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A B S T R A C T   

A new coronavirus disease, SARS-CoV-2, has spread into a global pandemic in December 2019. Since no specific 
therapeutic drugs for treating COVID-19 have been approved by FDA, recent studies suggest that the known 
antimalarial quinine and its derivatives (chloroquine and hydroxychloroquine) inhibit receptor binding of the 
viral particles and inhibits the strong “cytokine storm”, which is the main cause of death among infected patients. 
In particular, the natural alkaloid quinine has shown to possess a better safety profile and greater tolerability 
compared to its derivatives. Dosage optimization of quinine is still necessary as the currently available dosage 
forms have controversial pharmacokinetics and safety profiles. Therefore, repurposing quinine dosage forms to 
improve its pharmacokinetics and safety profile may be necessary to support its use against SARS-CoV-2. In this 
context, biodegradable/biocompatible polymeric nanoparticles may provide a safe site-specific and controlled 
quinine delivery, reducing the frequency of drug administration and the dose. 

In this study, a full atomistic molecular dynamics simulation approach has been used to investigate the use of 
poly-(glycolic acid) and poly-(lactic acid) and their copolymer poly-(lactic-co-glycolic acid) as potential delivery 
systems for lipophilic quinine to get insights into the mechanism of quinine encapsulation and release at the 
atomic/molecular level.   

1. Introduction 

In late December 2019 a new coronavirus was reported to cause a 
cluster of pneumonia cases in Wuhan, China [1,2]. On 11th February 
2020 the International Committee on Taxonomy of Viruses named this 
novel coronavirus as severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), and the pneumonia was cataloged as coronavirus disease 
2019 (COVID-19) by the World Health Organization (WHO) [3]. Due its 
high-transmissible characteristic, WHO announced COVID-19 as a 
global health emergency [4]. Since then, there has been continuous 
effort to develop therapeutic interventions against coronavirus infec-
tion, including the development of potentially effective vaccines from 
several manufactures as a reasonable prevention strategy to control the 
pandemic [5,6]. 

However, COVID-19 vaccine demand is sky-high and suppliers are 
struggling to provide the estimated 14 billion doses required by the end 
of 2021 [7]. Moreover, scientific, social, and political inquiries about 
doses, safety, schedule, ethics, effectiveness, surveillance, and vaccine 
hesitancy (global acceptability of vaccines varies from as low as 55% in 

Russia to as high as 90% in China) remain to be solved [8,9]. Therefore, 
in light of these issues and the current delays in vaccine implementation, 
the development of effective therapeutic treatments to support rapid 
recovery from COVID-9 is currently of outmost relevance. 

In this context, small molecule-based therapies, which are approved 
for other diseases, are currently under investigations as they have shown 
to improve outcomes in COVID-19 patients diagnosed with severe 
pneumonia [10]. A particular research interest is giving to some anti-
viral drugs (chloroquine (CQ), hydroxychloroquine (HCQ), and quinine 
(QN)) which if administered shortly after symptoms’ onset have shown 
to decrease infectiousness by reducing viral shedding in the respiratory 
secretions of COVID-19 patients [11–13]. These are well-known drugs, 
widely employed in the treatment and prophylaxis of malaria [14]. They 
all derived from quinoline alkaloid, a heterocyclic aromatic organic 
compound having a general molecular formula of C9H7N. However, the 
main difference lays to the fact that synthetically chloroquine/hydrox-
ychloroquine belongs to the 4-aminoquinoline class, while the natural 
alkaloid quinine belongs to the 4-quinolinemethanol family [15,16]. 

Due to the structural similarities, they all are expected to act with a 
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similar mechanism of action against SARS-CoV-2, which could be 
mainly appointed to their capacity to interfere in various steps of the 
viral replication (i.e. by hindering viral entry to the cell and limiting 
viral-receptor interaction). 

In this regard, current studies have mainly focused on the use of HCQ 
and CQ [17]. However, the interest in these drugs dramatically declined 
following the publication of a retrospective analysis claiming the 
occurrence of potential cardiac adverse effects after their administration 
in COVID-19 patients, which resulted in a rapid revocation of the FDA’s 
emergency use authorization. Although this paper was soon after 
retracted due to data validity concerns, the use of HCQ and CQ remains 
controversial and further pharmacovigilance is still required [18,19]. 

