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Abstract The Apoptosis is an intensely studied mech-
anism for cancer therapy. Various genes, drugs, and
molecules have been combined to potentiate the apop-
totic effect against tumor cells. Magnetic nanocom-
plexes with biopolymers have been proposed as nano-
carriers for delivery of active molecules and improve
apoptosis induction. To these purpose were formulated
magnetic nanoparticles with curcumin coated chitosan
(MNPs-CHI-TPP-CUR) and magnetic nanoparticles
with pCEM-TRAIL plasmid coated chitosan (MNPs-
CHI-TPP-TRAIL) for use alone or in combination to
induce the apoptosis of BI6F10 tumor cells because
curcumin is capable of overexpressing receptors TRAIL
required for apoptosis induction. Also, curcumin (CUR)
has been used as a photosensitizer in photodynamic
therapy (PDT). In this work, it was produced and
characterized nanoparticles with curcumin and nano-
particles with TRAIL gene. Both types of nanopar-
ticles were~200 nm size. The results showed that the
combination of (MNPs-CHI-TPP-CUR) and (MNPs-
CHI-TPP-TRAIL) induced a significant increase in
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cellular death within 48 h compared with the effect of
each nanocomplex individually, demonstrating a syn-
ergic effect. This is the first description the synergic
interaction between TRAIL gene and curcumin drug
to improve the apoptosis in cancer cells. Also, it was
determined that cellular death was potentiated when the
treated cells were exposed to laser photoactivation with
wavelengths of 405 nm and 532 nm for 15 min.

Keywords Magnetic nanoparticles - TRAIL -
Curcumin - Drug delivery - Nanobiomedicine

Introduction

Cancer is one of the diseases with the highest inci-
dence and mortality rate in the world. Conventional
treatments are chemotherapies or radiotherapies that
in turn cause toxicity and adverse effects, which leads
to the search for new specific therapies to be devel-
oped to attack cancer cells without affecting healthy
adjacent tissues or organs [1].

The use of nanoparticles as directed drug delivery
systems is becoming more widespread and promising
as it allows the encapsulation of chemotherapeutic
agents. Chitosan nanoparticles with the cross-linking
agent as tripolyphosphate of pentasodium (TPP) have
already been used to ship drugs to tumors [2, 3]. One
of the candidate drugs with anticancer activity and
that blocks crucial steps of metastasis by altering the
molecules involved in metastatic tumor progression is
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curcumin, its efficacy for biological applications has
long been studied, and its versatile properties have
allowed researchers for drug delivery applications to
make it reach the desired site in an appropriate car-
rier such as magnetic nanoparticles [4]. Animal and
human studies have already been conducted showing
that curcumin is safe and well tolerated, even when
doses are administered later. In addition, the effects
of curcumin can be enhanced with the application of
light in therapeutic mode; this is known as photody-
namic therapy which uses an association of a photo-
sensitizing agent with light at an appropriate wave-
length [5-7]. The interaction of the agent with light
in the presence of oxygen causes reactive species that
promote cell damage and death [8]. The use of cur-
cumin has not yet been tested in clinical trials there
are many in vitro studies that show the effect of CUR
on PDT for cancer cells [9, 10].

One of the strategies to attack cancer is the combi-
nation of therapies that have proven to be more suc-
cessful than monotherapy in reducing toxicity and
synergistic effects. TRAIL is an example of a mole-
cule that selectively kills malignant cells, but not nor-
mal. Also has been shown to have synergistic activity
with curcumin [11-15].

Until today, the synergistic effect between TRAIL
and curcumin has only been demonstrated at the level
of the molecules, either free or in the form of nanopar-
ticles [16]. Therefore, the purpose of the current study
was to synthesize and characterize magnetic nanopar-
ticles of chitosan with TRAIL and CUR (MNPs-CHI-
TPP-TRAIL) and (MNPs-CHI-TPP-CUR) to evaluate
cellular death effect and photodynamic effects at differ-
ent wavelengths (405 and 532 nm) in a melanoma cell
line. This as a possibility of using nanoformulations as
a chemogenephotodynamic therapy strategy [17].

Materials and Methods
Materials

Chitosan (25 kDa) was purchased from CoyoteFoods
Biopolymer and Biotechnology Mexico. Curcumin
was obtained from Merck Millipore®, and cell cul-
ture media, fetal bovine serum, and cell culture sup-
plements were obtained from Thermo Fisher Scien-
tific (Waltham, MA, USA). Tripolyphosphate (TPP)
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was purchased from Sigma-Aldrich (St Louis, MO,
USA). MNPs were obtained from OZ Biosciences
(CombiMag; Marseille, France). Magnetic fluores-
cent nanoparticles (MNPs) composed of an iron oxide
(SPIO) core and covered with a biocompatible silica
layer and an organic fluorophore with a spectrum
similar to the cyanine fluorochrome 5.5 (MaxVia-
genTM -710 nm, NVIGEN) covalently attached. A
plasmid purification kit was purchased from Thermo
Fisher Scientific. Magnetofector plates (A 8§ 12 cm)
with 96 wells were obtained from Boca Scientific
(Dedham, MA, USA) for use with a green and red
laser (ZH-303) of a 532-650 nm wavelength range.

