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Abstract: Drug release can be controlled by encapsulating active compounds in polymeric vehicles. Using nanotechnology,
pharmaceutical drug delivery systems can be controlled and precise. The aim of this work is to obtain and characterize
biocompatible micro and nanoparticulate systems based on a poly(D-lactic acid) matrix (PDLA) to study the controlled release
of 1,4-naphthoquinone, which has reported anticancer activity. Scanning electron microscopy revealed spherical particles with
an average size of 347 nm and 86% in the nanometer range. The encapsulation efficiency was 98.3%, as assessed by UV-visible
spectroscopy. The hydrolytic degradation over 11 weeRs showed controlled release of naphthoquinone at different pH conditions:
20.98% in alkaline, 19.69% in physiological, 18.83% in strongly acidic, and 16.70% in slightly acidic conditions. The enhanced
release at alRaline pH suggests potential anticancer activity in colorectal cancer, benefiting treatment by releasing the drug to
the affected area. Molecular docRing studies on COX-2 confirmed these results, showing 1,4-naphthoquinone interacts with Rey
amino acids (ALA202, THR206, HIS207) in the active site, modifying the prostaglandin chain which is crucial for the enzyme's
function. The results show that this system has a high potentiality for use for pharmacological applications in colorectal cancer,
as l,4-naphthoquinone exhibits electronic properties.
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Introduction

Controlled drug release is a very useful technique
in pharmaceutical sciences, since it allows the
drug to be released gradually and sustained in the
body % Several mechanisms can accomplish this,
including controlled diffusion, degradation of the
encapsulating material, or response to specific
stimuli (pH, temperature, enzymes)'?. Encapsulation
is one of the primary strategies for controlling drug
release, as an encapsulated drug has a number of
benefits over other forms of administration and has
been referred to as a modified drug release form 3-°.

A Rey goal of medicinal chemistry is to improve
the way in which active ingredients (such as
biomolecules, drugs, etc) are transported and
released, thereby reducing side effects and
improving therapeutic effects. As understanding of
the pathophysiology of diseases and their cellular
mechanisms is gained, drug delivery systems are
customized in order to achieve optimal therapeutic
effectiveness. The controlled drug release strategy
allows the decrease of side effects, improve oral
bioavailability, sustain the effect of drugs or genes in
a selected tissue, increase the solubility of drugs for
intravascular delivery and to improve the stability of
therapeutic agents against enzymatic degradation
by nucleases and proteases, especially in the case of
drugs containing proteins, peptides, or nucleic acids 3.

From a pharmaceutical perspective, micro- and
polymeric nanoparticles have the advantage of
encapsulating lipophilic or hydrophilic substances at
a high level. Moreover, they are used as vectors for
the controlled release of proteins, peptides, vaccines,
genes, and growth factors, among others, and in
applications for a variety of therapies, including
anticancer therapy?®-'°.

In the case of cancer therapy, the strategies
adopted based on the use of micro- and nanoparti-
cles have focused on two different mechanisms: A
passive targeting strategy or vehiculization, and an
active targeting strategy €Passive targeting consists
of the transport of micro-nanosystems through intra-
cellular spaces into the tumor interstitium and their
subsequent accumulation in these tissues. Active
targeting refers to the active orientation of the micro-
-nanoparticles, and not just a simple accumulation in
the tumor tissues, motivated by their marked speci-
ficity towards the target cells®. According to literatu-
re, the following biocompatible vehicles have been
used to encapsulate drugs or biomolecules within
particle matrixes: poly(L-lactic acid) (PLLA) °, poly(-
D-lactic acid) (PDLA)*"2, polyethylene glycol (PEG)?,
polyalRyl cyanoacrylate (PACA)“, poly-e-caprolacto-
ne (PCL)"®, poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBHV)'®, among others”. There are also polyme-
thacrylates that react physicochemically to chan-
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ges in pH, such as Eudragit®®, which can be used to
enhance oral drug bioavailability. Likewise, copoly-
mers have been used, through the pegylation tech-
nique, being reported: PEG-PCL, PEG-PLA, among
others?°, Nanocapsules have also been prepared
using copolymers formed by varying the composi-
tion of their monomeric units of lactic acid/glycolic
acid (PLGA)?-=,

Poly(lactic acid)lactic acid, PLA, is an aliphatic
polyester that have two stereoisomers PLLA and
PDLA. The PDLA stereoisomer is amorphous and
has been reported to decompose into non-toxic
by-products through simple hydrolysis of the main
ester chain in an aqueous environment, ultimately
this degradation produces lactic acid which can be
metabolized through the Krebs cycle into water and
carbondioxide[24]. These characteristics makRe PDLA
safe for use in tissue engineering applications and
can be applied for the encapsulation and controlled
drug released due to its ability to protect the drug
from photodegradation and pH changes 242,

