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ABSTRACT

Background: Many studies have focused on the potent anti-cancer activity of Arteether (ARE).
¢ However, the hydrophobic property of this drug limits its application. To increase the bioavailability
Article info: :  of ARE, we formulated a Nanosystem (NS) of Folic Acid (FA), Chitosan (CS), and Fe,0, for delivery

Received: 20 Jun 2018 :  of ARE into breast cancer.
Accepted: 27 Oct 2018 Materials and Methods: The CS-coated Fe,O, was synthesized by co-precipitation of Fe* and Fe**
Available Online: 01 Jan 2020 : in CS gel-like solution. Then, it was conjugated with FA and ARE. The properties of ARE loaded

Nanoparticles (NPs) were characterized by Dynamic Light Scattering (DLS), Fourier Transform-
Infrared (FTIR) spectra, Scanning Electron Microscopy (SEM), drug loading efficiency, and drug
release. The bioactivity of this complex was evaluated in vitro and in vivo settings. Tumor volume
was measured, and the cytokines of Interferon-gamma IFN-y and interleukin 4 (IL-4) were assessed
in mice splenocytes.

Results: DLS showed an average size of 198nm and the charge of about -7mV. FTIR confirmed
the formation of ARE loaded NPs and SEM indicated its solid, dense structure. The drug exhibited
a loading capacity of (20%) and significant release in citrate buffer with pH 5.4 compared with
phosphate-buffered saline with pH 7.4. The NS showed significant inhibitory effect on the growth of
4T1 cell line and tumor volume. It also augmented IFN-y and IL-4 production in breast cancer-bearing
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Arteether, Nanosystem mice. ARE in FA-CS-Fe,0, composite NPs may significantly suppress tumor growth.

Chitosan, Folic acid, *  Conclusion: This NS can be utilized in the nano-based drug delivery system for the treatment of
Breast cancer :  breast cancer.
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Introduction

rteether (ARE) is a hydrophobic ether de-
rivative of Artemisinin (ARM). It has been
known as a remarkable candidate for anti-
malarial and anti-neoplastic drugs [1-3]. Tu
and associates discovered ARM in the 1970s.
It was extracted from a Chinese herbal medicine called
Artemisia Annua [4, 5]. ARM and its derivatives such as
ARE signify anti-proliferative impacts on tumor cells and
induce apoptosis [6-11]. They also cause cellular dam-
age in tumor cells by generating reactive oxygen species
[12]. They are sesquiterpene lactones containing an endo-
peroxide linkage, which reacts with ferrous iron to form
free radicals [13-15]. Since the production of free radicals
causes molecular damage and ultimately cell death, the
use of this drug has shown promising results in cancer. By
binding holotransferrin to the transferrin receptor, intake
of iron will occur. Higher expression of transferrin recep-
tors is observed on the tumor cells as compared with nor-
mal cells; therefore, higher concentrations of intracellular
ferrous iron will be present in cancer cells [16-18].

As aresult, cancer cells will be more susceptible to free
radical formation of ARE. Despite the potent anti-cancer
properties, ARE is insoluble in aqueous solutions [2].
Hence, reduced bioavailability and stability in vivo are
the major obstacles for its clinical use. We decided to as-
sess whether the encapsulation of this potent anti-cancer
drug could stimulate the immune response against breast
cancer along with an increase in its bioavailability. An
efficient immune response against tumor would shift T
lymphocyte cells to type-I and subsequently generate
gamma-interferon (IFN-y). The production of IFN-y
by T Helper 1 (Th1) activates the cytotoxic T cells, and
they would consequently be converted into the effector
cells. These processes ultimately strengthen the immune
response against tumor cells [19, 20]. As a result, encap-
sulation of this drug in biodegradable and biocompatible
composites such as nanocarriers could be helpful in drug
delivery across cancer cells [21].

