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Liposome-based nanocapsules for the controlled
release of dietary curcumin: PDDA and silica

nhanoparticle-coated DMPC liposomes enhance the
fluorescence efficiency and anticancer activity of

curcuminfy

Alaa K. Othman,? Riham El Kurdi,® Adnan Badran,” Joelle Mesmar,© Elias Baydoun®

and Digambara Patra & *

Nanosystems with various compositions and biological properties are being extensively investigated for

drug and gene delivery applications. Many nanotechnology methods use novel nanocarriers, such as

liposomes, in therapeutically targeted drug delivery systems. However, liposome matrices suffer from
several limitations, including drug leakage and instability. Therefore, the surface modification of
liposomes by coating them or adding polymers has advanced their application in drug delivery. Hence,
the prevention of drug release from the liposome bilayers was the main focus of this work. For this

purpose, liposomes were synthesized according to a thin film hydration method by applying various

surface modifications. Three different nanocapsules, N1, N2, and N3, were prepared using 1,2-

dimyristoyl-sn-glycero-3-phosphocholine

(DMPC),  poly(diallyldimethylammonium)chloride  (PDAA)

polymer, and silica nanoparticles. PDDA and silica nanoparticles were coated on the surface of

liposomes using a layer-by-layer assembly method, completely encapsulating curcumin into the core of

the liposome. Fluorescence spectroscopy, TGA, DLS, XRD, SEM, and zeta potential methods were used

to characterize the prepared nanocapsules. Interestingly, the fluorescence of curcumin showed a blue
shift and the fluorescence efficiency was extraordinarily enhanced ~25-, ~54-, and ~62-fold in the N1,
N2, and N3 nanocapsules, respectively. Similarly, encapsulation efficiency, drug loading, and the
anticancer activity of dietary curcumin were investigated for the different types of DMPC nanocapsules.
The drug efficiencies of the liposomes were established according to the release of curcumin from the

liposomes. The results showed that the release of curcumin from the nanocapsules decreased as the
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number of layers at the surface of the liposomes increased. The release of curcumin follows the Higuchi

model; thus, a slow rate of diffusion is observed when a number of layers is added. The better
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1. Introduction

Nowadays, nanostructured materials, including liposome-
mediated polymeric nanocapsules, are being widely studied
and there have been calls for interdisciplinary research efforts.
In general, nanocapsules are formed in small sizes, between 10
and 1000 nm." They are made up of a shell within which specific
substances or drugs can penetrate or be immersed.> Moreover,
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encapsulation and higher anti-cancer activity of curcumin were also observed when more layers were
added, which is due to electrostatic interactions inhibiting curcumin from being released.

nanocapsules prepared using biodegradable polymers have
been gaining interest due to their significant use in site-specific
drug delivery systems.®> Nanocapsules are considered the most
effective substance carriers, as they can promote the stability of
active substances and can be biocompatible with tissues and
cells. These properties are the result of their subcellular size,
which contributes to achieving more intracellular intake than
other carriers systems.* In addition, nanocapsules have been
shown to recover the solubility of lipophilic, poorly water-
soluble compounds and to shelter unstable molecules from
biological changes.

Common polymers, such as polyvinylpyrrolidone, polylactic/
polyglycolic acids, poly-e-caprolactone, and polyalkyl cyanoac-
rylates are widely used in modifying the surface of liposomal
nanocapsules and as essential reagents in the preparation of
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polymeric  nanocapsules.”  Poly(dimethyldiallylammonium
chloride) (PDDA) is a cationic polyelectrolyte polymer, which
can be used in the preparation of polymeric nanocapsules, but
has not been well studied for this purpose.® It is very important
in biomedical applications, especially in drug delivery since it is
biocompatible and can circulate in the bloodstream for
a certain time due to its high molecular weight. It is also easily
administered and its method of synthesis is simple and cheap.®