Plasmid TRAIL

pCEM-TRAIL was constructed and characterized
in our laboratory. It encodes the TRAIL gene and
contains the promoter sequence (273 bp) of the
70-kDa human heat shock protein (HSP70). The
expression of the gene controlled by this promoter
is induced when exposed to a magnetic field (was
constructed and characterized previously) [18].

Melanoma cell line

The BI6FI0 mouse melanoma cell line from our
laboratory cell bank was used. The cells were main-
tained at 37 °C in 5% CO,.

Production of the magnetic nanoparticles
with chitosan and the TRAIL plasmid:
MNPs-CHI-TPP-TRAIL

For the synthesis of nanoparticles, the ionic gelation
method was performed according to the protocol of
Calvo et al. (1997) [19] with the charges of chitosan
and TPP used as crossover agents. Chitosan solu-
tion (2 mg/mL at pH 5.5), 50 mL of TPP solution,
and pCEM-TRAIL (0.5 to 1 pg/uL) were prepared.
The fluorescent magnetic nanoparticle (MNP) solu-
tion was prepared from a stock solution of 1 pg/ml
in sterile PBS diluted 1:10. The TPP, pDNA, and
curcumin solutions were added dropwise to the chi-
tosan solution to the same volume while mixing at
950 rpm/min at room temperature. The suspension
was gently shaken for 1 h at room temperature.
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To calculate the amount of chitosan required for
each nanocomplex, the following formula was used
according to the proportional CHI:pDNA ratio:

(pg pDNA X 3)(ratio CHI : pDNA)
12 mM

pL Chitosan =

TPP to chitosan was added at a 1:2 ratio, and the
amount of pDNA was 1 pg. Briefly, MNPs, pCEM-
TRAIL, and TPP were mixed in a tube and, in
another tube, were mixed chitosan and TPP. Then
both were vortex for 90 s.

The DNA-binding ability of chitosan was evaluated by
agarose gel electrophoresis. Complexes containing 1 pg of
DNA and different proportions of chitosan were loaded
into individual wells of a 1% agarose gel, electrophoresed
at 80 V for 40 min, and stained with ethidium bromide.

Production of magnetic chitosan nanoparticles with
curcumin: MNPs-CHI-TPP-CUR

To standardize the production of the MNPs-CHI-TPP-
CUR, the ionic gelation procedure based on Calvo
et al. (1997) [19] was used with procedures previously
performed by our laboratory. The construction of these
nanocomplexes was similar to that of MNPs-CHI-
TPP-TRAIL: the reagents were placed in two tubes:
chitosan (and curcumin with or without Tween 80,
according to the test) and the MNPs and pL. of TPP
were placed in another tube and vortex and agitated
at 950 rpm at room temperature for 1 h. A large-scale
ionic gelling protocol based on the synthesis described
and standardized. Nanoparticle synthesis was per-
formed in a beaker with magnetic stirring. A total of
750 pL of chitosan (2 mg/mL at pH 5.5) and 25 pL of
curcumin (300 pg/mL dissolved in absolute ethanol)
were added to the beaker and stirred for 30 min at a
speed of 990 rpm (Corning™ PC-220 Hot Plate/Stir-
rers) in the dark.

Characterization of the nanocomplexes

Characterization of the MNPs-CHI-TPP-CUR
by transmission electron microscopy (TEM)

For the observations, one drop of the aqueous disper-
sion of nanoparticles was added to a coated copper grid,

air-dried in vacuum desiccators, and then examined
under an electron microscope.

Size and homogeneity

The size and homogeneity of the nanocomplexes were
determined by dynamic light dispersion using a Zeta-
sizer apparatus (ZS90, Malvern, UK). The nanocom-
plexes were calibrated to 1000 pL with filtered dis-
tilled water and loaded into 1-mL polystyrene cells.

The zeta potential was obtained by electrophoretic light
dispersion using a Zetasizer device (ZS90, Malvern). The
nanocomplexes were calibrated to 1 ml with filtered ster-
ile distilled water and then filled with an insulin syringe in
a folded capillary cell (DTS1070, Malvern, UK).