In the current investigation, a nanocarrier composed
of three components of Fe,O,, Chitosan (CS) and Folic
Acid (FA) was synthesized. Nanotechnology has revo-
lutionized the concepts of drug delivery [22]. In recent
decades, Fe,O, application in biomedical sciences such
as Magnetic Resonance Imaging (MRI), hyperthermia,
and drug delivery has gained increasing interest [23-25].
Since bare Fe,O, has a large surface-area-to-volume ra-
tio, it could be a right candidate as a cross-linker between
CS polymers for drug entrapping. Also, it may increase
the anti-cancer effect of drugs and reduce the resistance
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of tumor cells to drugs [26]. CS has attracted a great deal
of attention owing to its properties such as biodegradabil-
ity and biocompatibility [27, 28]. It is a deacetylated bio-
polymer of chitin obtained from crustaceans shells [29].
The gel-like property and pH-dependent degradation of
CS make it well suited as a delivery vehicle to release the
loaded drug in the acidic tumor microenvironment [30].

The present study is focused on directed delivery of
ARE to breast cancer cells to decrease the probable side
effects of the drug, concentrate it around the tumor, and
increase its therapeutic effects. To improve the delivery
of the anti-tumor agent, we coupled CS-Fe,O, compos-
ite with FA whose receptors are widely expressed on
the surface of cancer cells. Consequently, uptake of FA
conjugates occurs through receptor-mediated endocyto-
sis [31, 32]. In the current investigation, we tried to load
ARE in the mentioned nanoformulation to release it in
the tumor microenvironment or inside the tumor cells to
generate a potent immune response.

Materials and Methods

About 6 to 8 week old female BALB/c mice were pro-
cured from the animal production center of Pasteur Insti-
tute of Iran (Karaj, Iran). The 4T1 cell line was obtained
from the National Cell Bank of Iran.

Preparation of CS-Fe304

CS-Fe,0, was synthesized by co-precipitation meth-
od. About 1.5g of CS with molecular weight of 100-
300kDa (Sigma-Aldrich, USA) was dissolved in 100mL
0.05M acetic acid (Merck, Germany), and then 3.51g of
FeCl,.6H,0 and 1.29g of FeCL.4H O (Sigma-Aldrich,
USA) were added to the solution of CS and stirred for
6h at 80°C under N, atmosphere. Subsequently, 6mL
of (25%) NH,OH (Merck, Germany) was added to the
solution and stirred for 30 min. After collecting the pre-
cipitate with a strong magnet and washing with DW and
(96%) ethanol (Merck, Germany), CS-Fe,O, was dried
in an oven at 35°C.

Preparation of ARE-loaded FA-CS-Fe,O,

About 20mg/mL of CS-Fe,O, was dispersed in DW
with the final volume of 50mL at 300rpm for 30min us-
ing homogenizer (Heidolph, Germany). Then, 2.5mg/
mL FA (Sigma-Aldrich, USA) in 20mL DW and 200pL
NaOH (1 N) was added to the CS-Fe,O, solution and
stirred for 24h. Afterward, 7mg/mL ARE (Exim-Pharm
International, India) in the solvent of (70%) etha-
nol (Merck, Germany) with the volume of 50mL was

Rajaei H. et al. Arteether-Folic Acid-Chitosan- Fe O, Nanocomplex in Breast Cancer Therapy. Immunoregulation. 2020; 2(2):89-102.



http://immunoreg.shahed.ac.ir/

IMMUNOREGULATION

added to the solution and stirred for 24h. The obtained
solution was washed with DW, collected by a strong
magnet and dried in the oven. The ARE-loaded FA-
CS-Fe,O, powder was dissolved in DW under vigor-
ous sonication for 15min using WUC D10H sonicator
(Dihan, South Korea). Ultimately, the whole nanosys-
tem (NS) contained FA-CS-Fe,O, composite NP, and
the entrapped ARE (Figure 1). Preparation of FA-CS-
Fe,O, NPs (without ARE) was carried out using the
same method mentioned above.

Physical characteristics of NPs

Fourier Transform-Infrared (FTIR) spectra of loaded
NPs, ARE, FA, CS, and Fe,O, were obtained using an
IR spectrophotometer (Nicolet IR100, Thermo, USA).
Size and potential charge of ARE-loaded FA-CS-Fe,O,
NPs were evaluated by Dynamic Light Scattering (DLS)
using a Zetasizer and scattering particle size analyzer
(Malvern, UK). Scanning electron microscopy (SEM)
(JSM-6700F, JEOL, Japan) was used to characterize and
confirm the size and shape of ARE-loaded FA-CS-Fe,O,
NPs. The samples were combined with pure potassium
bromide (KBr) for the background, and by a manual tab-
let press, it was compressed into discs.