Micro-nanoparticles have been produced
using many methods based on different physical-
chemical principles. Some of these methods are
nanoprecipitation, emulsion diffusion, double
emulsification, emulsion-coacervation, polymer
coating, layering, etc. 2’28, The present research was
conducted using the microemulsification technique
2930 which is a modification of the original emulsion-
diffusion process used by our research group. In
most cases, polymeric particle sizes of nanometers
334 have been obtained, along with encapsulation
values exceeding 907% "35-37,

In terms of drugs, this work highlights the use of
the active compound naphthoquinone, which has
been reported to have a wide range of derivatives
with biological activities, especially against some
cancer cell lines®®3°. Combined with their low toxicity,
segments of these compounds have been proposed
as potential cancer chemotherapeutics 3,

According to reports, chitosan membranes
have been developed for the controlled release of
1,4-naphthoquinone to treat oncologic skRin cancer
wounds “°. In vitro studies have demonstrated its
cytotoxic potential in colon cancer, human breast
cancer, hepatocellular cancer, leukemia and human
melanoma cells, producing induction of oxidative
stress, apoptosis and cell membrane damage in
these cell lines %42, Based on the results of these
studies, this research is focused on evaluating the
effects of PDLA micro- and nanoparticles released
under controlled conditions®.

As one of the most prevalent types of cancer in
the world, colon-rectal cancer is one of the leading
causes of morbidity and mortality. Approximately
10% of all cancer cases are caused by this disease,
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and it is the second leading cause of cancer-related
death. According to the World Health Organization
(WHO), more than 1.9 million new cases of colorectal
cancer and more than 930,000 deaths due to this
disease were reported in 2020,

In colorectal cancer, many enzymes are
overexpressed and represent potential targets of
action. In this regard, it has been shown that the
metabolism of arachidonic acid, a polyunsaturated
fatty acid, either by the cyclooxygenase (COX)
pathway or by the lipoxygenase (LOX) pathway,
generates a series of proinflammatory substances
called eicosanoids including prostaglandins,
thromboxanes, leuRotrienes*. COX-2, in particular,
plays a crucial role in inflammation and pain.
Overexpression of cyclooxygenase-2 has been
associated with several diseases, including colon
cancer, where it can promote tumor growth and
angiogenesis®.

Studies have shown that colonic epithelial cells
overexpressing the COX-2 gene resist apoptosis and
exhibit altered adhesion and angiogenic properties.
These findings suggestthat COX-2may beinvolvedin
colorectal cancer progression. Furthermore, COX-2 is
elevated in 40% of colon adenomas and 90% of colon
carcinomas, but not in normal colonic epithelium.
Using human colon carcinoma cell lines, COX-2
has been shown to induce local immunosuppression
by increasing prostaglandin E2, a potent inhibitor of
T-lymphocyte proliferation, which allows colon cancer
cells to escape host immune defenses “°4. Clinical
studies have found that COX-2 selective nonsteroidal
anti-inflammatory drugs (NSAIDs) have exhibited
potent action in the treatment of colorectal cancer by
inhibiting the cyclooxygenase enzyme, since they have
the ability to reduce inflammation and pain without the
side effects associated with nonselective NSAIDs, they
are more effective as chemotherapeutic agents*.

Theuseofinsilico techniques in medicinal chemistry,
such as molecular docRing, to study the interaction
of l4-naphthoquinone with enzymes overexpressed
in colon cancer provides valuable information on
the biochemical mechanisms that may influence its
anticancer activity[50]. These enzymes, involved in
drug detoxification and metabolism processes, may
modify the bioavailability and efficacy of the compound.
By performing docRing simulations, it is possible to
identify the preferential binding sites and evaluate
how structural modifications of naphthoquinone could
optimize its interaction with these enzymes, potentially
improving its therapeutic profile. By performing docking
simulations, it is possible to identify the preferential
binding sites and evaluate how structural modifications
of naphthoquinone could optimize its interaction with
these enzymes, potentially improving its therapeutic
profile. Our goal was to evaluate the interaction
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between 1,4-naphthoquinone and COX-2 enzyme by
molecular docRing analysis in order to correlate its
previously reported anticancer activity[21], [22] with
its interaction with this enzyme. Additionally, our
study focused on colon rectal cancer because the
controlled release results obtained at alRaline pH,
which corresponds to intestinal pH were higher*°.