FTIR analysis

The FTIR spectra of magnetic nanoparticles (MNPs),
curcumin (CUR), chitosan (CHI), and magnetic nano-
particles of chitosan and curcumin (MNPs-CHI-TPP-
CUR) were obtained using PerkinElmer spectrum 400
FTIR spectrometer over the range 4000400 cm™'.

UV—visible spectroscopy analysis

An ultraviolet—visible near-infrared spectrophotometer
Varioskan LUX was used to determine whether cur-
cumin was conjugated to the MNPs-CHI-TPP-CUR.

MNPs-CHI-TPP-TRAIL plasmid release

The nanocomplexes were constructed with the afore-
mentioned specifications. When the time required for
ionic gelation elapsed, the nanocomplexes were cen-
trifuged at 14,800 rpm for 30 min in a microcentri-
fuge (Sorvall Legend Micro 21R, Thermo Scientific),
the supernatant was collected, and the pDNA was
quantified by spectrophotometry (NanoDrop 2000,
Thermo Scientific). The nanocomplex pellet was resus-
pended with the addition of PBS by pipetting, and the
nanocomplexes were incubated again with agitation
(950 rpm). This procedure was repeated every hour for
6 h and then performed at 12, 24, and 48 h. The pDNA
obtained in the first supernatant collected corresponded
to pDNA and was not retained; therefore, it was possi-
ble to calculate the percentage of pDNA released.
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Curcumin release from nanocomplexes

After the hour required for ionic gelation, samples were
centrifuged at 14,800 rpm for 30 min in a microcentri-
fuge (Sorvall Legend Micro 21R, Thermo Scientific), and
the supernatant was collected and deposited on a 96-well
plate (100 pL per well) until the supernatant was depleted.
Subsequently, the curcumin absorbance reading was per-
formed using a Varioskan Lux (Thermo Fisher Scientific)
plate reader at a wavelength of 420 nm. To quantify cur-
cumin based on absorbance, linear regression was per-
formed on the basis of known curcumin concentrations.

Nanocomplexes-induced cytotoxicity in B16F10 cells
assessed by MTT viability test

BIG6F10 cells (3% 10%) were seeded at 100 pL in Dul-
becco’s modified Eagle’s medium supplemented with
bovine fetal serum and 1% antibiotic—antimycotic and
incubated at 37 °C with 5% CO? for 24 h before treat-
ment until the cells were 80% confluent.

Once the BI6F10 cells reached the desired conflu-
ency, the following treatments were administered: con-
trol, vehicle, nanocomplexes with pPCEM-TRAIL, nano-
complexes with curcumin, and dual nanocomplexes
(MNPs-CHI-TPP-TRAIL and MNPs-CHI-TPP-CUR).
The experiments were performed in triplicate on the
same plate with three replicates to evaluate the effect
after 24, 48, and 72 h. At the start of the cell incuba-
tion at 37 °C with 5% CO,, each plate was exposed to
a magnetic field for a period of 15 min. The absorbance
was measured at 540 nm using a plate reader (Syn-
ergy 2, Biolek), and the viability results were plotted
according to the treatment using the appropriate control
reference to determine the percentage of viable cells.

Evaluation of B16F10 cell apoptosis exposed to
different nanocomplexes as assessed by Annexin

In this experiment, we determined the effect of
MNPs-CHI-TPP with CUR and TRAIL in B16F10
cells. With the combination of both nanoparticles, the
effect was more notable, indicating synergism in the
induction of apoptosis of BI6F10 cells.

The transfected cells will be analyzed 24 h after
transfection with the apoptosis detection kit by annexin
V-FITC (Calbiochem®), which is based on the detec-
tion of phosphatidyl serine molecules in the outer cell
membrane, an indication of early apoptosis, through
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the use of annexin V. After 24 h after the transfection,
the cells were taken off. Then 10 pL of binding rea-
gent was added followed by 1.25 pL of V-FITC annex
solution. Samples were incubated for 15 min at room
temperature (10-24 °C) in dark conditions. Once the
incubation time has elapsed, the samples are centri-
fuged 1’000 g for 5 min at room temperature, and the
medium is removed. The cells were resuspended in
0.5 mL of binding buffer, and 10 pL of propidium
iodide was added. The samples were finally taken to
the inverted fluorescence microscope (VWR®).

Nanocomplexes-induced cytotoxicity in B16F10 cells
exposed to wavelengths of 405 nm and 532 nm as
assessed by MTT viability test

BIG6F10 cells (3x10% were seeded and incubated at
37 °C with 5% CO, for 24 h before treatment until the
cells were 80% confluent, at which time the following
treatments were administered: control, nanocomplexes
with pCEM-TRAIL, nanocomplexes with curcumin,
and dual treatment (MNPs-CHI-TPP-TRAIL and
MNPs-CHI-TPP-CUR). Treatments were performed in
triplicate on the same plate to evaluate the effect after
24 h of incubation at 37 °C and 5% CO,, and each plate
was exposed to a magnetic field for a period of 15 min.

