denced. The cumulative CQ release by dialysis, as a function of time,
showed a maximum of 3 % in 30 days (Fig. 8A-a). In this experiment, the
binding between the aromatic CQ and the aromatic polymer PSS re-
mains mostly unaltered, and the release is conditioned by the fraction of
CQ molecules located on the surface of the NPs (thermodynamically
bound) and thus available to be released. Under simulated biological
conditions (0.13 M NaCl, pH 7.4, and 37 °C) a biphasic release of CQ
from HLDNPs CQ / PSS 0.4 was evidenced with an initial release phase
(~ 50 % in 24 h), followed by a controlled and prolonged release until
30 days (Fig. 8A-b). This controlled and prolonged release profile rep-
resents a large improvement over other nanoformulations encapsulating
CQ. Indeed, release of 81 % of CQ was obtained during the first hour for
the CQ / PVS NPs (CQ / PVS = 0.4) in simulated biological conditions
(data not shown). Moreover, with the aim of studying a more dynamic
process, the continuous flow cell apparatus USP 4 was used (Fig. 8A-c).
As could be expected, a larger cumulative release of 16.2 % in the first 6
h was found, demonstrating that the exposition of these NPs to a
continuous flux of medium accelerates the release of CQ. Furthermore,
the release mechanism obtained by the fit of the data to different models
(i.e., zero order, first order, Higuchi and Korsmeyer-Peppas) was
assessed. The Korsmeyer-Peppas fitted better to the data (Fig. 8B).
Considering the features of the components (hydrophilic molecules),
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Fig. 7. STEM image of NPs CQ / PSS 0.4 (A); Ionic strength stability of CQ / PSS 0.4 and CQ / PVS 0.4 NPs through evaluation of size (bars) and zeta potential
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Dialysis*
Kinetics Model
Zero Order  First Order Higuchi Korsmeyer-Peppas

RZ 0634 0.637 0.668 0.798
AlC 55.23 54,98 52.13 44.02
MsC 0.88 0.90 1.04 144

n - - 0.16

Dialysis**

R? 0.103 0.560 0.713 0.938
AlC 112.23 100.17 96.00 80.10
MsSC -0.21 0.79 1.14 247

n - 0.31

USP apparatus 4*

RZ 0.237 0.237 0.230 0.777
AlC -94.24 -94.24 -94.15 -126.54
MSC -0.88 -0.88 -0.88 0.41

n - - - 0.10

Fig. 8. Cumulative CQ release (%) of CQ/PSS 0.4 NPs evaluated by conventional dialysis (A) in Milli-Q water (a) and simulated biological medium (b), and by
continuous flow cell USP 4 apparatus in Milli-Q water (c) (mean =+ SD, n = 3) (A). Values of CQ release data obtained from kinetic models for conventional dialysis
and USP 4 apparatus at different conditions (Milli-Q water* and simulated biological conditions**) (B).

and that CQ is a structural component of the NPs, the drug release should
involve the release of CQ from the surface of the NPs, due to equilibrium
displacement, and followed by hydration and rearrangement of the
boundary between the inner and the surface of the NPs. The detachment
of CQ from the NPs enhances the hydration of the system, so that the
subjacent confined drug molecules achieve a hydrated environment and
a new equilibrium state with the bulk is established. This process pro-
gresses in a cyclic manner. This complex process is consistent with de-
viations of the linear or first order behaviour of the release as a function
of time, thus being consistent with the Korsmeyer-Peppas model.