Therefore, the objective of this study was to
encapsulate 1,4-naphthoquinone in PDLA polymeric
micro-nanoparticulate systems and release the drug
selectively, as well as to correlate the biological
activity of 1,4-naphthoquinone by molecular docRing
using the COX-2 enzyme.

Methodology

Reagents

1,4-naphthoquinone (CIOH602; molecular mass:
158.15 g/mol, 97% CAS No. 130-15-4 from Sigma-
Aldrich) was used. For encapsulation, poly(D-
Lactic acid) (PDLA), molecular mass = 91102 g/mol,
NatureWorkR USA, was used as a polymer. Polyvinyl
Alcohol (PVA) (C2H40)n, molecular mass = 9.5x104
g/mol, CAS No. 9002-89-5), Himedia, was available.
Deionized water, chloroform (CHCI3; molecular mass:
119.38 g/mol, CAS No. 67-66-3, 99.5% purity from
Sigma-Aldrich) . All reagents were supplied without
further purification. The materials were supplied by
the Organic Chemistry Laboratory, B°IDA Group,
Universidad Simon Bolivar.

Preparation of PDLA micro-nanoparticles by
microemulsification

The methodology employed for the preparation
of micro- and nanoparticles is presented below 2°3°;
A 100 mL solution of 0.025% m/v polyvinyl alcohol
(PVA) in water was prepared. An additional 5.0 mL
of a solution containing 1,4-naphthoquinone at 0.18%
m/v in CHCI; and PDLA polymer solution at 1% m/v
in CHCI, was added to this solution. The polymer
solution with the 1,4-naphthoquinone was added
using a micropipette. A finned reactor was used as
a vessel and an ultradisperser was included. The
reactor was immersed in ultrasound equipment for
120 min. After the process, the emulsion was left
under continuous agitation for 24 hours to remove
chloroform by evaporation. The resulting suspension
was centrifuged. The precipitated particles were
washed with deionized water to remove any PVA
that may have remained on their surface. The wash
water was retained to determine the percentage of
encapsulation. Finally, the particles were lyophilized
and prepared for characterization (See Figure 1).

Feasibility assay. Reduction of 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium salt (MTS) for PDLA mi-
cro-nanoparticles.

Vol. 6 N.2,2024
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Figure 1- Preparation of micro- and nanoparticles by emulsion-diffusion method.

PDLA polyester has been reported not to be
cytotoxic [24],however, given the preparation method,
it was necessary to evaluate the possible cytotoxicity
of PDLA micro-nanoparticles without encapsulation.
Aninvitrocellsurvivalstudywas previously performed,
in MCF-7 breast cancer cells and NIH-3T3 murine
fibroblasts, a colorimetric assay has been established
for the metabolic reduction of MTS (reducing MTS
to the tetrazolium salt [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium)] in formazan), and measuring the
production of formazan at 550 nm =°,

To perform this, MCF-7 breast tumor cells and
non-tumorigenic NIH-3T3 fibroblast cells were
cultured at a density of 5x10° cells per well in 96-
well CELLSTAR® plates along with 100uL of DMEM
medium supplemented with 15% SFB Gibco®, and left
in incubation for 24 hours for adherence of the cells
to the plate. Subsequently, the culture medium was
removed and 90uL of the medium was added along
with 10uL of the PDLA micro-nanoparticles at 1000
ppm concentration such that the concentration of
the micro-nanoparticles in each well was 100 ppm.
They were incubated at 37°C for 24, 48 and 72 hours,
and at the end of this time 20uL of MTS CellTiter
96® AQueous One Solution Cell Proliferation Assay
G358A Promega® were added, waited 4 hours and
the plates were read at 550 nm using the Autobio
PHOmMo® ELISA plate reader. As a positive control,
cisplatin® was used at different concentrations (0.5-
100 uM). The assays were performed in triplicate.

Determination of encapsulation efficiency by UV-
Visible Spectroscopy (UV-Vis)

Vol. 6 N.2,2024
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The encapsulation efficiency of the compounds
was determined indirectly from the quantification
of the 1,4-naphthoquinone present in the washing
water obtained after the encapsulation process in
the micro and nanoparticles.

In this sense, an extraction of the derivatives
contained in the washing water was carried out.

The organic solvent used in this experiment was
chloroform, which promoted a liquid-liquid extraction
and a saturated solution of NaCl. To determine the
radiation absorption capacity of the compound
obtained, the organic phase was dried using a rotary
evaporator, and the compound obtained was diluted
with DMSO to a volume of 2.0 mL. The calibration
curves corresponding to the compounds were
made, plotting the absorbance as a function of the
concentration of each derivative. In orderto determine
encapsulation efficiency, 1,4-naphthoquinone
absorption wavelength of 336nm according to
equation (Eq.1)*%

3 Amaunt of encapsulated compound
% Encapsulation =

100% (Eq.l
Initial amount of the compound in the system * (Ea.l

UV-Vis controlled release assay by hydrolytic
degradation at different pH conditions.