After the first 3 h of incubation, the plates were sepa-
rated into two groups to irradiate them at 405 nm (100
mW) or 532 nm (100 mW) (ZH 303) for 5 min. Subse-
quently, the cells were placed in the incubator. Once the
incubation time (24 h) had elapsed, and the determina-
tion of cellular viability was carried out. The absorbance
at 540 nm was measured using a plate reader (Synergy
2, BioTek), and the viability results were plotted accord-
ing to the treatment, using the appropriate control refer-
ence to determine the percentage of viable cells.

Cell cycle analysis by flow cytometry

Cell cycle evaluation was performed, using pro-
pidium iodide (PI) staining to intracellular DNA
quantification by flow cytometry, 1x10°® B16F10
cells were seeded in 6-well dishes, and exposed
to the CCs, dose of MNPs-CHI-TPP-TRAIL and
MNPs-CHI-TPP-CUR and incubated for 24 h. Later,
cells were collected, washed with PBS, and fixed
with 70% ethanol overnight at—20 °C. The fixed
cells were washed twice in PBS and then incubated
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with 50 L of RNase solution (10 pg/mL in sterile
PBS) for 30 min, and then 5uL of propidium iodide
(1 mg/mL in sterile PBS) were added and incubated
at room temperature in the dark for 15 min. Flow
cytometric analysis was performed by a BD Accu-
riC6 flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). For each analysis, 100,000 events
were collected and analyzed using FlowJo software
(LLC, Ashland, Oregon USA).

Analysis of data

Data were presented as mean+SD. The significant
differences between means analyzed with two-way
ANOVAs with Tukey’s test were performed for multi-
ple comparisons of the means. The tests and the data-
based graph generation were carried out with Graph-
Pad version 8.2 statistical software.

Results
Image of magnetic fluorescent nanoparticles (MNPs)

The morphology of magnetic fluorescent nanopar-
ticles naked (Fig. 1) showed a small size on the
nanoscale with approximately 20 nm.

Characterization of MNPs-CHI-TPP-TRAIL

The evaluated ratios of pCEM-TRAIL:chitosan were
4:1, 8:1, 12:1, 16:1, 20:1, 24:1, and 28:1., and as a
control sample, 1 ug of pDNA was used (Fig. 2).

Fig. 1 A Analysis of mag-
netic fluorescent nanopar-
ticles (MNPs) by TEM, B
magnetic nanoparticles in
suspension, and C magnetic
nanoparticles attracted by
an external magnetic field

Size, homogeneity, and potential zeta ({)
characterization of MNPs-CHI-TPP-TRAIL

The optimal formulation for the synthesis of nano-
complexes was standardized by varying the CHI: TPP
ratio, final volume, solvent dilution, and sonica-
tion parameters before and after ionic gelation. Fig-
ure 3A shows the graph obtained for the size assess-
ment of the nanocomplexes based on the standardized
formulation. An average sample size of ~206.2 nm
was observed with an intensity of 100%, a polydis-
persity index of 0.192, and good quality. In addition,
the zeta potential of the nanocomplexes is shown in
Fig. 3B. The { potential is positive with an average
of ~19.6 mV in 100% of the sample.

Characterization of the pDNA release profile
of the MNPs-CHI-TPP-TRAIL nanocomplexes

The nanocomplexes were incubated for 24 h to quantify
the plasmidic DNA. Retention of~80% was observed
30 min after the synthesis of the nanocomplexes (Fig. 4).

Assessment of curcumin cytotoxicity in B16F10 cells
by feasibility test with an MTT-forming reaction

Figure 5 shows the percentage of viable BI6F 10 cells at
different curcumin concentrations (0.0679-43.4334 uM)
in medium (DMEM + 10% SFT+ 1% antibiotic) for dif-
ferent exposure times (24, 48, and 72 h). The LD50 was
observed at a concentration of 4,0719 uM for the 24- and
48-h exposure and at 1,018 uM for the 72-h exposure.
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Fig. 2 Agarose gel-DNA
release from nanoparticles
consisting of different
pDNA:chitosan ratios. First
lane is the control pPDNA

(1pg)

Control

Characterization of the homogeneity and size of the
MNPs-CHI-TPP-CUR nanocomplexes. Shape and
size characterization of the MNPs-CHI-TPP-CUR
nanocomplexes as assessed by TEM composition and
FTIR