3.3. Final remarks and perspectives

This simple strategy of encapsulation of CQ, producing the
outstanding characteristics of the HLDNPs CQ / PSS 0.4 in terms of green
synthesis, using only water as solvent, high values of AE and DL, and
good stability, responsible for a controlled release of the drug in days,
can be compared with other strategies reported in the literature (see
Table 1). An encapsulation strategy that also avoids the use of organic
solvents is the use of Pluronic® as excipient to form polymeric NPs
micelles, able to encapsulate with 72 % of efficiency. An interesting
approach of encapsulation of CQ with only one excipient consisted of the
formation of CQ / polymer soluble salts with poly(amidoamine)s poly-
mers, but involved the transformation of the drug in its free base and
addition in alcoholic medium. These systems showed, however, fast
release during 24 h. With the use of acetone, dextran NPs could be
synthesized containing CQ, showing DL of 40 %, AE of 81 %, and 90 %
release in 8 h. Reports were found encapsulating CQ in chitosan/tripo-
lyphosphate NPs obtained by ionic gelation. However, the associated
pharmaceutical performance, when reported, was not optimal, as can be
seen in Table 1. Ionic gelation has the advantage of being produced in
water, similar to our encapsulation strategy. Poly(ethylene glycol)
(PEG)-iron NPs able to encapsulate CQ were also synthesized in water,
showing DL of 28 %, and AE of 99 %. Gelatin-glutaraldehyde NPs have
also been synthesized in emulsion using organic solvents. The resulting
particles were able to swell in water releasing the drug in 2 h. Other
strategies consist of the encapsulation of the drug in water-insoluble
solid NPs, obtained by different methods, all of them using an organic
solvent for their production. Thus, NPs made with biodegradable poly-
esters such as poly(lactide) (PLA) or poly(lactic-co-glycolic) acid (PLGA)
were used to successfully encapsulate CQ, with high AE, but moderate
DL. Formation of micelles of these polyesters with the aid of hydrophilic
polymers such as polysaccharides and PEG to afford smaller particles
easily dispersible in water have also been reported. Solid lipid nano-
particles have been also assayed to encapsulate CQ, some of which do
also show surface modification with hydrophilic components.

10

Table 1
Results of encapsulation of CQ with different strategies.
Encapsulation system Release / DL AE Reference
time (%) (%)
PSS NPs 65% /10 48.6 99.8 This work
days
Pluronic F-127 micelles - - 72 [99]
Poly(amidoamine)s 70—80 14—33 - [100101]
polymers water % /24 h
soluble salts
Dextran NPs 90% /8h 40 81 [102]
Chitosan- - 27 54 [103104105106]
tripolyphosphate
nanogels
Chitosan-Sterculia 40 - 60 % - 28 [107]
striata /24h
polysaccharides
nanogels
Dehidroascorbate- 80% /72 40 50 - 57 [108]
derivatized chitosan h
tripolyphosphate
nanogels
PEG-iron NPs - 28 99 [109]
Gelatin-glutaraldehyde 90%/2h 17—19 - [110]
NPs
PLA NPs 40%/6h 64 [111]
PVA-PLA NPs - - - [99]
PLGA NPs 70 % / 24 12.92 76.2 [112]
h (pH 5)
20 % / 24
h (pH 7)
PEG-PLGA micelles - 7.1 72.8 [113]
Polysaccharide-PLGA 20 - 80 % 11 88 [114]
micelles /24h
Solid lipid NPs - - 93.5 [115]
Heparin surface- 60 - 80 % 21-25 78—90 [116]
modified solid lipid /2h

NPs

The outstanding high stability of HLDNPs such as CQ / PSS 0.4 is
pivotal to provide prolonged release in selected tissues/sites of admin-
istration, potentially improving the therapeutical response of the drug
during long treatments. For instance, projecting a prolonged drug de-
livery after intramuscular administration represents a plausible possi-
bility. Although it can be assumed high stability and prolonged release
using this administration site, providing a pharmacokinetic profile
similar to the release behaviour presented in this paper, factors other
than physiological pH and ionic strength of this tissue, such as the
presence of enzymes, specific ions, flux of components, vasculature, etc.
will also contribute to determine a final pharmacokinetic profile. In
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addition, the pharmacodynamic response can be also affected by the
presence of soluble chains of PSS by competing with the target receptor.

The development of a medicine with controlled release of CQ could
be an option to prevent its important side effects such as retinopathy,
cardiomyopathy, myopathy, and neuromyopathy, enhancing its poten-
tial for a variety of illness where CQ has been tested or is under inves-
tigation (rheumatoid arthritis, systemic lupus erythematosus,
spondylitis, rosacea, cancer, diabetes, atherosclerosis, dermatomyositis,
and Sjogren’s syndrome) [18]. It is worth to mention that, for the
COVID-19 pandemic, CQ was initially proposed to prevent the conta-
gion, but the occurrence of adverse side effects was a big argument
against the use of the drug [85]. In order to project industrial elabora-
tion for the CQ / PSS 0.4 formulation, up-scaling for 2.5, 5, and 10X have
been tested. As seen in Fig. 7C, all tested formulations allowed obtaining
monodisperse and negatively charged HLDNPs. Interestingly, a slight
tendency to obtain smaller size and less concentrated NPs is evidenced,
which could be faced with proper engineering solutions when required
at the industry scale [86-88]. The selected elaboration strategy,
compared with other conventional methods, provides several advan-
tages for scalability, such as avoiding organic solvents, allowing low
energy consumption, feasibility at room temperature, or suppression of
solvent evaporation steps. In addition, the high stability of the formu-
lations also influences the quality of the product if the final formulation
is not transformed to powder, since the liquid form can be safely
transported and stored, or, if converted into powder, the further
reconstituted formulation can be preserved for multiple administrations.
Nevertheless, stirring to form vortex or turbulence at large scale during
the mixture, or, if needed, using freeze-drying at large scale could
represent challenges to be faced in large scale production. Although PSS
is approved by the FDA, showing several therapeutic potential uses [89],
toxicity is associated to its prolonged use, producing hypomagnesemia,
hypocalcemia, colonic necrosis, and sodium load, potentially precipi-
tating worsening hypertension and congestive heart failure symptoms
[90]. Thus, although the presented strategy to create nanoparticles has
high potential, further experimentation to project real medicines is
required. Final formulations must be tested in in vitro and in vivo models
to identify safety and efficacy.