A hydrolytic degradation assay of polymeric mi-
cro-nanoparticles of 1,4-naphthoquinone was per-
formed at different pH conditions, for this purpose:

a.- 10 mg of 1,4-naphthoquinone micro-nanopar-
ticles in PDLA were placed in four centrifuge tubes
at different conditions: acidic (1 = pH < 2), slightly
acidic (pH = 6), physiological (pH=7.4) and alRaline
(pH=9). This model was made in virtue of being able
to observe the different degradation conditions of
these particles in pH that could occur in different
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parts of the human body, for example, strongly acid
gastric pHP®], physiological pH in blood?, slightly
acid pH in certain tumor conditions!® and slightly
alRaline pH in the intestinal medium 5.,

b.- The assay was carried out for 12 weeks at 25
°C, during which the following extraction procedure
was performed: the samples were centrifuged and a
liquid-liquid extraction was performed in CHCI, and
filtered with anhydrous MgSQO,.

c.- Each sample was brought to a volume of 2.00
mL for subsequent UV reading at the wavelength of
maximum absorption (A=336nm)>2.

Characterization by Scanning Electron Microsco-
Py

The PDLA micro-nanoparticles of
1, 4-naphthoquinone, previously lyophilized, were
observed usingaJEOL JSM 6460 scanning electron
microscope at 15 RV, previously, the samples were
placed in a sample holder and coated with gold
using a Balzers-SCD-030 Sputter-coater.

Molecular DocRing Studies of 1,4-Naphthoqui-
none

For molecular docRing studies the coordinates
of Cyclooxygenase-2 (COX-2) were obtained from
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the Protein Data BanR (PDBid: 5F1A). The PDB file
of the enzyme was optimized by removing water
molecules and co-crystallized ligands. The enzyme
was energetically minimized in Swiss-PdbViewer
(SPDBV) using GROMOS96 as the force field.
Structural validation of the energetically minimized
COX-2 was performed by Verify 3D using ERRAT,
PROSA-WEB and ProCheckR tools. Once the
crystal structure of the receptor was validated,
Molecular DocRing studies were performed using
AutoDocR Vina and a ligand library consisting
of 1,4-naphthoquinone (PubChem CID = 8530)
and selective inhibitors (Parecoxib, PubChem
CID =119828; Sulindac, PubChem CID = 1548887,
Rofecoxib, PubChem CID = 5090, Celecoxib;
PubChem CID = 2662) and nonselective Cox-2
(Indomethacin, PubChem CID = 3715. All ligands
were downloaded from PubChem in .sdf format
and converted into .pdbqt formats to study
molecular docRing. Molecular docRing studies
were performed in quintuplicate. The results were
prioritized according to the predicted binding free
energy in RCal/mol. The molecular structure of the
ligands used in the molecular docRing studies is
presented in Figure 2.
Results and Discussion
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Figure 2 - Molecular structure of ligands and inhibitors used in molecular docRing studies. 1,4-Naph-
thoquinone (A), Parecoxib (B), Sulindac (C), Rofecoxib (D), Indomethacin (E) and Celecoxib (F).
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Encapsulation of 1,4-naphthoquinone in biocom-
patible polymeric micro-nanopatrticles of PDLA by
microemulsification

A previous analysis of the structure of
1, 4-naphthoquinone and the polymer in which it was
encapsulated, PDLA, indicates hydrogen bridge
interactions can occur between the hydroxyl group

0 CH,

S
o~
) H

CH,

-."'-. H ]\J\ - ! :..?\)\
A : x”/\“/ aH

Encapsulation and controlled release of..

and the carboxyl group of PDLA and the carbonyl
group of l4-naphthoquinone as shown in Figure
3. Moreover, 1,4-naphthoquinone is a flat aromatic
molecule that can form a hydrophobic pocket during
the formation of micro-nanoparticles.
Determination of encapsulation efficiency by UV-

PDLA (poly (L-lactic)acid)

1,4-Naftoquinone

0 1, 4-Naftogquinone

Figure 3 - Interactions between 1,4-naphthoquinone and PDLA polymer.

-Visible Spectroscopy

The value obtained for the encapsulation effi-
ciency of l4-naphthoquinone in PDLA micro-na-
noparticles is shown in Table 1. Based on the lite-
rature, the nanoprecipitation, emulsion-diffusion
and layer-by-layer methods give the best results for

the encapsulation of micro-nanoparticles (80% or
more)?’28. A high percentage of encapsulation was
obtained in this case, which is more than expected
based on the literature.