Liposome-mediated polymeric nanocapsules are composed
of a liquid core that acts as a reservoir for the drug’ and
a polymeric membrane.® They are synthesized using different
synthesis routes, such as the layer-by-layer assembly method,
polymerization techniques, or nanoprecipitation and emulsion
diffusion methods.*" Lipids have the ability to self-assemble in
aqueous media, resulting in the formation of liposomes. These
are small and spherical artificial vesicles that are composed of
cholesterol and natural non-toxic phospholipids surrounding
an aqueous core."'> Moreover, phospholipids are surface-active
and amphiphilic molecules. This amphiphilic property makes
them applicable for use as emulsifiers and wetting agents.
Phospholipid bilayers are the main constituents of liposomes
and cell membranes.”> Phospholipids can be either natural
(such as soybean) or synthetic (such as 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC)). Research has also indicated that
DPPC/DMPC liposomes could serve as effective delivery vehicles
for inducing immune responses against glycosphingolipid
antigens.” Furthermore, liposomes are intensively used as
carriers for different molecules in the cosmetics, therapeutics,
food, and pharmaceutical industries.” These nanocarrier
systems are flexible, biocompatible, and have the ability to self-
assemble and load large molecules. Besides, liposomes offer
a wide range of physicochemical and biophysical characteristics
that can be adjusted to suit their biological environment.*>**
Liposomes have been proved to be effective in drug delivery
release.”” And different studies have been done on liposomes
aiming to lessen drug toxicity and to target certain sites.'®
Hence, the use of liposomes helps in improving the stability,
efficacy, and therapeutic index of a drug. In fact, drug delivery
based on liposomal encapsulation exhibits lower toxicity of the
entrapped drugs, adequate targeting and flexibility in binding
to specific agents to attain their targets."

Curcumin, a component of turmeric, is a phytopolylphenol
pigment derived from the rhizome of Curcuma longa, which is
a perennial herb that belongs to the ginger family (Zingiber-
aceae), and is widely used in food as a spice and coloring
agent.' Curcumin consists of two aryl rings that are composed
of ortho-methoxy phenolic OH functional groups. The presence
of intermolecular hydrogen atom transfer allows equilibrium
between the keto and the enol forms of curcumin.”® Curcumin
is barely soluble in water but is highly soluble in organic
solvents such as ethanol, acetone and dimethylsulfoxide.**
Extensive preclinical studies have specified the potent thera-
peutic effect of curcumin towards numerous diseases due to its
various pharmacological and biological functions.” Among
these, curcumin has been shown to exhibit antioxidant,?* anti-
inflammatory,* properties. Therefore,

and anticancer*
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improving the bioavailability of dietary curcumin is of great
importance. Recently, curcumin has been encapsulated in
different matrices, such as DBPC liposomes,” DAPC lipo-
somes,*® and F108 polymer.”” In this work, we have prepared
different types of liposome-mediated PDDA nanocapsules using
DMPC and tested the release of curcumin at different pH,
assessed fluorescence spectral change, and investigated their
anticancer activity, which have shown remarkably promising
results.

2. Materials and methods
2.1 Materials

Curcumin, HS-40 colloidal silica, poly(diallyldimethyl ammo-
nium chloride), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and ethanol were ob-
tained from Sigma-Aldrich. DMPC was purchased from Avanti,
chloroform was obtained from Sharlu, and buffer solutions (pH
4, 6, 7) from Fisher. All chemicals were used directly without
further purification and were dissolved in double-distilled water
except for curcumin and DMPC, which were initially dissolved
in ethanol and chloroform.

2.2 Preparation of liposomal curcumin

The preparation of liposomal curcumin was done using the thin
film hydration method. Initially, 1.84 g of curcumin were dis-
solved in 0.5 mL of ethanol and 0.5 mL of chloroform, which
was then added to 10 mg of DMPC (dissolved in 2.5 mL of
ethanol and 2.5 mL of chloroform). In a second step, the organic
solvents were evaporated using a rotary evaporator at 60 °C, and
monitored for thin film formation once evaporation was
complete. Afterwards, the sample was kept in a vacuum oven for
1 hour at 40 °C to the complete evaporation of the organic
solvents. Afterwards, 5 mL of buffer solution at different pH
values (4, 6 and 7) was then added to the prepared sample.
These 3 pH values were tested because drug release is affected
by the pH and cancer cells are known to be acidic. In addition,
the liposomes are pH sensitive; hence acidic pH affects their
matrix more than basic pH because of the presence of a phos-
phate group (basic pK, value). To ensure that the lipid film is
hydrated and the final solution is completely homogeneous, the
sample was vortexed and heated to 25 °C below the phase
transition temperature of the liposome, and then kept in
a sonicator for 20 minutes. Finally, a mini-extruder device from
Avanti Polar Lipids (Merck, Germany) was applied using a 0.22
micron filter. The extrusion was applied 20 times at 25 °C in
order to obtain small particle sizes of liposomal curcumin.