As described previously, the occurrence of aromatic-aromatic in-
teractions with aromatic polymers in our formulations is critical for their
high performance, allowing the significantly prolonged drug release for
HLDNPs CQ / PSS 0.4, and its improved stability even in the presence of
salt and under different pH values. The role of aromatic-aromatic in-
teractions has been highlighted by theoretical calculations. Quantum
mechanics calculations pointed at a higher binding energy between CQ
and PSS due to n-stacking interactions, ranging from —17.81 to —26.89
kcal/mol, in contrast with CQ and PVS with binding energies ranging
from —7.87 to —6.32 kcal/mol. This significant difference indicates a
stronger binding affinity for CQ / PSS [91]. Indeed, PSS contains an
aromatic styrene group that facilitates n-stacking and hydrophobic in-
teractions with the aromatic quinoline ring of CQ. These aromatic-
aromatic interactions contribute with additional binding energy
beyond electrostatic interactions, unlike PVS, which lacks an aromatic
group and interact mainly electrostatically. This indicates that n-stack-
ing provides stronger binding between the polymer and the drug that
drives the self-assembly into stable NPs, as further seen by MD simula-
tions. MD simulations demonstrated that CQ aggregates around PSS
chains, while remains free in solution with PVS. This observation un-
derscores the favourable hydrophobic interactions between CQ and the
aromatic rings of PSS. MD simulations served, then, as a pivotal tool in
unravelling the intricacies of the aggregation and formation processes
inherent in HLDNPs containing CQ and PSS. In the complex interplay of
molecular forces, key findings emerged, shedding light on the dynamic
interactions at play. Zooming into the microscopic realm, all-atom MD
simulations uncovered the aggregation of CQ around PSS chains,
forming a robust interface that catalyzes nanoparticle formation. The
driving forces behind this phenomenon are identified as hydrophobic
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interactions and the prevalent n-stacking interactions between CQ and
PSS. Further exploration through coarse-grained MD simulations un-
veiled the spontaneous formation of NPs. Good match with the experi-
mental results were found. Experimental validation came in the form of
mixing CQ and PSS solutions. NMR studies revealed that the aromatic
protons of CQ are strongly influenced by PSS, indicating close contacts
caused by aromatic-aromatic interactions. Conversely, no such effect is
observed with the non-aromatic PVS. The additional binding energy in
the CQ / PSS system enables the NPs to remain stable even in high-salt
conditions, unlike the CQ / PVS NPs, which disassemble. This further
supports the hydrophobic stabilization of CQ / PSS, highlighting the
superiority of hydrophobic and =-stacking interactions over purely
electrostatic forces, leading to rapid NP formation within seconds to
minutes, as evidenced by stopped-flow measurements. The experimental
kinetic analysis fitted with a biexponential model, pointing at a two-step
mechanism involving aggregate formation and subsequent reorganiza-
tion, as arising from the theoretical calculations. Discrepancies in size
are rationalized by considering factors such as higher polymer molecular
weight, higher concentration, and extended assembly times in the
experimental setup. In contrast, weak interactions and unstable formu-
lations are seen with the aliphatic polymer, both theoretically and
experimentally, indicating that aromatic-aromatic interactions were
critical for the high stability and high loading. Aromatic-aromatic in-
teractions impart stability and high loading capacity not achievable with
non-aromatic components [92,93].