Table 1 - Encapsulation efficiency of naphthoquinone in PDLA micro-nanoparticles.

Sample of 1,4-naph- Added amount of

Encapsulated quantity % Encapsulation

thoquinone/PDLA mi- compound
cro-nanoparticles
,4-naphthoquinone 9 mg 8,8 mg (98,3+£0,2)%

Characterization by Scanning Electron Microsco-
Py

Scanning microscopy was used to determine the
morphology of the micro and nanoparticles. Figure
4 shows the SEM images of the particles obtained
without encapsulation, while Figure 5 shows the
particles with the naphthoquinone encapsulated.
As can be seen, the encapsulation process does
not affect the morphology of the particles. Based
on the microscopy results, the following average
particle size distribution value was obtained for the
l,4-naphthoquinone micro-nanoparticles encapsu-
lated (x) in PDLA: x = (347 £ 10)nm. A symmetrical
morphology of spherical particles and a particle
size in the micro and nanometer range is observed
presenting a higher percentage (86.12 %) in the na-
nometer scale, with adequate size dispersion and
morphology which is favorable for the purposes of
controlled release3-3353-57,

Vol. 6 N.2,2024
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It is unclear what the particles looR like inside,
but based on the method used to obtain them, it is
expected that they are similar to micronanospheres,
that is, they are of the matrix type, in which drugs
are dispersed within the particles, absorbed mostly
on the surface of the spherical particles or encap-
sulated within the polymeric structures [11]. Based on
our observations, the release of micro-nanoparti-
cles prepared by emulsion-diffusion and emulsion-
-coacervation methods is faster®.

Cell viability assay: Metabolic reduction of
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Figure 4 - SEM images: A) View of micro- and nanoparticles of PDLA. B) Details of the
morphology.

Rl

10kV. X10,000 1pm

Figure 5 - SEM images: A) View of 1,4-naphthoquinone micro-nanoparticles encapsulated
in PDLA. B) Details of the morphology.
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3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymetho-
xyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt
(MTS)

The MTS cytotoxicity assay showed that at the
maximum tested concentration of 100 ppm of
the PLDA micro and nanoparticles did not show
appreciable cell toxicity as they induced less than 5%
cell death, in MCF-7 type breast cancer cells and in
NIH-3T3 murine fibroblasts°.

Release assay of 1,4-naphthoquinone in PDLA
polymeric micro and nanoparticles by degradation
test at different pH conditions

A degradation assay of the polymeric micro
and nanoparticles was performed at different pH
conditions and for 12 weekRs at 25 °C: acidic (1 < pH <
2), slightly acidic (pH = 6), physiological (pH=7.4) and
alRaline (pH=9) pH in order to be able to observe the
different degradation conditions at pH of different
parts of the human body, e.g. strongly acidic gastric
pH, physiological pH in blood, slightly acidic pH in
certain tumor conditions and slightly alkaline pH in
the intestinal medium. The graph obtained from the
l,4-naphthoquinone release assay of PDLA polymeric
micro and nanoparticles at different pH conditions is
shown below in Figure 6.

As can be seen in the graph, at different pH
conditions in the hydrolytic degradation of the PDLA
micro and nanoparticles, a controlled release of
l,4-naphthoquinone was achieved for up to eleven
weeRs. It is observed that, at physiological pH, SBF
medium, the peaR is reached at the first week and
remains constant until about the fifth weeR and

Encapsulation and controlled release of..

then rises; in alkaline medium the peaR of release is
reached at the second week and remains in constant
ascent with respect to all other release profiles.

In slightly acidic medium, the release reaches a
peakR at weeR three, stabilizes until week five, and
then increases further, finally in acidic medium the
peaR is reached at the second week and remains
constant until about the fifth week and then rises.

The in vitro release process of an active
substance from micro and nanoparticles depends
on a variety of factors, such as the concentration
and physicochemical characteristics of the active
substance (in particular its solubility and oil/water
partition coefficient); the nature, degradability,
molecular mass and concentration of the polymer;
the in vitro release test conditions (pH of the medium,
temperature, contact time, among others) and the
conditions of the preparation method®.

Micro and nanoparticles obtained by emulsion-
diffusion methods are biphasic systems with an initial
rapid release phase followed by a second slower
release phase. Bursting is caused by desorption
of active substances from micro and nanoparticle
surfaces or by degradation of thin polymeric
membranes. This behavior apparently exhibits zero-
order Rinetics®.