2.3 Preparation of nanocapsules

Three different nanocapsules were prepared as described
below. In the first case, a polymer layer was added to the lipo-
some surface (Scheme 1A). Nanocapsules N1 consisted of
a liposomal curcumin layer with an additional polymer layer.
For this, 3 mL of the final liposomal curcumin solution was
mixed with 3 mL of PDDA (1 mg mL™ ). The solution was kept in
a water bath at 34 °C for 30 min, followed by 30 min at room
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temperature. After that, the sample was centrifuged at
15 000 rpm for 20 min at 20 °C, and 5 mL of buffer solution was
added to the precipitate. In the case of nanocapsules N2, which
consist of a liposomal curcumin-PDDA-silica-PDDA layer, silica
nanoparticles were incorporated between two layers of polymer
(Scheme 1B). For this, the N1 solution was centrifuged at
15 000 rpm for 20 min at 20 °C, and 5 mL of buffer solution was
added to the pellet followed by sonication. In a second step,
30 mL of LUDOX silica nanoparticles were added and the sample
was kept for 1 hour at room temperature, then centrifuged at
15 000 rpm for 20 min at 20 °C. After that, 3 mL of buffer solution
and 3 mL of PDDA solution (1 mg mL™") were added to the
sample, which precipitated, and were properly mixed using
sonication. Finally, the sample was kept for 30 min at 34 °C, then
for 30 min at room temperature, followed by centrifugation at
15 000 rpm for 20 min at 20 °C. The obtained N2 nanocapsules
were dissolved in 5 mL of buffer solution for further study. Finally
in the case of N3 nanocapsules, another layer of curcumin was
added on the silica nanoparticles deposited in N2, to make
a liposomal curcumin-PDDA-silica-curcumin-PDDA layer (see
Scheme 1C). For this, curcumin (50 uM) was added after the
addition of silica nanoparticles (as described above for the N2
capsules) and then centrifuged for 30 minutes at 15 000 rpm for
20 min at 20 °C. Afterwards, 3 mL of buffer solution and 3 mL of
PDDA (1 mg mL ™) were added and the solution was kept first for
30 min at 34 °C and then for 30 minutes at room temperature.
Finally, the solution was centrifuged at 15 000 rpm for 20 min at
20 °C, and 5 mL of buffer was added to the precipitate. All these
modifications were done using self-assembly procedures.

2.4 Characterization and spectroscopic analysis

To record the absorption spectra at room temperature a JASCO
V-570 UV-Vis-NIR spectrophotometer was used. For fluores-
cence emission spectral measurement, a Jobin-Yvon-Horiba
Fluorolog III fluorometer was used with resolution increments
of 1 nm and 5 nm slit-width and the FluorEssence program was

(a) Nanocapsule N1 (d)

DMPC liposome

> Curcumin
@ PooA polymer
. Silica nanoparticles

Nanocapsule N2
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used for analysis. In this case a 100 W xenon lamp was used as
the excitation source, and the detector was R-928 set at 950 V.
For scanning electron microscopy (SEM) analysis, a Tescan Vega
3 LMU with an Oxford EDX detector (Inca XmaW20) was
applied. For sample preparation, a few drops of the nano-
capsule solution were deposited on an aluminum stub and
coated with a carbon-conductive adhesive tape. A NanoPlus zeta
potential/nano particle analyzer was used for zeta potential and
dynamic light scattering measurements. A Bruker d8 discover X-
ray diffractometer equipped with Cu-Ka radiation (1 = 1.5405 A)
was used for the X-ray diffraction (XRD) data collection where
a Johansson-type monochromator was used. Netzsch TGA 209
in the temperature range of 30 to 800 °C with increments of
1°C min~" in an N, atmosphere was applied for thermogravi-
metric analysis (TGA).

2.5 Drug loading and encapsulation efficiency

Drug loading and encapsulation efficiency were calculated by
measuring the absorbance of the released curcumin using a UV-
visible spectrophotometer at A,5s = 425 nm. In a first step, the
absorbance measurement was done after each washing during
the preparations for the different nanocapsules. In a second the
step, the precipitate was dissolved in 1 mL of double-distilled
water (DDW) and dried in a freeze dryer for 24 h. The mass of
the dried precipitate was recorded using a microbalance.