On the other hand, the natural alkaloid QN is considered as a safer 
and well-tolerated medicine compared to CQ and HCQ [20]. In fact, 
besides its well-known antimalarial activity, QN is also used for the 
treatment of calf cramps [21], as well as for chronic autoimmune and 
rheumatic diseases [22]. Moreover, QN is widely added in beverages 
including tonic water and bitter lemon. Very recent in vitro and in silico 
works have shown that QN appears to exert a higher antiviral activity 
against SARS-CoV-2 with a significantly better toxicity profile if 
compared to the controversially discussed drugs HCQ and CQ [23,24]. 

However, severe oculotoxicity has been reported following un-
wanted overdose of QN [25], which could occur with the currently 
available dosage forms and routes of administration. QN comes in the 
form of soluble salts (i.e. hydrochloride, dihydrochloride, sulfate, 
bisulfate and gluconate are the most common) and it is typically given 
either orally or parentally [26]. The parental route of QN is complicated 
as hypotension may occur if the drug is given too rapidly, and venous 
thrombosis has been reported to occur occasionally following intrave-
nous injections [27]. The oral absorption of QN salts from the gastro-
intestinal tract is very rapid, reaching peak concentrations within 1–3 h 
with bioavailability exceeding 75% [28]. However, high doses of QN are 
typically required due to its high tendency to bind with plasma proteins 
in healthy subjects, ranging from 69 to 92% [29]. This clearly concurs to 
increase the risk of side effects induced by QN. 

Therefore, reformulation of QN to improve its pharmacokinetics and 
safety profile may be helpful to support its use to treat COVID-19 pa-
tients. Among all the available strategies, biodegradable/biocompatible 
polymeric nanoparticles (NP) may help to reduce QN side effects and 
improve its therapeutic efficiency by providing more site-specific and 
controlled drug delivery compared to conventional formulations 
[30,31]. In fact, a sustained release of the QN allows one to reduce the 
frequency of drug administration and the dose. 

In this regard, Poly-(glycolic acid) (PGA) and poly-(lactic acid) (PLA) 
along with the copolymer poly-(lactic-co-glycolic acid) (PLGA) are the 
most popular among the various available FDA approved biodegradable 
polymers because of their long clinical history, good degradation char-
acteristics and possibilities for controlled delivery of small molecules 
[32–34]. 

In this study, a full atomistic molecular dynamics (MD) simulation 
approach has been used to investigate the use of PLA, PGA, and PLGA 
polymers as potential drug delivery systems for lipophilic QN (logP =
3.44), with the final aim to gain knowledge of the mechanism of QN 
encapsulation and release at the atomic/molecular level. The polymers 
chosen have different degree of hydrophobicity, which could affect the 
drug partition into the polymer core. In turn, polymer hydrophobicity is 
crucial to stabilize highly lipophilic compounds within the polymer. 
However, a certain degree of drug freedom, achievable by lowering the 
polymer hydrophobicity, is also important to allow the drug to be 
properly released [35,36]. PLGA copolymer composed of lactic acid 
(hydrophobic) and glycolic acid (more hydrophilic) units in the ratio of 
75/25 was chosen to investigate a system with an intermediate hydro-
phobic character when compared to pure PLA and PGA. 

A particular attention was firstly paid to the behaviour of drug-free 
polymer NPs when in contact with physiological environment (i.e de-
gree of compactness and hydration). The focus is then switched to the 

QN-loaded NP systems, whereby a detailed simulation on how the drug 
molecules behave (i.e. drug-drug and drug-polymer interactions) and 
diffuse within/from the polymer matrix is reported and discussed. 
Finally, NPs including curcumin (CM) were also simulated to compare 
our systems with those experimentally prepared. In fact, it is known that 
curcumin can be encapsulated and released in a controlled way from 
PLGA NPs [37]. Since the logP values and the molecular weights of QN 
and CM are very close, CM-polymer NPs were used as a control to 
validate the feasibility of QN-polymer NPs systems. 