The second phase corresponds to the diffusion of
the drug molecules from the inner compartment, the
core of the reservoir, to the outer phase. This diffusion
process seems to be determined by: the drug partition
coefficient, the drug-polymer interactions and the
surfactant concentration®.

This process does not appear to be limited by

20
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Figure 6 - % Released 1,4-naphthoquinone from PDLA micro-nano-

particles over time.
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the rate of drug diffusion through the thin polymer
barrier. The amount of polymer used can reduce
the release rate significantly, and in such cases,
erosion may facilitate drug release?®by hydrolytic
degradation, in this case.

In general, biodegradable polymers contain
labile ester and anhydride bonds that are prone to
hydrolysis®, in the case of PDLA the hydrolysis-
prone ester bond is observed. Polymers degrade
hydrolytically when they come into contact with
an aqueous medium, and depending on the pH of
the medium, different degradation mechanisms
occur. Upon penetration of water, the matrix swells,
hydrogen bonds are brokRen, molecules are hydrated,
and finally the unstable bonds are hydrolyzed.
Hydrolysis may break functional groups on both the
main chain and side chains®8,

LiRewise, degradation of semicrystalline polymers
occurs in two stages: i.) The first stage consists of
the entry of water into the amorphous regions with
random hydrolytic cleavage of labile bonds, such
as ester bonds; ii.) Degradation of most amorphous
regions marRs the beginning of the second stage®.

Having a good understanding of the degradation
mechanism of polymeric materials offers the
advantage of being able to predict its behavior
and modify it accordingly. Therefore, several pH
conditions were evaluated in the present assay.
It is observed that at different pH conditions the
hydrolytic degradation of the PDLA micro and
nanoparticles exhibit Rinetics that resembles zero
order and that alRaline conditions accelerate the

CH, 0H
)\"/{) —_—
8]
(E) CH,
O I [o]
L8] E}O
OH + HiC
CH, I CH,;
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degradation and therefore the release is favored,
having the highest percentage of release being
20.98 %, followed by physiological medium at 19.69
%, strongly acid medium at 18.83% and slightly acid
medium at16.70%. There is evidence in the literature
indicating that PLA degradation is favored at basic
pH’®, which is in accordance with our results.
Hydrolysis may be releasing lower molecular weight
PLA chains and oligomers as degradation products.
Consequently, hydrolytic degradation is favored
from the inside out®°.

Acidic mediums have low degradation compared
to basic mediums, possibly because amorphous
zones and fragmented chains are predominantly
attacRed and do not diffuse into the medium until
they become too small or diffuse in a negligible
amount®. From Figures 7 and 8, it can be seen that
in basic media the mechanism occurs in fewer steps,
which may influence the degradation rate, since
the reaction takRes place directly, largely because
in the basic medium there is a strong base and
nucleophile such as the hydroxyl ion (OH-) that is
capable of directly attacRing the acyl group, starting
the hydrolysis process. Under acidic conditions, this
situation does not occur, as activation of the acyl
group under acid catalysis is required before the
hydrolysis process can begin, giving rise to more
stages, resulting in a wider variety of degradation
by-products, however, the degradation process is
slowed down even though primarily carboxylic acid
groups and chain-terminal alcohols are obtained at
the end”-74.

CHs...- 0
¢
o]
o] e
OH CH,

O CH3

CH,

Figure 7 - Proposed mechanism of PDLA degradation by basic hydrolysis. Modified

from references”-7*
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Figure 8 - Proposed mechanism of PDLA degradation by acid hydrolysis. Modified from refe-

rences’-74,

Hence, this study demonstrated that the
hydrolytic degradation of polymeric micro and
nanonanoparticles during 12 weekRs at 25 °C
under different pH conditions, demonstrated
controlled release of naphthoquinone at different
pH conditions over a period of 11 weeRs, which
is crucial for potential applications in colorectal
cancer treatment. Different pH levels, including
acidic, slightly acidic, physiological, and alRaline
conditions, mimic the gastrointestinal tract and
tumour microenvironments. Based on their release
patterns, the PDLA micro and nanoparticles have
demonstrated a high degree of efficiency in
delivering 1,4-naphthoquinone, especially in the
alkaline conditions found in the small intestine,
where the release rate was highest (20.98%).
This is noteworthy, since the small intestine is
an important site of drug absorption, and the
controlled release of 1,4-naphthoquinone in this
region might enhance its therapeutic efficacy
against colorectal cancer. The release profiles
at different pH levels may also be relevant to
the tumour microenvironment, where pH levels
can vary significantly. By using PDLA micro and
nanoparticles to release l,4-naphthoquinone in
a pH-dependent manner, the drug's anticancer
properties may be enhanced and exploited to
target specific regions of the tumour. PDLA micro
and nanoparticles are a promising drug delivery
system for the treatment of colorectal cancer,
based on these findings.