The drug loading and encapsulation efficiency were estab-
lished based on the equations below.?®

amount of curcumin in the capsule

1
total mass of the capsule x 100

(1)

Drug loading% =

amount of curcumin in the capsule
initial amount of curcumin
x 100

Encapsulation efficiency% =

(2)

Nanocapsule N3

(c)

Scheme 1 An illustration of (a) nanocapsule N1, (b) nanocapsule N2 and, (c) nanocapsiles N3.
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where the amount of curcumin in the nanocapsule is equal
to the difference between the initial mass of curcumin used
and the mass of unreacted curcumin present in the
supernatant.

2.6 Release studies

After preparing the nanocapsules, the release of curcumin was
studied at 37 °C according to human body temperature. For this,
the nanocapsules were kept at 37 °C for 1 h and then centrifuged.
The absorbance of the supernatant was measured. The precipi-
tate was then resuspended in 5 mL of buffer solution, incubated
for 1 h at 37 °C, and then centrifuged. This step was repeated
several times for 2 days, and the absorbance of the supernatant
was measured each time.

2.7 Cell cultures and viability assays

Human breast cancer cells MCF-7 (American Type Culture
Collection; Manassas, VA) were maintained in complete Dulbec-
co's Modified Eagle’s Medium (DMEM) high-glucose media,
supplemented with 10% Fetal Bovine Serum (FBS) (both from
Sigma-Aldrich, St. Louis, MO, USA), and 1% penicillin/
streptomycin (Lonza, Switzerland), and kept at 37 °C in
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a humidified incubator (95% O, and 5% CO,). MCF-7 cells (5 x
10%) were seeded in 96-well plates and allowed to grow until they
reached 30% confluency. The cells were then treated with the
indicated concentrations of curcumin, silica, PDDA and the three
different nanocapsules. The viability of the cells was measured
with a  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA) reduction
assay, 72 hours after treatment. Cell growth was determined as
the proportional viability of the treated cells in comparison with
the untreated control, the viability of which is assumed to be
100%.

3. Results and discussion
3.1 Spectroscopic analysis of the different nanocapsules

Resonance Rayleigh scattering (RRS), fluorescence emission,
and UV-visible absorption spectra were recorded for N1, N2, N3
and free curcumin. For this, briefly, the precipitate of the
nanocapsules was dissolved in 5 mL of PBS buffer solution of
pH 7. In the case of free curcumin, 1.84 mg of curcumin was
dissolved in 3 mL of ethanol and PBS mixture (1 : 10). In the
first place, the RRS spectrum was measured by applying
synchronous fluorescence spectroscopy (SFS) by keeping the
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(A) Resonance Rayleigh scattering spectra measured in synchronous fluorescence scan mode at A2 = 0 nm, (B) fluorescence emission

spectra excited at A = 425 nm, and (C) fluorescence emission spectra excited at A = 350 nm for free curcumin, N1, N2, and N3.
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wavelength interval (A2) at 0 nm.” As shown in Fig. 1A, the RRS
spectrum for free curcumin exhibited two significant peaks at
~380 nm and ~501 nm. But the 3 nanocapsules showed an
additional two peaks at ~325 nm and ~548 nm. In comparison
with the RRS peaks of curcumin, a blue shift was found from
~380 to ~370 nm and from ~501 nm to ~475 nm for the 3 NCs.

Furthermore, the fluorescence emission spectra were
measured for the different components at excitation wave-
lengths equal to 425 nm (for the enol form of curcumin) and
350 nm (for the keto form of curcumin) in the emission ranges
440-650 and 370-650 nm, respectively. As shown in Fig. 1B and
C, curcumin exhibited a major peak at A = ~550 nm when
excited at 425 nm and 350 nm. However, a blue shift was ob-
tained from 550 nm to 510 nm for N1, N2 and N3 when excited
at Aex = 425 nm. Similarly, a blue shift was also observed from
550 nm to ~525 nm for the three nanocapsules when excited at
Aex = 350 nm. This blue shift is due to the change in polarity of
the medium, which suggests curcumin is present in a more
non-polar environment compared to free curcumin in an
aqueous medium. A further polymer layer coating the surface of
liposomal curcumin boosts the non-polar environment and
allows curcumin to penetrate further into the hydrophobic
pockets of the nanocapsules. Moreover, the fluorescence effi-
ciency can be evaluated by estimating the relative fluorescence
quantum yield (RFQY) for both emission spectra. This is
established by taking the ratio of the fluorescence intensity to
the absorbance at 425 nm of the fluorophore:**