2. Materials and methods 

The three-dimensional structures of QN (logP = 3.44) and CM (logP 
= 3.62) molecules were generated and conformational analysis were 
carried out in relation to vibrational frequencies and potential energy 
surfaces computed at the density functional theory (DFT) level using 
B3LYP/6-311G** [38,39]. Three polymer systems were modelled and 
built up with fully hydrated monomers using Material Science of 
MACROMODEL Maestro Schrodinger, suite following our previously 
validated protocol [40]. Briefly, the first system contained 112 Lactic 
Acid (LA) units in racemic forms (PLA), the second included 112 Gly-
colic Acid (GA) units (PGA), while the third was composed of 81 LA 
racemic units and 27 GA units to generate 75/25 (LA/GA) PLGA 
copolymer. To simulate the effects due to polydispersity, each polymer 
structure was repeated three times in the space with different chain 
lengths. The resulting PLA and PGA polymer systems totally contained 
16 + 32 + 64 LA and GA chains respectively, while PLGA contained 12 
+ 23 + 46 LA and 4 + 8 + 15 GA units. The random composition of 
PLGA with 75% PLA and 25% PGA was chosen for this investigation. The 
specific number of units was modelled to generate polymeric systems at 
nanoscale level, in accordance with literature reports where polymer 
systems were approximately 30 nm in diameter, well-fitting within the 
accepted limits (20–100 nm) for drug delivery systems [41]. The accu-
racy in the reproduction of specific size system was due to the necessity 
to model the systems according to experimental preparations [42]. To 
simulate a physiological environment, each system was placed in a 16 
nm3 simulation box and solvated with 134,583 three-site transferrable 
intermolecular potential (TIP3P) water molecules [43] and 752 salt ions 
(376 Na+ and 376 Cl- explicit ions corresponding to a salt content of 
0.15 M of NaCl). The systems were prepared in the presence and absence 
of QN molecules, for a total of six different systems: free PLA, free PGA, 
free PLGA, PLA-QN, PGA-QN, and PLGA-QN. Since the drug-loaded 
systems contained a total of 34 molecules of QN (MW = 324.4 g/mol) 
and 33 molecules of CM (MW = 368.38 g/mol), the number of drug 
molecules added were calculated in relation to the drug’s molecular 
weight and the amount of water molecules to reproduce specific 
experimental conditions corresponding to 5 mg/ml of encapsulated 
drug, in line with other formulations [44]. Each QN molecule was 
randomly added in the core of the polymer structures to investigate the 
molecular drug motions along MD simulation. 

All MD simulations have been performed using GROMACS 5.0.4 
suite [45] and AMBER99SB force field [46] with specific parameter 
extensions to provide the accurate description of QN, CM molecules, and 
polymer chains. Systems have been minimized applying periodic box 
conditions in all directions, using a neighbor searching grid type; the 
cut-off distance for the short-range neighbor list was set to 1.4 nm. 
Electrostatic interactions have been included by implementing a fast 
smooth particle-mesh Ewald algorithm [47,48] with 1.4 nm distance for 
the Coulomb cut-off, which is considered the method of choice to obtain 
an accurate evaluation of long-range electrostatic interactions in large 
macromolecular systems [49,50]. 