The magnetic nanoparticles with chitosan and cur-
cumin (MNPs-CHI-TPP-CUR) analyzed by trans-
mission electron microscopy showed a spherical
shape and well-dispersed sample (Fig. 6A). For the
optimal formulation, 2 mg/mL chitosan was added
at pH 5.5, 0.86 mg/mL TPP was added at pH 3.0,
the CHI:TPP ratio (v:v) was 2:1, the CHI:CUR
ratio (v:v) was 30, and 25 pL of 300 pg/mL cur-
cumin dissolved in absolute ethanol was added
without Tween 80. Nanocomplexes with the stand-
ardized formulation showed an average sample size
of ~258.6 nm with an intensity of 100%, a polydis-
persity index of 0.110, and good quality (Fig. 6B).
In the FTIR spectrum of curcumin, the highest
frequency bands observed within 2700-3000 cm™!
region are assigned to the aromatic C—H stretches.
MNPs show a prominent peak of Fe—O vibrations
at approximately 576 cm~! which corresponds to

Fig. 3 A Size and homo- A

the vibration of the Fe—O bonds in the crystal-
line lattice of Fe304 [20]. Therefore, there was no
change in the chemical composition of the samples
before and after the formation of nanoparticles
process (Fig. 6C).

The ultraviolet spectra for MNPs, CHI, CUR,
and MNPs-CHI-TPP-CUR are shown in Fig. 6D.
An absorption maximum for MNPs is 285 nm,
CHI206 nm, CUR 415 nm, and the absorption peak
of MNPs-CHI-TPP-CUR 270 nm clearly indicated
successful contact between the components.

Determination of curcumin encapsulation and release
in MNPs-CHI-TPP-CUR nanocomplexes

Figure 7 corresponds to the calibration curve and
slope production as well as the curcumin release
assay, which was based on the percentage of cur-
cumin retained in the chitosan-based magnetic
nanocomplexes with curcumin. A retention of 55%
of total curcumin used in the synthesis of the nano-
complexes was observed. Curcumin was progres-
sively released until reaching a high level of release
at 12 h and almost total release at 24 h.

B

geneity of MNPs-CHI-TPP-
TRAIL nanocomplexes.
The nanocomplexes have an
average size (Z-average) of
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Fig. 4 In vitro drug release
of pDNA from chitosan
nanocomplexes formulated
with TPP and without

TPP. The concentration

of pDNA was detected by
absorbance at different
times, including 0.5, 2,
3.5,5,6.5,12, and 24.5 h.
The cumulative release
profiles of pDNA from
nanocomplexes exhibited
similar kinetics of sustained
release. Specifically, the
total cumulative release of
pDNA from nanocomplexes
without TPP was 78.6%
within 24.5 h, compared to
a total cumulative release
of 100% of the pDNA from
nanocomplexes with TPP.
The points represent the
mean =+ SD from a triplicate
experiment

Fig. 5 Viability of B16F10
cells exposed to different
concentrations of curcumin
after 24, 48, and 72 h; val-
ues represent mean + SEM
(n=3)
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~= -TPP
~e +TPP

100
80 -
60 -
40 -
20 -
T T T T T T T T T T T T T 1
05h 2h 35h 5h 65h 125h 245h
Time (h)
120 ] —24h
] _ —48h
] ) ——72h
100
80 -
60 -
40
204 1 o1 ]
0 —%
-20 T T T T T T T T T T 1
0 10 20 30 40 50
curcumin uM
@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



165 Page 8of 15

J Nanopart Res (2022) 24: 165

T W
.

ot B Zaverage (@nm): 258.6
o -
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Result quality :
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Fig. 6 A Analysis of the nanocomplexes by scanning electron
microscopy (SEM). B Size and homogenity of The MNPs-
CHI-TPP-CUR. Average size (Z-average) of 258.6 nm and a
PdI (polydispersity index) of 0.110 and good quality. C FTIR
spectra of magnetic nanoparticles (MNPs-CUR), curcumin

Cytotoxicity in BI16F10 cells induced by
nanocomplexes and treatments assessed by MTT

Images of confocal microscopy of B16F10 cells
transfected with different nanoformulations
(Fig. 8A) and the viability at different times (24,
48, and 72 h) are shown in Fig. 8B.