Determination of loading efficiency

About 1 mg/mL of FA-CS-Fe,O, NPs was dispersed in
Phosphate-Buffered Saline (PBS) solution. Afterward, 5
mg/mL of ARE in the solvent of (70%) ethanol (Merck,
Germany) was added to it and stirred at RT for 24 h (IKA,
Sweden). The ARE-loaded FA-CS-Fe,O, composite was
centrifuged at 5800g for 15 min (Hermle, Germany).
The solution was then analyzed using ultraviolet-visible
(UV) spectroscopy (Shimadzu, Japan) to determine the
nonencapsulated ARE at 250nm and then compared with
the standard curve prepared by using different concen-
trations of ARE (0.00975), (0.0195), (0.039), (0.0758),
(0.15), (0.313), (0.625), (1.25), (2.5), and (Smg/mL).
The amount of nonencapsulated drug was compared to
the total drug in the solution of FA-CS-Fe,O, NPs and
quantified as follows [28]:

Z=[(A-B)/A] <100
Y=[(A-B)/C] 100

Where Z is the drug loading efficiency percentage, Y
refers to the drug loading capacity percentage, A denotes
the total amount of added drug, B is the amount of free
drug in solution, and C refers to the total amount of NS
containing ARE and FA-CS-Fe,O, NPs.
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In vitro drug release

The drug release response of ARE-loaded FA-CS-
Fe,O, NPs was studied in physiologic pH 7.4 and acidic
pH 5.4, which represents the endolysosomes pH of can-
cer cells. Two sets of 7mg of ARE-loaded FA-CS-Fe,O,
were distributed in 7mL of 0.01M PBS solution (pH 7.4)
and 7mL of 0.1M citrate buffer (pH 5.4), separately. The
whole volume of each buffer with the content of ARE-
loaded FA-CS-Fe,O, was dispensed into 14 microtubes,
containing a volume of 500 pL in duplicate in 7 various
sets. Then, all sets were incubated at 37°C under gentle
rotation. At exact time intervals of (2, 4, 6, 12, 24, and
48h), the samples were centrifuged at 5800g for 15min.
Then, the analysis of the solution and the quantification
were carried out with UV spectroscopy (Shimadzu, Ja-
pan) at a wavelength of 250nm as pointed out here [33]:

D=(R/T)*100

Where D, is the percentage of drug release, R is the
amount of released ARE, and T denotes the amount of
total ARE in NS.

Cell culture

The 4T1 cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) (Gibco, USA) with additive of
2mM L-glutamine and (10%) fetal bovine serum (FBS)
(Gibco, USA), 100U/mL penicillin and 100pg/mL strep-
tomycin solution (Gibco, USA) in (5%) CO, at 37°C
(Gallenkamp, UK).

Cytotoxicity assay

The cytotoxic activity of ARE and ARE-loaded NPs
were evaluated by MTT "3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide" (Merck, Ger-
many) assay. About 1x10* 4T1 cells in each well with
a volume of 200pL. DMEM, containing (10%) FBS,
100U/mL penicillin, and 100pg/mL streptomycin solu-
tion (Gibco, USA), were seeded on two separate 96-well
cell culture plates (Grinner, Germany). After 24h, they
were treated with serial dilutions of 30, 45, 60, 75, 90,
105, 120, 135, and 150pg/mL of ARE, 120, 180, 240,
300, 360, 420, 480, 540 and 600ug/mL of FA-CS-Fe,O,,
and 150, 225, 300, 375, 450, 525, 600, 675, 750ug/mL
of ARE-loaded FA-CS-Fe O, "each concentration con-
tained (20%) are according to loading capacity". Then,
MTT at a final concentration of 0.5mg/mL was added
to each well after passing 24h and 48h the treatments
being exposed to cells. Then after 4h incubation and
discarding the medium of each well, 100 pL dimethyl
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sulfoxide (Merck, Germany) was used to dissolve the
blue formazan crystals. The absorbance was assessed
at 540nm using Enzyme-Linked Immunosorbent Assay
(ELISA) reader (Multiskan, Finland). The cell viability
was reported as the percentage of control, as shown here:

V=(S/C) %100

Where V is the viability percentage, S is the Optical
Density (OD) of samples (the cell lines which were
treated with drug), and C is OD of the controls (the un-
treated cell lines).