Each system was subjected to two minimization steps using steepest 
descent and conjugate gradient algorithms and subsequent six pre-
liminary equilibration steps based on 5 ns of annealing simulations to 
gradually reach the simulation temperature of 310 K and generate 
atomistic velocities. A weak temperature coupling (Berendsen 
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thermostat), with a time constant of 1 ps was applied to maintain the 
reference temperature (310 K) throughout the whole run. The subse-
quent production step consisted in 100 ns of MD simulation in 
isothermal − isobaric (NPT) ensemble at 1 atm and 310 K for each 
equilibrated system [51]. A time constant for coupling of 0.5 ps and an 
optimal compressibility for water of 4.5 × 10− 5 bar− 1 were used to 
obtain the best control of pressure. The achievement of a steady state for 
all of the simulated models was monitored through the molecular root- 
mean-square deviation (rmsd) values of polymer chains depending on 
simulation time [52]. Deviation was calculated in terms of displacement 
with respect to the starting minimized structure. The analysis of the 
simulations’ trajectories was performed by means of VMD [53] and 
CHIMERA software [54]. The interactions of unloaded vectors with 
water were investigated to detect the polymers behavior (degree of 
compactness). Polymers’ Surface Accessible Solvent Area (SASA) was 
calculated through the gmx sasa GROMACS tool to estimate the tendency 
of polymers to interact with water molecules, determining different 
hydration degrees, and the number of Hydrogen Bonds (HB) interactions 
were computed using the gmx hbond GROMACS tool. The compactness 
degree and convergence of simulations for polymers along MD simula-
tion was determined by computing the radius of gyration (Rg) using gmx 
gyrate GROMACS tool. The potential energy interaction between QN and 
polymers was evaluated using the gmx_energy GROMACS tool, which 
takes into account both the polymer/drug hydrophobic and hydrophilic 
domains. The QN and CM release degrees were indirectly evaluated with 
radial distribution function (RDF) using the gmx rdf GROMACS tool. The 
reliability of these tools has been already demonstrated in previous 
studies [55,56]. 

3. Results and discussions 

3.1. Pure polymer systems 

To examine the adsorption of QN on the polymer surfaces and 
investigate the dynamic behavior of the drug molecules into the polymer 
systems, preliminary MD simulations were carried out on all polymeric 
systems under study before drug encapsulation. These systems were 
equilibrated and then analyzed in a physiological environment. Each 
polymeric vector was subjected to 100 ns of MD simulations in the 
presence of water molecules, as well as Na+ and Cl- ions. In order to 
evaluate the stability of the polymer systems, the root mean square 
deviation (rmsd) analysis were conducted, and the results are shown in 
Fig. 1A. 

This analysis is necessary to assess whether the chosen simulation 
time is sufficient for the polymer systems to reach dynamic equilibrium. 
The extrapolated MD values show that deviation remained reasonably 
unchanged (i.e. did not exceed ~ 3 nm) till the end of the simulation 
time for all three polymeric models. Dynamic equilibrium was reached 
after 50 ns of simulation for each polymer, highlighting the high sta-
bility degree of the simulated systems. 

To better verify the stability of the polymeric systems, the dynamic 
trajectories of polymeric structures were checked using radius of gyra-
tion (Rg) analysis (Fig. 1B). Starting from the same Rg values for all NPs 
at the beginning of MD simulations (i.e. about 2.7 nm), each polymer 
showed a specific behavior along MD simulation. Small Rg values 
indicate the polymer is relatively compact, meaning that the polymer 
adopts a folded structure throughout its trajectory. Focusing on the last 
10 ns of MD simulations, PLA, PGA, and PLGA systems reached Rg 
values of 2.52 nm, 2.91 nm, and 2.74 nm respectively, maintaining these 
values with small fluctuations. This result confirms that the studied 

Fig. 1. (A) Root-Mean square deviation (RMSD) and (B) average radius of gyration of polymeric systems.  

Fig. 2. Representative structures of PLA (A), PGA (B), and PLGA (C) at the end of 100 ns of MD simulation. The LA and the GA units are reported in yellow and blue 
Van der Waals spheres, respectively. 
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systems are stable and behave differently in relation to the hydration 
properties of NPs. 

The final snapshots of the investigated systems are displayed in 
Fig. 2. 

Since the degree of compactness plays a critical role on the nano-
particle size, swelling, drug release rate, deformability, circulation time, 
stability, and agglomeration tendency, its investigation represents a 
very important feature for nanoparticulate system [57,58]. 