The fluorescence spectra using RFQY at Aex = 425 nm and Aey
= 350 nm are shown in Fig. 2A and B. The results showed that
RFQY increases in intensity for the three nanocapsules, where
the highest yield obtained was for N3 NCs. Hence, for N3 NCs,
when excited at 425 nm and 350 nm the increase in RFQY was
about 62 and 17 fold, respectively, compared to free curcumin,
which also confirms that an increase in polymer layer coating
allows curcumin to penetrate further into the hydrophobic
pocket. Similarly, UV-visible absorption spectra were measured
for these NCs, as shown in Fig. 3A, where the characteristic peak
of curcumin alone was found to be sharp with a maximum at 4
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measurements were done for n = 3.

= 425 nm and a red shift was noticed from 425 to 428 nm for
N1, N2 and N3 NCs. Although the absorption peak of the
different nanocapsules tends to be broader, confirming the
encapsulation of curcumin in the core of the liposomes.
However, the relative absorbance for all three nanocapsules
decreased compared to curcumin, with N1 showing the lowest
absorbance, suggesting that a greater amount of curcumin was
encapsulated in the N3 nanocapsules. The concentration of
curcumin in the three nanocapsules was calculated according to
the Beer-Lambert law (see ESIt). For N1 the curcumin
concentration equals 15.01 uM, for N2 C = 16.94 uM and for N3
C =17.43 uM.

3.2 Drug loading and encapsulation efficiency

The concentration and the mass of un-encapsulated curcumin
were calculated by using the curcumin calibration curve at pH 7.
The percentage of drug loading and encapsulation efficiency of
N1, N2 and R3 are depicted in Table 1. The calculations showed
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Table 1 Relative drug loading and encapsulation efficiency percent-
ages for N1, N2, and N3

Nanocapsule Drug loading% Encapsulation efficiency%
N1 43.8 92
N2 22.7 87
N3 22.5 86

nearly the same loading and encapsulation efficiency for N2 and
N3 (87% and 86%, respectively). As for N1, 92% encapsulation
efficiency was obtained. This highest value could be due to the
fact that only one washing was made during the preparation of
N1, while several washing steps were done while preparing N2
and N3, causing some loss of curcumin. The encapsulation
efficiency results calculated in our experiment were similar to
those obtained by Lee et al., with a maximum encapsulation
efficiency for curcumin of 93% (ref. 31) and higher than the
values calculated by Young et al., which were equal to 80%.**

3.3 Characterization techniques

The morphology of the prepared nanocapsules was established
by scanning electron microscopy (SEM). N1, which was formed
by self-assembly, showed random and non-uniform spherical
shapes (Fig. 4A). However, after coating the surface of the
nanocapsules with additional layers as in the case of N2 and N3,
the PDDA and silica nanoparticles aggregated around them,
giving them a uniform shape and smaller size compared to the
N1 nanoparticles (Fig. 4B and C). Hence, the addition of extra
layers tends to force the penetration of the curcumin molecule
into the core of the liposomes (as confirmed earlier from the
fluorescence spectra) and therefore induces the formation of
smaller nanoparticles and their aggregation. Moreover, the
particle size of the prepared nanocapsules was measured using
dynamic light scattering (DLS). Each sample was diluted and
sonicated before size analysis was carried out. The results are
shown in Fig. S1A-C.T The nanocapsules sizes were 207 nm =+
12 nm, 297 nm + 16 nm and 240 nm + 15 nm for N1, N2 and
N3, respectively. The differences observed in the three cases
were around +40 nm, which was due to the differences in
aggregation and the different layers added. DLS results verify
the aggregation present in the solution, since the SEM images
give nanoparticles sizes of around 90 nm for N1 and 20-30 nm
for N2 and N3.