Tumor induction and its volume measurement

Six to eight week old female BALB/c mice were inject-
ed subcutaneously with 6x10° 4T1 cells in 100pL PBS
(Figure 2). After 12 days during which tumors reached a
measurable size, the tumor size was measured, and the
treatment was initiated. A total of 25 BALB/c mice were
randomly divided into five groups, with 5 mice in each
group. Groups were treated with cyclophosphamide
(Sigma-Aldrich, USA) as a positive control, ARE, FA-
CS-Fe,0O,, ARE-loaded FA-CS-Fe,O, in PBS and the
final group as a negative control (not treated at all). The
mice were injected via intraperitoneal route with 0.1 mL
of ARE (20mg/kg) in PBS (Merck, Germany), 0.1 mL
FA-CS-Fe,O, (20mg/kg) in PBS, 0.1mL ARE-loaded
FA-CS-Fe,0, (20mg/kg) in PBS, and 20mg/kg cyclo-
phosphamide, every other day on days 12, 14, and 16.
The tumor size of mice was reported on days 12, 14, 16,
and 18. The tumor volume of each group was checked
using a digital caliper vernier (Mitutoyo, Japan) and cal-
culated with the following formula [34]:

V =(n/6) xLW*

Where V is the tumor volume, n is 3.14, L is the length
of tumor tissue, and W is the tumor width.

Figure 1. The process of ARE-loaded FA-CS-Fe,O, NS conjugation
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On day 21, the mice were killed by cervical dislocation
method, and various immunoassays were carried out.

Preparation of tumor lysis antigen

The tumor tissue sample was obtained from BALB/c
mouse burdening tumor in the volume of 3000 mm?.
The tumor tissue was sliced into small pieces in 10 mL
PBS. The specimen was lysed using the freeze-thaw
procedure 5 times. Then, for deactivating serine pro-
teases, | mM Phenylmethylsulfonyl Fluoride (PMSF)
(Gibco, USA) was added and then sonicated with a
rating power of 4 W. The cell lysate was centrifuged
at 3000g for 15 min at 4°C, and the supernatant was
dialyzed via dialysis bag with MW cutoff point of 3500
gmol! (Spectra/Por, USA) for 24h. The extract was
passed through a 0.22um filter (GVS, USA). Bradford
method was used to determine the protein concentra-
tion using the Bio-Rad assay kit, and the extract was
maintained at -20°C for further use.

Cytokine assay

On day 21, the mice were killed by cervical disloca-
tion method, and their spleens were aseptically homog-
enized. Splenocytes were collected and cultured with the
amount of 1x10%mL in each well in Roswell Park Me-
morial Institute (RPMI)-1640 medium culture. The cul-
ture was complemented with 2mM L-glutamine, (10%)
FBS (Gibco, USA), 100U/mL penicillin, and 100pg/mL
streptomycin solution (Gibco, USA) in 24-well culture
plates (Nunc, Denmark) with the exposure of 20pug/mL
tumor lysis antigen. After passing three days of incuba-
tion, the supernatants of cultured spleen cells were kept
at 37°C in humidified (5%) CO, (Gallenkamp, UK). The
concentration of IFN-y and IL-4 cytokines were checked
using ELISA technique. An ELISA kit (R&D, USA) was
purchased to measure IFN-y and IL-4, and all the steps
were done according to the manufacturer's protocol.

hinizoREGULATION
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Figure 2. Tumor formation in mice after the inoculation of
4T1 cells

Statistical analysis

The obtained data were analyzed in GraphPad version
6.01, (Prism, USA) and Statistical Package for the So-
cial Sciences (SPSS). P values less than 0.05 were re-
garded as statistically significant. All the analyses were
performed by Two-way Analysis of Variance (ANOVA)
and Tukey’s post hoc test representing Mean+SD of 5
independent experiments.

Results
Properties of ARE-loaded FA-CS-Fe,O, NPs

The FTIR spectrum of CS Figure 3 A shows the bands
at 1031 and 1083 cm corresponding to typical $tretch-
ing vibrations of C-O. The peaks of 1598 and 3445 cm'!
belonged to CS were attributed to NH2 and OH group,
respectively. The spectrum of FA is indicated in Figure
3 B. The spectrum that occurred at 1638 and 1696 cm'!
are the characteristics of C-O stretching vibration band
in CONH and COOH groups, respectively.