The MD results indicated that, as the monomer–monomer in-
teractions became more attractive along 100 ns of simulations, poly-
meric chains could distinctly respond to confinement. More in details, 
PLA model showed the highest compactness degree along simulation 
(Fig. 2A), which accounts for its greater hydrophobic nature if compared 
to the other two polymeric systems, resulting in a more hydrophobically- 
stabilized structure. The absence of methyl side groups in PGA system 
leads to a very different behavior of the polymer vector, showing a 
marked tendency to interact with the solvent, which induced a visible 
polymer swelling (Fig. 2B). Concerning PLGA, its peculiar composition 
(25% PGA and 75% PLA), allows this copolymer to behave in a kind of 
intermediate way between pure PLA and PGA. It can be clearly seen that 
the predominance of PLA portion provides a discrete degree of 
compactness to the copolymer. On the other hand, the concomitant 
presence of more hydrophilic PGA regions maximized the interactions 
with both water through strong HB and Na+ ions through ion–dipole 
interactions (Fig. 2C). This behavior typically results in higher rate of 
drug release when compared to pure PLA systems [59]. 

To better quantify the above reported polymers behavior in contact 
with the simulated physiological environment, the solvent accessible 
surface area (SASA) (Fig. 3A) and the number of HBs established b the 
polymer systems with water (Fig. 3B) have been calculated analyzing 
MD trajectories. Such methods are widely used to determine the degree 
of miscibility of polymeric systems once administered [60,61]. 

SASA values and HB number were obtained from the final part of the 
simulations (the last 10 ns) to ensure that a steady state was achieved. 
The calculated SASA average values and the number of HBs with water 
were about 608 nm2 and 342 HBs for PLA, 918 nm2 and 573 HBs for PLA 
786 nm2, and 476 HBs for PLGA. As expected, PLA displayed the lowest 
SASA value, which indicates a very low miscibility degree with the water 
phase. This behavior is related to the presence of the methyl groups in 
the PLA chain. This groups seems to play a fundamental role in favoring 
the interactions between the polymer chains, resulting in an overall 
lower affinity to the solvent compared to the other two systems. On the 
other hand, the PGA displayed the highest SASA value and HB number 
with the aqueous phase, confirming its greater tendency to interact with 
the water phase rather than with itself, likely due to the absence of 

nonpolar methyl groups. This result confirmed that the drug molecules 
are not adequately protected, since polymers with larger SASA values 
are expected to undergo a faster hydrolysis. In the case of PLGA, the 
calculated SASA values and the number of polymer-water HB formation 
confirmed that this copolymer follows an intermediate behavior with 
respect to the other two systems, attributable to the presence of methyl 
groups in a lower extent with respect to pure PLA. Due to its discrete 
degree of compactness and affinity to the physiological environment, 
PLGA copolymer may be expected as the best candidate for QN drug 
delivery system when compared to the other two systems under 
investigation. 

3.2. Polymer-quinine systems 

The final structure obtained from the first MD simulation have been 

Fig. 3. Solvent accessible surface area (SASA) (A) and number of polymer-water hydrogen bonds (B).  

Fig. 4. 2D (A) and 3D (B) structure of quinine.  

Fig. 5. PLA-QN model. The polymer chains are shown in yellow, while the C, 
O, N and H atoms of the quinine molecules are shown in green, red, blue, and 
white, respectively. The dashed blue lines indicate the HB between the 
QN molecules. 
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used as starting point to model polymer-drug systems. QN is a very 
lipophilic molecule but containing also some polar groups able to 
interact with polar moieties (Fig. 4 AB). The drug molecules were 
directly placed inside the polymers’ cores, in order to simulate the 
experimental drug loading within the polymer systems. 

The PLA polymer-based model was the first system investigated by 
means of the MD approach. During the simulation, the drug-polymer 
system proved to be extremely stable as drug molecules could strongly 
interact with hydrophobic LA monomer units. These interactions were 
observed for 100 ns following the same procedure for the drug-free PLA 
system. It can be observed that, due to the hydrophobic nature of both 
polymer and drug, QN molecules remained strongly aggregated inside 
the PLA core through QN-QN π-stacking and HB interactions (Fig. 5). 