Molecular DocRing Studies

A docRing study was conducted on
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l,4-naphthoquinone to assess its potential
therapeutic effects on colorectal cancer. At
alkRaline pH, l4-naphthoquinone was released
more efficiently, suggesting better absorption in
the small intestine. The incidence of colorectal
cancer is the third highest in the world and is more
prevalent in older individuals and people of all
ages’®.

A potential therapeutic target has been
identified as Cyclooxygenase-2 (COX-2) due to its
role in promoting tumor growth, angiogenesis (the
formation of new blood vessels that feed tumors)
and inhibiting apoptosis (programmed cell death)”.
Accordingto previousclinical studies, non-steroidal
anti-inflammatory drugs (NSAIDs) are effective in
treating colorectal cancer by inhibiting the enzyme
cyclooxygenase. Further research concluded that
cyclooxygenase-2 (COX-2) gene inhibitors are
most effective for chemotherapy treatment’”. By
inhibiting COX-2, selective cyclooxygenase-2
(COX-2) inhibitors, better known as coxibs, can
reduce inflammation, pain, cancer cell proliferation,
and new blood vessel formation, all of which can
slow tumor growth without affecting the gastric
protective effect provided by COX-17°78, These
compounds work by blocRing the action of COX-
2, an enzyme that is overexpressed in inflamed
tissues and in certain types of cancer, such as
colorectal cancer’®’®. The most effective when
used in conjunction with COX-2 inhibitors such as
Parecoxib, Sulindac, Rofecoxib, and Celecoxib””7°.

Molecular docRing was performed by frst
downloading the COX-2 enzyme (PDBid: 5FIA)
from the Protein Data BanR (https://www.rcsb.org/
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structure/5FIA) and energetically minimizing it in
order to: a) relax the structural stresses presented
by inducing forced crystallization experimentally
of the enzyme, providing a more realistic and
stable conformation of the receptor®®, b) an
energetically minimized receptor structure allows
better prediction of the ligand-receptor interaction.
This is essential to obtain accurate results in terms
of binding affinity and ligand orientation®, and c)
minimization facilitates ligand accommodation in
receptoractive sites, which improves interaction8°#2',

As soon as the enzyme was minimized, it was
validated using three different tools (ERRAT®S,
Prosa-Web>’, and ProChecRk®®) to analyze the quality
of the receptor structure. Resulting in an Overall
Quality Factor of 97.026 in ERRAT, a Z-Score of -8.62
in Prosa-Web*’, and a total of 89.5% of residues in
favorablezonesaccordingtothe Ramachandran Plot
reported in ProChecRk®® (for additional information
please refer to the supplementary material).

Co-crystallized ligand was used as a positive
control to verify that the selected box contained
the essential amino acids of the active site. Certain
amino acids, such as Ala202, Thr206, His 207,
Val291, Pro44l, Ala443, Val4d44, Lys446, Ser448 and
Ala450, play crucial roles in the binding process of
COX-27782 A library of six ligands was run, including
l,4-naphthoquinone, selective COX-2 inhibitors
(Parecoxib, Sulindac, Rofecoxib, Celecoxib) and
non-selective COX-2 inhibitors (Indomethacin).
The results of the quintuplicate molecular docking
studies are presented in Table 2.

Based on the results presented in Table 2, it
appears that, Parecoxib (-9.70 Kcal/mol) is the
selective COX-2 inhibitor that presents the lowest
binding energy and consequently; higherinteraction
with COX-2. Despite its weaRer affinity for COX-
2 (-7.32 Kcal/mol) than other COX-2 inhibitors,
1, 4-naphthoquinone may be useful when moderate
inhibition is desired.
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By inhibiting COX-2 and regulating inflammatory
prostaglandin  production, 1,4-naphthoquinone
could reduce inflammation and relieve pain, as it
interacts with essential amino acids in the COX-2
active sitesuchas ALA-202 (viaTt-alRylinteractions),
THR-206 (via hydrogen bridge-type interactions),
HIS-207 (via 1t donor-hydrogen bond) and HIS-
386 (via Tt-t stackRed interactions). Figure 9A
shows the pocRet of 1,4-naphthoquinone in COX-2
constructed using ICM Mol-Soft; Figure 9B presents
the 2D interaction diagram generated in Discovery
Studio for the best pose 14-naphthoquinone;
Figure 9C, the selective COX-2 inhibitor parecoxib
(gray color) and 1,4-naphthoquinone (yellow color) are
shown overlayed to indicate that both ligands reside
in the same active site. Parecoxib, however, being a
more voluminous ligand, extends more in the active
site, resulting in a greater complementarity with the
cavity, and hence having a higher affinity and greater
inhibitory activity.