To investigate the crystallinity of curcumin encapsulated in
the three different DMPC nanocapsules, X-ray diffraction (XRD)
was performed. The diffractograms of free DMPC lipid, free
curcumin, N1, N2 and N3 are presented in Fig. S2A. The XRD
spectra of the free DMPC lipid illustrate the existence of three
characteristic peaks at 6.4°, 15.7° and 21.3° and a number of
minor peaks appeared in the 26 range of 9-13.8°. The dif-
fractogram of free curcumin shows significant peaks at 26 equal
to 8.06°,9.20°, 12.46°, 14.95°, and 17.75° and some minor peaks
with a 26 range between 21.4° and 27.7°, which implies that
curcumin is present in a crystalline form.** On the other hand,
none of the nanocapsules showed XRD patterns with curcu-
min's characteristic peaks, expect for 21.4° observed in N2 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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N3 nanocapsules. Moreover, the XRD patterns of N1, N2 and N3
were broad, suggesting that curcumin's significant XRD peaks
became broader due to the addition of the different coating
layers on the surface of the DMPC liposomal curcumin. This
variety in the 26 angle can be assigned to the changes in the
crystallinity structure of curcumin, from a crystalline to an
almost amorphous structure in the nanocapsules.**** To study
the thermal properties of pure curcumin and DMPC nano-
capsules, thermogravimetric analysis (TGA) was performed, as
depicted in Fig. S2B.{ The results showed that no water loss
occurred at 100 °C in N1, N2 or N3 nanocapsules. Pure curcu-
min showed thermal decomposition between 240 °C and
560 °C.** The obtained TGA patterns of the three different
DMPC capsules demonstrated mass loss in the same tempera-
ture range. The main difference was in the % mass loss of the
three nanocapsules. It was found that the % mass loss for N1,
N2 and N3 nanocapsules were 64%, 54%, and 40%, respectively.
This confirms the fact that curcumin was encapsulated more
efficiently in N2 and N3 capsules, compared to N1.

3.4 Drug delivery release

Various approaches have been developed in order to increase
curcumin delivery and protect it from degradation. Different
kinds of therapeutic nanoparticles, such as liposomes, have
been designed to improve curcumin's bioavailability and tar-
geted delivery to specific cells.*” Since curcumin is hydrophobic,
it can be easily encapsulated within the liposome bilayer. The
release of curcumin from the liposome bilayer depends on the
surface of the nanocapsule and the pH of the medium. In this
study, curcumin release was first investigated by studying the
additive effect of the PDDA and silica layers (N1, N2 and N3). It
was also determined by investigating the effect of pH for each of
the nanocapsules.

3.4.1 Additive layer effects. In this study the UV-visible
spectrophotometer technique was applied to monitor curcu-
min's release.’”?®* The release of curcumin from the nano-
capsules was recorded by measuring the absorbance of
curcumin at different time intervals. Curcumin's concentration
was calculated based on the Beer-Lambert law. The release of
curcumin for the N1, N2 and N3 nanocapsules at pH 7 is shown
in Fig. 5. Hence, it is obvious that the release rate of curcumin is
directly affected by the addition of the coating layers.* It was
predicted that as the number of layers increases, curcumin
release will decrease. And it is clear from the plot that faster
release of the drug was assumed when the liposome surface was
coated with the PDDA layer alone. The rate of curcumin release
decreased when the silica nanoparticles were added and
decreased further in the presence of curcumin and PDDA layers.
Furthermore, in all three cases the drug release increased
during the drug delivery mechanism, which was done over two
consecutive days, reaching maximum release for N1 and
minimum release for N3. Such layer-by-layer assembly
enhances the stability of the nanocapsule due to the electro-
static interaction between the oppositely charged polymers and
the surface of the nanocapsule.** Consequently, the stability of
the nanocapsule increases when its surface is coated with more
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Fig. 4 SEM images of (A) N1, (B) N2, and (C) N3.
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Fig.5 Effects of additive layer on the release of curcumin from N1, N2,
and N3 at pH 7. For all experiments, n = 3.

layers, as shown by our results. In the case of N2, when silica
was incorporated between two polymeric layers, electrostatic
interactions became stronger, due to the interaction of the
negatively charged silica nanoparticles with the two layers of the
PDDA polymer. Moving to N3, the addition of curcumin just

11288 | RSC Adv, 2022, 12, 11282-11292

after silica delayed the release of curcumin encapsulated within
the liposome. Hence, the multiple layers boost the diffusion
distance, thus hindering contact between the drug and the
release media and consequently delaying curcumin release.*