@ Springer

700

(CUR), and magnetic nanoparticles of curcumin (MNPs). D
Ultraviolet spectra of magnetic nanoparticles (MNPs), mag-
netic nanoparticles of chitosan and curcumin (MNPsCHI-TPP-
CUR), curcumin (CUR), and chitosan (CHI)

Evaluation of early apoptosis and late apoptosis in
B16F10 cells with different nanoformulations of
MNPs with annexinV-FITC(Fig. 9)

Evaluation of nanocomplex-induced cytotoxicity in
B16F10 cells upon exposure to 405 nm or 532 nm
wavelengths as assessed by MTT and cell cycle
analysis
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100
-~ Free CUR

Release (%)
3

0 1 I | 1 1 I | 1
1 2 3 4 5 6 1224
Time (h)

Fig. 7 Accumulative release amount of free curcumin from
MNPs with chitosan at different time points, including 0, 1, 2,
3,4,5,6, 12, and 24 h. The cumulative release profile exhibits
a progressive release until 100% complete at 24 h. The points
represent mean + SD from a triplicate experiment

Discussion

In this study, we obtained nanoparticles with a diam-
eter of ~206.2 nm and a polydispersity index (PdI)
of 0.192 (Fig. 3A). Particle size can affect the bio-
distribution, efficiency (number of nanocomplexes
found within cells at a given time), and pathway of
cell uptake by influencing their adhesion and inter-
action with cells [21]. On the other hand, the PdI is
basically a representation of the size distribution of
a given sample, whose values vary from 0.0 (shows
perfectly uniform with respect to the particle size)
to 1.0 (highly polydispersity sample with popula-
tions including particle of multiple sizes) [22]. PdI
values of 0.2 and lower are considered optimal for
nanoparticles according to their polymeric materi-
als [23], and on this basis, a homogeneous sample of
nanocomplexes consisting of chitosan was obtained
in this work as indicated by pDNA release assay.
Chitosan-based magnetic pDNA nanocomplexes
had a positive zeta potential of 19.6 mV in 100% of
the sample (Fig. 3B). According to the literature,
because of the negative charge characteristic of the
cell membrane, cationic nanocomplexes are internal-
ized with greater efficiency than nanocomplexes with
anionic or neutral surface loads [24]. Regarding the
DNA retention profile, 80% retention and progres-
sive release until complete release after 24 h was
observed (Fig. 4). Controlled drug release systems are
commonly used to optimize the therapeutic effect of
medical treatment, reduce side effects, maintain the
drug at an optimal concentration for long periods of

time and decrease the frequency of drug administra-
tion [25]. Regarding the cytotoxic effect of curcumin,
an LD50 of 4.0719 uM (~ 1.5 pg/mL) at 24 and 48 h
and an LD50 of 1.018 pM (~0.375 pg/mL) at 72 h
were obtained, and the mean lethal dose of curcumin
(Fig. 5) indicated that it will have a time-dependent
effect on tumor cells.

Nanocomplexes with curcumin based on chitosan
were observed by electronic transmission microscopy
(TEM) (Fig. 6A). The vast majority of the nanocom-
plexes used for drug shipments are spherical in shape;
however, other forms, such as cubes, cylinders, ellip-
soids, and discs, have been proposed as novel drug
carriers [14].The results of the Zetasizer reader, the
nanocomplexes were 258.6 nm in diameter with a Pdl
of 0.110 (Fig. 6B), which are optimal values because
they are in the range of optimal in vitro phagocytosis
and optimal homogeneity, respectively [23, 26]. The
difference in size observed by the Zetasizer readings
and TEM analysis was due to the characteristics of
the sample at the time of the reading. On the other
hand, a Zetasizer requires the sample of nanocom-
plexes dispersed in solution, while for TEM, a dry flat
surface sample is used, and the difference in the sam-
ple can influence the morphology of the nanocom-
plex due to the flexible nature of the chitosan polymer
chitosan-based magnetic curcumin nanocomplexes
showed a positive zeta potential of 30.3 mV in 100%
of the sample.

The observed retention of the nanocomplexes
(Fig. 7) was approximately 55%, while other stud-
ies showed encapsulation efficiencies from 61.22 to
73.44% [27]. The low encapsulation efficiency may
have been due to the hydrophobicity of the curcumin
and the molecular weight of the chitosan used. The
literature indicates that long chains of high-molec-
ular-weight chitosan can trap larger amounts of cur-
cumin during ion gelation with TPP [19-28]; how-
ever, increasing the concentration of curcumin in the
formulation decreased the encapsulation efficiency
of the final nanocomplexes. The release after stand-
ardization is progressive, and the highest release was
observed at 12 h, while at 24 h, an almost complete
release was observed. Similar to the chitosan-based
nanocomplexes with DNA, the progressive release of
curcumin allows the optimization of the therapeutic
effect, among the other aforementioned effects [25].