Despite its rather simple molecular structure
consisting of tworings (one aromaticand onealiphatic),
l4-naphthoquinone has been shown to moderately
inhibit COX-2, acting as a chemotherapeutic in
colorectal cancer.

Furthermore, 1,4-naphthoquinone can serve as a
starting point for chemical synthesis of other ligands
and is in principle a potential lead compound as
it does not violate the LipinsRi rules calculated by
SwissADME®¥(http://www.swissadme.ch/index.
php) (see supplementary material). Based on in silico
studies, three new ligands were proposed, introducing
hydroxyl and methoxide groups around the aromatic
ring to improve hydrogen bonding and lipophilicity.
The small changes resulted in a significant increase
in inhibitory capacity for COX-2, which increased
affinity energy by 0.48 IKKcal/mol (5-methoxy-1,4-
naphthoquinone), maRing it more effective as a
chemotherapeutic agent (Figure 10).

Table 2 - Ligand-receptor interaction energy (COX-2) obtained through molecular docRing studies.

Runl Run 2 Run 3

Affinity Affinity  Affinity Ener-

Energy Energy gy (Kcal/
Ligand (Kcal/mol) (Kcal/mol) mol)
Parecoxib -9.70 -9.70 -9.60
Celecoxib -9.40 -9.50 -9.40
Sulindac -9.10 -9.00 -9.00
Indomethacin -8.80 -8.81 -8.80
Rofecoxib -8.70 -8.70 -8.60
I-NEErEal- Beeere, 730 7.40
none
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Run 4 Run 5
Average
Affinity  Affinity Ener-

Energy gy (Kcal/ (IKcal/ Desvest
(IKcal/mol) mol) mol) (KKcal/mol)
-9.80 -0.70 -0.70 0.07
-9.40 -9.50 -0.44 0.05
-0.00 -0.00 -0.02 0.04
-8.79 -8.81 -8.80 0.01
-8.70 -8.60 -8.66 0.05
-7.30 -7.30 -7.32 0.04
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Figure 9 - 1,4-Naphthoquinone-COX-2 interaction pocRet (A). 2D ligand-receptor inte-
raction diagram (B). Overlap of Parecoxib (grey) and 1,4-naphthoquinone (yellow) in the
active site (C).
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Figure 10 - Increase in affinity energy of modified 1,4-Naphthoquinone li-
gands. 5-hydroxy-1,4-naphthoquinone (A), 5-methoxy-1,4-naphthoquinone
(B), 5-hydroxy-8-methoxy 1,4-naphthoquinone (C), 1,4-naphthoquinone (D).
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Conclusions

A remarRable 98.3% encapsulation rate was
achieved for 1,4-naphthoquinone in PDLA micro and
nanoparticles. MTS assays conducted on MCF-7
breast cancer cells and NIH-3T3 murine fibroblasts
demonstrated that the PDLA polymeric micro and
nanoparticles were not toxic at concentrations up
to 100 ppm. A controlled release assay revealed that
alkaline conditions accelerated the degradation
of micro and nanoparticles, resulting in a higher
release percentage. Under the tested conditions,
the system maintained a controlled release for
eleven weeRs. PDLA based drug delivery systems
have significant potential for pharmacological
applications, particularly for treating colorectal
cancer. Molecular docRing studies have
demonstrated that 1,4-naphthoquinone can inhibit
COX-2 by altering the mechanism of prostaglandin
production which is valuable for developing novel
anti-inflammatory drugs, exhibiting potential
chemotherapeutic activity. Alone or combined
with other inhibitors, 1,4-naphthoquinone could
be a valuable chemotherapeutic agent, inhibiting
COX-2, a Rey enzyme in colorectal cancer. PDLA
micro and nanoparticles encapsulated with
1,4-naphthoquinone offer a promising approach for
achieving controlled drug release in the treatment
of colorectal cancer. By delivering drugs in a
sustained and targeted manner, the system may
be able to enhance therapeutic efficacy and reduce
side effects. Future research should focus on in
vivo studies to evaluate the efficacy and safety of
PDLA based drug delivery systems. Furthermore,
combining therapies and optimizing micro and
nanoparticle encapsulation and design could
improve drug delivery efficiency and effectiveness.
This study underscores the potential of PDLA
based drug delivery systems to revolutionize
cancer treatment, particularly in colorectal cancer.
Developing these systems will lead to improved
therapeutic outcomes and more effective and
personalized cancer therapies.
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