3.4.2 Effects of pH. Different layers were added to the
nanocapsules in order to obtain N1, N2 and N3. However, all the
nanocapsules were at the end coated with a PDDA layer.
Therefore, any modification in the pH will initially alter the final
PDDA layer. Testing the surface charge is a dominant role which
could have an extreme effect on the mode of release of the
encapsulated agent.”* The effects of three different pH values (4,
6 and 7) were tested accordingly by zeta-potential titration
analysis in order to understand the mode of interaction
between each layer in the different nanocapsules and to
examine the release of curcumin (Fig. 6A-C). The drug release
graphs show the concentration of curcumin over a period of 24
hours, which was determined based on the calibration curves of
curcumin at pH 4, 6 and 7 using the Lambert-Beer law.

Zeta potential measurements of curcumin showed that the
surface of curcumin is positively charged at pH = 4 (see
Table 2), while it is negatively charged at pH 6 and 7. And the
highest release of curcumin was observed with pH 4, while
medium release was observed at pH 6, and the lowest release
was at pH 7 for all three nanocapsules. Therefore, acidic
conditions (pH = 4) promote high delivery of curcumin from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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For all experiments, n = 3.

the nanocarrier system. This is due to the same positively
charged surface of both curcumin and the PDDA surface of the
nanocapsule at pH 4, which induces the inhibition of entrap-
ment in the membrane. Studies have shown that tumor tissues
contain acidic gradients different from normal tissues.* In
addition, it was demonstrated that the cellular surface of
malignant tissues is negatively charged.* Thus, from our
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Table 2 Zeta potential values for free curcumin, N1, N2, and N3

Nanocapsule
pH N1 N2 N3 Curcumin
4 +23.9 +42.8 +44.7 +2.3
6 +25.4 +24.5 +22.7 —2.3
7 +21.8 +30.3 +31.9 —4.1

studies, high cellular uptake of curcumin by tumor cells would
be expected due to electrostatic interactions between curcumin
and the cell surface. Additionally, recent results have empha-
sized that positively charged nanoparticles are preferentially
absorbed by malignant tissues** and stored for a longer period
of time, in comparison to nanoparticles with negative or neutral
surfaces.*

Under less acidic conditions (pH 6 and pH 7), curcumin
demonstrated lower drug release. Zeta-potential measurements
showed that the membrane surface of the nanocapsules was
positively charged and that of curcumin was negatively charged
at pH 6 and 7. Thus, the electrostatic interaction between the
oppositely charged particles of the drug and nanocapsule
enhanced the encapsulation efficiency of curcumin. Although
curcumin remained entrapped in the nanocapsule during the
drug delivery process, the release of curcumin at pH 7 was lower
than the release at pH 6. This difference in drug release is due to
the highest surface charge being obtained at pH 7 for the three
nanocapsules (see Table 2).

In general, a large positive value zeta potential value reflects
good and high physical stability of nanocapsules due to elec-
trostatic repulsion of individual particles. Hence, when the zeta
potential value is greater than +30 mVi, it is generally considered
to have sufficient repulsive force to attain better physical
colloidal stability, enhancing the encapsulation of a drug and
thereby lowering its release. On the other hand, a small zeta
potential value can result in particle aggregation and floccula-
tion due to the van der Waals attractive forces and thereby
higher release of the drug.*” Moreover, the drug release study at
pH 4 and 6 did not have any effect on the nanocapsule itself,
since lower release of curcumin was also obtained for N3 at pH 4
and 6, similar to the results obtained at pH 7 described in the
previous section.

Furthermore, the kinetics for curcumin release were estab-
lished based on the Higuchi model.*® The equation proposed by
Higuchi is as follows:

R=Ky x '?

where R is the amount of curcumin released, Ky; is the Higuchi
dissolution constant and ¢ is the time in minutes. This equation
demonstrates that the percentage release of curcumin is directly
linked to a physical constant based on a simple diffusion act. As
shown in Fig. S2 (see ESIY), it was found that there is a linear
relationship between the quantity of curcumin released and the
time considered. The Higuchi constant was calculated based on
the slope value found for each linear fit (see Table S1, ESIY).
Interestingly, the Ky value remains constant for the three
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nanocapsules at different pH values. Thus, the Ky; value for N1
was equal to 3.79864; this value decreased about ~2 fold with an
increase in layers. The decrease in Higuchi dissolution constant
indicates that a slow rate of diffusion occurred for curcumin in
N3 NCs. Mainly this is due to the presence of several layers
inhibiting the release of curcumin from the liposomes. The
results obtained were in accordance with the data obtained by
Pamunuwa et al. who studied the release of curcumin from
different positive and negative lipids.*