To the analysis of the morphology of the
BI6F10 cells were exposed to nanocomplexes. The
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Fig. 8 A Confocal microscopy images of B/6F10 morphology
exposed to nanocomplexes at different times (24, 48, and 72 h).
B Viability assay of B16F10 cells exposed to different formu-
lations of nanoparticles (MNPs-CHI-TPP-TRAIL, MNPs-CHI-

corresponding control cells were not treated. Treat-
ment with vehicle (MNPs-CHI-TPP) showed a little
noticeable effect on cell morphology. In the case of
the sample treated with MNPs-CHI-TPP-TRAIL, the
cells presented with different coloration; however,
the elongated morphology was maintained. On the

@ Springer

MNPs-CHI-TPP-TRAIL MNPs-CHI-TPP-CUR MNPs-CHI-TPP-TRAIL +
MNPs-CHI-TPP-CUR

- Control
-#- Vehicle

-#- MNPs-CHI-TPP-TRAIL
-8 MNPs-CHI-TPP-CUR

- MNPs-CHI-TPP-TRAIL + MNPs-CHI-TPP-CUR

TPP-CUR, or both) after 24, 48, and 72 h. Statistical analyses
were performed by second-way ANOVA followed by Tukey’s
multiple comparison test. Symbols indicate significance
*p<0.05

other hand, treatment with MNPs-CHI-TPP-CUR
for 24 h led to an obvious morphology change in the
cells, which presented with a circular morphology.
The image of the cells treated with MNPs-CHI-TPP-
CUR +MNPs-CHI-TPP-TRAIL for 24 h appeared
thinner and darker compared to the control cells.
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Fig. 9 Images of apoptosis propidium iodide-dyed BI6F10
cells after nanocomplex treatments obtained by fluorescence
optical microscopy. A Control DOX; B MNPs-CHI-TPP-

After 48 and 72 h of treatment, noticeable mor-
phological changes and decreased confluence was
observed (Fig. 8A). The efficiency of the transfec-
tion using magnetic nanoparticles with chitosan,
as well as the expression of TRAIL-induced by the
application of an external magnetic field, has been
demonstrated in other works carried out in the labo-
ratory [29, 30].

Also, has been demonstrated that TRAIL (Apo2L),
is a protein of the family TNF (tumor necrosis fac-
tor), highly selective for the elimination of tumor
cells by induction of apoptosis, with slight toxicity to
somatic cells [14]. TRAIL interacts with four mem-
brane-anchored receivers: DR4, DR5, DcR1, and
DcR2. DR4 and DRS receptors contain a demonized
conserved cytoplasmic region “death domain,” which
is required for TRAIL-mediated apoptosis induc-
tion. On the other hand, DcR1 lacks an intracellu-
lar domain while DcR2 contains a truncated death
domain, so both receptors (DcR1 and DcR2) could
serve as decoys and protect the induction cells from
TRAIL-mediated apoptosis [18].

Cells treated with the MNPs-CHI-TPP-CUR nano-
complexes showed decreased viability with respect to
the control cells. After 24 h of treatment, viability of
91.61% was observed with respect to the control; after
48 h, this viability decreased to 86.43%, and finally,
after 72 h, it decreased to 72.22% (Fig. 8B). The
statistical analysis showed no significant difference
between cells treated with MNPs-CHI-TPP-CUR

D

TRAIL; C MNPs-CHI-TPP-CUR; and D MNPs-CHI-TPP-
TRAIL +MNPs-CHI-TPP-CUR

nanocomplexes and the control. Cultured cells treated
with both types of nanocomplexes (MNPs-CHI-TPP-
TRAIL and MNPs-CHI-TPP-CUR) showed a 24-h
decrease in viability of 30% with respect to the con-
trol. After 48 h of treatment, there was a decrease in
viability of approximately 70% with respect to the
control and a significant difference with respect to all
treatments. Finally, after 72 h, there was a decrease
in cell viability of more than 40% with respect to
the control. This result indicates a clear potentiating
effect of curcumin in the induction of TRAIL-medi-
ated apoptosis. Other studies have been evaluated the
cytotoxic effect of chitosan-based nanocomplexes
with curcumin and TRAIL expression vectors with-
out magnetism induction in HCT116 cells, and their
results showed a greater decrease in cell viability with
a synergistic effect of TRAIL and curcumin than was
observed for each nanocomplex type administered
individually [11].