The stability of HLDNPs is intricately governed by a network of non-
covalent interactions, each playing a vital role in shaping the charac-
teristics of these advanced drug delivery systems. Hydrophobic in-
teractions emerge as key orchestrators in the self-assembly of HLDNPs,
particularly in the presence of hydrophobic drugs and polymers. This
phenomenon not only facilitates self-assembly but also amplifies the
drug loading capacity, creating a robust foundation for the nanoparticle
structure. Electrostatic interactions further contribute to stability,
manifesting as hydrogen bonding or ionic interactions between charged
or polar groups on drugs and polymers. This dynamic interplay not only
enables high drug loading but also serves as a barrier against premature
release, ensuring that the therapeutic payload reaches its intended
destination with precision. The inclusion of van der Waals forces and
n-stacking adds an additional layer of stability to the loaded nano-
particles. These forces act as binding agents, fortifying the structure and
preventing unintended disassembly. The synergy among these non-
covalent interactions, even accounting for individually weak forces
like London dispersion, cumulatively reinforces the stability of HLDNPs.
Crucially, these interactions act as molecular locks, immobilizing drug
molecules within the polymer matrix. This confinement effectively
curtails the potential for crystallization or phase separation, thereby
upholding the colloidal stability of the nanoparticles over time.
Comparatively, non-covalent loading proves superior in preserving the
activity of drug molecules when contrasted with covalent linkage. This
strategy not only safeguards the bioactivity of the encapsulated drugs
but also facilitates efficient intracellular release, enhancing the thera-
peutic efficacy of the HLDNP delivery system. Due to the complexity of
the spontaneous forces involving aromatic drugs / polyelectrolytes in-
teractions (of aromatic and non-aromatic nature) in aqueous medium,
the combination of strategies to understand and project specific re-
sponses is ideal. In this paper, several quantum chemical calculations
and MD tools were applied in combination with experimental analyses.
In essence, the computational simulations not only unravel the atomic-
level intricacies of CQ / PSS interactions, aggregation, and nanoparticle
assembly mechanisms but also closely mirror experimental observa-
tions. These simulations emerge as a potent tool, offering valuable in-
sights for the rational design and optimization of HLDNP formulations,
bridging the gap between theory and experimentation in the realm of
nanomedicine [94-98]. To achieve a good match between theoretical
and experimental results, it is necessary to provide a good character-
ization of the molecules, with pivotal features such as total charge, and
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an appropriate strategy to include the solvent effects. The contrasted
results (theoretical and experimental) could help us for a better under-
standing of the whole phenomena, and their application and refinement
would promote the general efficient design and production of drug /
polyelectrolyte formulations with therapeutical potential.

4. Conclusions

In conclusion, our investigation offers selected theoretical and
experimental tools that allow the exploitation of aromatic interactions
to provide very efficiently synthesized HLDNPs. The strategy involves
taking advantage of site-specific short-range interactions (hydrogen
bond, n-stacking, and van der Waals), between one dicationic and aro-
matic drug, such as CQ, and one anionic and aromatic polymer, such as
PSS (as unique excipient), for the stabilization of ionically interacting
components, as deduced by UV-vis, 'H NMR, and quantum mechanics
and molecular dynamics. Due to these secondary short-range in-
teractions, ion pairs are formed and further stabilized in hydrophobic
polymer domains, showing binding energies of —17 — —27 kcal/mol,
significantly higher in absolute value than those found for the system CQ
/ PVS (-6 — —8 kcal/mol). MD simulations, after combining short poly-
mer chains, highly diluted reactants and short reaction times, revealed
that PSS forms a nanoparticle of 10 nm in diameter embedded in CQ
molecules. This process is preceded by the aggregation of CQ around the
PSS polymer chains, forming an interface between components, and
thus, enhancing aggregation. Experimentally obtained HLDNPs showed
low polydispersity (PdI = 0.25 — 0.47), diameter of 170 — 410 nm, and
negative zeta potential (-18 — —45 mV). We demonstrated that the
strategy for elaboration, after simply mixing two aqueous liquids, can be
scaled up, with minimal deviations in size, PDI, zeta potential, and
number of formed NPs. Values of association efficiency and drug loading
were very high (99.8 % and 48.6 %, respectively) and the formulations
were stable to NaCl exposure, pH gradient, temperature, and long-term
storage; in addition to provide prolonged drug release (until 30 days).
Due to the complexity of the spontaneous forces involving aromatic drug
/ aromatic polyelectrolyte interactions in aqueous medium, the combi-
nation of the proposed theoretical and experimental tools could be
strategical for the design, development, analysis and scale up for
particular drug / polymer combinations to provide nanomedicines.
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