3.5 Cytotoxicity study by MTT proliferation assays

In a recent study, the IC5, of curcumin was shown to be 25 + 5.2
uM.*® This concentration was sufficient to kill 50% of cancer
cells in 48 hours. To establish the effect of the different nano-
capsules on breast cancer, 25 uM of N1, N2, N3, curcumin, silica
nanoparticles, PDAA and DMPC liposomes were used to treat
MCF-7 breast cancer cells within 72 hours using the MTT
proliferation assay. As shown in Fig. 7, N3 exhibited the highest
percentage of cell growth inhibition, with 90% of cells killed
within 72 hours. N1 and N2 showed 73 and 87% growth inhi-
bition. The difference in the growth inhibition effect between
the three nanocapsules is related to the percentage of curcumin
encapsulated in the core of the liposomes. Moreover, curcumin
alone killed only 57% of the cancer cells, suggesting that
nanoencapsulation enhances the effect of curcumin as an
anticancer reagent. The efficiency of our N3 nanocapsules was
compared with other anticancer agents used to inhibit the
proliferation of MCF-7 cancer cell (Table 3). It is also true that
N3 exhibited the highest toxicity despite the release of N3

- Control

Bz sitica
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Curcumin

A DMPC-Curcumin
B N1 NCs
N2 NCs
N3 NCs

%o of inhibition
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Fig.7 Effects of silica, DMPC liposomes, curcumin, DMPC—curcumin,
N1, N2, and N3 on the inhibition% of MCF-7 cancer cells.
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reaching a plateau at ~1200 min, which is not the fastest
compared with N1 and N2. This could be due to the effect of
polymer PDDA that enhances the anti-cancer activity of curcu-
min, as observed earlier by Bechnak et al.””

4. Conclusions

To overcome drug leakage and instability, a liposome matrix
was modified by applying different layers using a self-assembly
procedure; thus, three different kinds of nanocapsule were
prepared. The characterization of the nanocapsules via SEM,
DLS, TGA, XRD, and spectroscopic techniques was successfully
carried out. Fluorescence spectra of curcumin showed a blue
shift, indicating that curcumin is present in the lipid bilayers.
The relative fluorescence efficiency of curcumin was enhanced
upon encapsulation in these nanocapsules, boosting its pho-
tophysical properties. It was also found that curcumin is
strongly entrapped in the lipid bilayer when the surface of the
liposome is coated with multiple layers of PDDA. Moreover, the
effects of the added PDDA were best understood via analyzing
the interactions between PDDA and the encapsulated curcumin
through XRD, which manifested the variations in the packing
structure of curcumin. The study also established that the
curative activity of curcumin can be boosted via encapsulating it
in DMPC liposome-based nanocapsules. It was found that cur-
cumin shows better encapsulation efficiency in the nanocapsule
because of electrostatic interactions that inhibit curcumin from
being released. The curcumin release from these nanocapsules
followed the Higuchi model, and a slow rate of diffusion
occurred when the number of layers increased. The cytotoxic
effects of the nanocapsules, curcumin, silica, and PDDA were
studied with respect to MCF-7 malignant cells. The results
demonstrated that the N3 nanocapsules exhibited the highest
percentage of cell growth inhibition, with 90% of cells killed
within 72 hours. However, lower percentages were revealed for
N2 and N1. This is related to the high amount of curcumin
accumulated in the core of the N3 capsules, which is attributed
to the high encapsulation percentage observed. This study
suggests that by applying different layers on the liposome
surface, the drug release and anti-cancer activity of curcumin
can be enhanced. Further studies involving normal cells and
other kinds of cancer cells and animal studies are needed
before applying such nanocapsules in drug delivery.
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Table 3 Anti-cancer activities of different agents toward the MCF-7 cancer cell line

Cell type Anti-cancer agent Concentration % proliferation Error margin References
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