The morphology of the BI6FI10 cells exposed
to each treatment and specific wavelengths of
405 nm and 532 nm were analyzed. The BI6F10
cells of the control group exposed at a wavelength
of 405 nm (100 mW) had an elongated morphology
and high confluence in addition to a lack of inter-
nal vesicles and granules, indicating a null effect of
exposure for 15 min. Cells treated with MNPs-CHI-
TPP-TRAIL and wavelength at 405 nm (100 mW)
exhibited decreased confluency and cell agglom-
erations. Cells treated with MNPs-CHI-TPP-CUR
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Fig. 10 Viability of B16F10 cells exposed to MNPs-CHI-
TPP-TRAIL, MNPS-CHI-TPP-CUR, or both. Then exposed
to magnetofection for 15 min and light (wavelengths 405 nm
or 532 nm) after 24 h. Cell viability was measured by MTT
assay (A). Effect of MNPs-CHI-TPP-TRAIL, MNPS-CHI-
TPP-CUR on cell cycle in BIGFI0 cells. 1x10° cells were
seeded in a 6-well plate, and cells were exposed to light (wave-

Treatment

lengths 405 nm or 532 nm) after 24 h. Cell-cycle analysis
was measured by flow cytometry (B). Data were expressed as
mean + SD. Statistical analyses were performed by second-way
ANOVA followed by Tukey. Symbols indicate significance:
p<0.01 (¥), p<0.001 (¥*), and p<0.0001 (*¥**) differences
between no light, 405 nm, and 532 nm treated samples
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with and wavelength of 405 nm (100 mW) showed
an obvious decrease in confluence in addition to a
circular morphology with the elongated morphol-
ogy was completely lost. Finally, cells treated with
both MNPs-CHI-TPP-TRAIL and MNPs-CHI-TPP-
CUR nanocomplexes at a wavelength of 405 nm
(100 mW) showed loss of confluence and loss of
cell morphology. Cells exposed to a wavelength
of 532 nm (100 mW) for 15 min. in the control
group were highly confluent and were elongated
with semi-epithelial morphology, which indicated
a small or negligible irradiation effect. Treatment
with MNPs-CHI-TPP-TRAIL led to slight changes
in confluence and no drastic morphological change.
On the other hand, cells treated with MNPs-CHI-
TPP-CUR exhibited a decrease in cell confluence,
and although cells with circular morphology were
not observed, cell clusters with irregular mor-
phologies were observed. Cells treated with both
types of nanocomplexes exposed at 532 nm (100
mW) showed lower confluence, compared to the
control, as well as irregular clusters. Death cellular
decreased markedly 24 h after each of the irradi-
ated treatments, regardless of the wavelength used
(405 nm or 532 nm for 15 min) with respect to the
control. Previously data indicated that the cytotoxic
effect of curcumin in tumor cells can be enhanced
by visible light or blue light at wavelengths close
to the maximum absorbance of curcumin [31].
Finally, cells exposed to both nanocomplexes and
exposed to wavelengths of 405 nm or 532 nm
showed significant differences compared to those
exposed to nanocomplexes without light. There-
fore, the effect of the MNPs-CHI-TPP-TRAIL and
MNPs-CHI-TPP-CUR  nanocomplexes exposed
to wavelengths of 405 nm and 532 nm was syner-
gistic and enhanced by the generation of reactive
oxygen species induced by curcumin that produce
an increased endosome release molecules; there is
a possible explanation for how the curcumin pho-
toactivation may enhance the TRAIL gene func-
tion due to the ability to increase transfection when
curcumin is exposed to laser light [32] (Fig. 10A).
In the cell cycle analysis (Fig. 10B), Subg0/1 indi-
cates DNA degradation, and the arrest in the Gl
stage indicates that cells are preparing for apopto-
sis [33]. For that reason, we can conclude that our
treatment is working to induce DNA degradation
and possible apoptosis of the B16F10 cell line.

The explanation of the synergistic effect between
TRAIL and CUR in nanoparticles for apoptosis
induction is shown in Fig. 11.

Conclusions

In this work, MNPs-CHI-TRAIL and MNPs-CHI-
CUR were synthesized, and magnetic core was
made by chemical reduction and coated with chi-
tosan by ionic gelation modifications. The analysis
showed that the nanocomplexes were monodisperse
and stable. The combination of nanocomplexes con-
taining a TRAIL gene and curcumin drug exhib-
ited a synergistic effect on cell death induction of
murine cancer cells. The effect of the combination
of nanoparticles was enhanced by exposing the
transfected culture to laser photoactivation at wave-
lengths 405 and 532 nm. This is the first approach
for synergic interaction between a TRAIL gene and
curcumin drug to improve the apoptosis in cancer
cells. These data support the possibility to develop-
ing apoptosis induction strategies in cancer-based
on the combination of the TRAIL gene and the
curcumin molecule and using the photoactivation
property of this molecule to develop new chemoge-
nephotodynamic therapies.

Abbreviations MNPs: Magnetic nanoparticles;
CUR: Curcumin; TPP: Sodium tripolyphosphate;
CHI: Chitosan
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