Stabilities and effectiveness of nanosuspensions can be influenced by 
polymer type, their molecular weight, and the kind of the encapsulated 
drug [62]. In the case of PLA-QN, the aggregation behavior is expected 
to have two main issues: the drug may not be properly released, and the 
formation of drugs’ aggregates drastically decreases the drug bioavail-
ability once released in a single step after polymer degradation. 

Regarding PGA-QN model, MD simulations show that the addition of 
QN molecules into PGA core has a strong destabilizing effect on the 
whole system. More in details, at the very beginning of the simulation, it 
was observed that QN molecules look for a better conformational ac-
commodation in the polymer core. This unambiguously indicates that 

Fig. 6. PGA-QN model. The polymer chains are shown in blue spheres, while 
the C, O, N and H atoms of the quinine molecules are shown in yellow, red, blue 
and white, respectively. The red arrows emphasize the swelling tendency of the 
polymer system. 

Fig. 7. PLGA-QN system. The polymer chains are shown in blue (glycolic acid) and yellow (lactic acid) spheres, while the C, O, N and H atoms of the quinine 
molecules are shown in green, red, blue, and white, respectively. The blue circles and the orange rectangles highlight respectively the hydrogen bonds and the 
nonpolar interactions observed between quinine and copolymer. 

Fig. 8. Potential Energy Interaction between Quinine and Polymer systems (A) and Radial distribution function (RDF) (B) of the Quinine molecules respect to the 
polymers’ cores in the investigated systems. 
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the drug has no tendency to interact with PGA. This causes an increase in 
the free space in the polymer core as repulsive effects prevail between 
the chains, enhancing the interactions with the solvent, hence promot-
ing the rapid diffusion of QN molecules from the polymeric core to the 
aqueous phase (Fig. 6). Similar behavior has been observed for other 
matrices of moderately hydrophilic polymers, in which the balance be-
tween dispersive and polar interactions leads to structure-morphological 
peculiarities, influencing the diffusion mechanism [63,64]. These ob-
servations strongly suggest that PGA is not appropriate for an effective 
QN delivery. 

Finally, the PLGA-QN system model is based on the use of the 
copolymer formed by lactic acid and glycolic acid units, with a random 
order of succession that leads to the formation of an amorphous poly-
mer. Analyzing MD trajectories during the 100 ns of simulation, such a 
system showed to be particularly stable, and it is possible to appreciate a 
homogeneous dispersion of QN molecules within the copolymer matrix 
promoted by strong polar (HBs) and nonpolar drug-polymer interactions 
(Fig. 7). 

No drug-drug interactions were observed, and this is very important 
since any drug aggregates could have negative effects on the final drug 
bioavailability. No diffusion of QN to the aqueous phase was observed 
right after loading, meaning that drug-polymer interactions are able to 
stabilize the drug within the polymer. 

To gain a deeper insight on the QN release from the polymer carriers, 
the potential energy interaction between drug molecules and polymers 
(Fig. 8A) and the QN radial distribution function (Fig. 8B) were 

computed. The data were obtained from the last 10 ns of MD simula-
tions. The potential energy values are normalized in terms of kJ/mol per 
QN molecule. The values obtained between QN and PLA is negative 
(-6.18 kj/mol), because the drug molecules interact with the polymer 
core by nonpolar interactions. However, the drug-drug interactions 
avoid the optimal interactions with polymer vector. In contrast, positive 
values were found for the QN-PGA system (+1.68 kj/mol), because 
drug-polymer interactions are weak and the drug molecules preferen-
tially interact with the water phase, and thus is quickly released. The 
QN-PLGA system showed the highest negative energy value (-14.72 kj/ 
mol per QN molecule). This is because of drug molecules homoge-
neously diffused within the polymer matrix to establish site-specific 
nonpolar and HB drug-polymer interactions. 

According to the Radial Distribution Function (RDF) shown in 
Fig. 8B, at a short distance it can be clearly seen that the RDF is zero. This 
is ascribed to strong repulsive forces between drug molecules when they 
are very close to each other (up to 0.3 nm). A sharp peak maximum 
appears at approximatively 1.45 nm for QN-PLA (in relation to the QN 
aggregates) and at 4.5 nm for QN-PLGA system (in relation to the ho-
mogeneous diffusion of the drug in the polymer matrix). No peaks were 
observed for QN-PGA system, because all drug molecules are quickly 
released interacting with the water phase. 

These results confirm that the drug molecules are aggregated in the 
polymer core of PLA, while they are homogeneously distributed in the 
polymer when PLGA is used. It is necessary to mention that the obtained 
RDF peak intensity for Quinine-PLA system is related to the quinine- 

Fig. 9. (A) 2D and 3D structure of curcumin (CM) and (B)CM-PLGA system. The polymer chains are shown in blue (glycolic acid) and yellow (lactic acid) spheres, 
while the C, O, and H atoms of the CM molecules are shown in cyan, red, and white, respectively. The the orange rectangles highlight the nonpolar interactions 
observed between CM and copolymer. Radial distribution function (RDF) (C) of the QN and CM molecules respect to the PLGA’s core. 
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quinine interactions that lead to a high presence of molecules at a spe-
cific distance from the polymer center. No defined RDF peaks are found 
for the Quinine-PGA system before a distance of 8 nm from the polymer 
center, for the reason, as previously discussed, the drug molecules tend 
to be quickly released in the water phase, moving away from the poly-
mer cores. 

In order to justify the feasibility of QN-PLGA system, a comparison 
with another PLGA-drug system was performed as a control. The small 
molecule of curcumin (CM) has been chosen (Fig. 9A), being its logP and 
molecular weight very similar to QN, and experimental studies about the 
encapsulation and the controlled release of CM in PLGA systems have 
been already performed [37]. The same approach adopted for QN-PLGA 
was used for CM-PLGA, allowing for a comparison to be made. 

In details, after 100 ns of MD simulation, each CM molecule was 
surrounded by polymer chains (Fig. 9B), in a very similar way detected 
for PLGA-QN system. This means that no CM aggregates were found, key 
prerequisite for optimal drug release. 

Comparing the RDFs of QN and CM molecules to the PLGA’s core 
(Fig. 9C), sharp peaks appeared with maximum intensity at approx-
imatively 4.5 nm for QN-PLGA system and 4 nm for CM-PLGA. This 
means that for both systems a homogeneous diffusion of the small 
molecules in the polymer matrix was found, with a little difference in 
values that could be ascribed to the slightly higher lipophilic character 
of CM (logP = 3.62) compared to QN (logP = 3.44). 

4. Conclusions 

Small molecule-based therapies have recently attracted a great deal 
of attention as a potential alternative strategy to fight the current global 
pandemic trigged by SARS-CoV-2. Among them, the administration of 
well-known antimalarial QN has shown promising results in terms of 
both efficiency and safety, if compared to the mostly studied QC and 
HQC parent compounds. 

In this work, a full atomistic molecular dynamics simulation has been 
carried out to explore three different well-known biodegradable poly-
mer systems (PLA, PGA, and PLGA 75/25) as potential candidates for the 
delivery of lipophilic QN. The results obtained showed that the three 
drug-unloaded polymer vectors have different tendency to interact with 
the simulated physiological environment, leading to different degree of 
compactness in the ascending order, PGA < PLGA < PLA. 

More importantly, following QN incorporation, the analysis of the 
trajectories and the extrapolation of specific properties lead to the 
identification of the PLGA as the best-enslaved candidate. More in de-
tails, QN molecules remained strongly aggregated inside the PLA core 
through QN-QN π-stacking and HB interactions, which could detri-
mentally affect its release and bioavailability. In contrast, the observed 
weak QN-PGA interactions and the greater free volume found in PGA 
matrix promoted a fast diffusion of QN molecules to the water phase. On 
the other hand, in PLGA system, QN was found to be homogeneously 
distributed, establishing site-specific nonpolar and HB drug-polymer 
interactions. The similar behavior of QN-PLGA to CM-PLGA, which is 
a known PLGA-controlled release system, strongly suggests that PLGA 
matrix may be expected to provide a controlled QN release as a function 
of polymer erosion rate, which could promote a safer and effective 
therapeutic use of QN against SARS-CoV-2. 
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