In the spectra of ARE in Figure 3 C, the peaks of 1031,
954, and 900 cm™! correspond respectively to C-O-O-
C étretching vibration in ARE. The peak of 582cm™ in
blank FA-CS-Fe,O, and ARE-loaded FA-CS-Fe O, rep-

resents for Fe,O,, and the peak of 1606cm™ is charac-
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teristic of an amine group (-NH2) in CS existed in NS
(Figure 3 D and E). In addition, the peaks of 1646 and
1699cm™ in blank FA-CS-Fe,O, and ARE-loaded FA-
CS-Fe,O, are respectively indicative of C-O stretching
vibration band in CONH and COOH (Figure 3 D and E).
Moreover, the peak of 1077cm™ in ARE-loaded FA-CS-
Fe,O, represents ARE (Figure 3 E).

The DLS analysis showed the size of 198nm and the
zeta charge of -7mV for ARE loaded FA-CS-Fe O, (Fig-
ure 4 A). Figure 4 B shows the SEM image of ARE-
loaded FA-CS-Fe,O, displaying solid, dense spherical
structure with an almost spherical shape.

Drug loading consideration

Mainly, two types of drug loading are important: load-
ing efficiency and loading capacity. Referring to the
standard curve provided with different concentrations
of ARE, the amount of drug entrapped in NPs could be
calculated. Around 400pg out of 1000pg of ARE drug
was entrapped in FA-CS-Fe,O, NPs, and 200pg of ARE
was in 1000pg of total NS. In other words, the loading
efficiency and the loading capacity percentages were de-
termined as (40%) and (20%), respectively.

Drug release pattern

The amount of free drug released from the NS at
the time intervals of 2, 4, 6, 12, 24, and 48h was as-
sessed using UV spectrophotometer. The pattern of
drug release is clarified in Figure 5. After 48h, (97%)
of drug released from NS in citrate buffer with pH of
5.4 (showing acidic pH in tumor cells) and (25%) of
drug released from NS in phosphate buffer with pH of
7.4 (showing neutral pH in the blood).

Cytotoxicity assay

The 4T1 cell lines were treated with the predetermined
concentrations of 30-150pg/mL of ARE solution; the
concentration of 150pg/mL of drug destroyed nearly
(50%) of cells after 24h. According to the loading capac-
ity of NPs, the concentrations were chosen in such a way
that in each concentration, the NS contained (20%) ARE.
As a result, the concentrations of 150-750pg/mL were
selected. By subtracting the amount of ARE from ARE-
loaded FA-CS-Fe,O,, the weight of blank FA-CS-Fe O,
NPs would be obtained (120-600pg/mL). Based on the
concentrations of FA-CS-Fe,O, NPs used in this study,
these amounts showed toxicity on 4T1 cell line due to its
low-loading capacity. Although 150pug/mL of pure ARE
killed (50%) of cells, the viability indicated that the con-
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CS, FA, ARE, FA-CS-Fe,0, conjugate, and ARE-loaded FA-CS-Fe,O,

A: The absorption peaks of CS are shown; B: The peaks of 1638 and 1694cm™ are indicative of CO in CONH and COOH groups
of FA respectively; C: The mentioned peaks represent the stretching vibration of C-O-O-C in ARE; D: The peak of 1606 shows

amine stretching vibration in CS and the peaks of 582cm™ belong to Fe-O in Fe,O,

of ARE in NS

centration of NS carrying 105pg/mL of drug would lead
to the death of approximately (40%) after 24h which was
totally significant compared with the drug itself and the
blank NPs (P< 0.05, 2-way ANOVA). After 48h, 75ug/
mL of drug killed a little more than (50%), whereas the
concentration of NS carrying 45ug/mL of ARE solution
had the same impact (Figure 6).

Tumor volume measurement

As shown in (Figure 7 A), the groups receiving ARE,
FA-CS-Fe,0,, and ARE-loaded FA-CS-Fe,O, inhib-
ited tumor growth as compared to the untreated group.
Although the tumor size of the group that received NS
shrank to 94 mm?® from the primary size of 286 mm?® and
the experimental observations showed a decrease in tu-
mor growth in ARE and blank FA-CS-Fe, O, NPs treated
groups as well, no significant difference was observed

between the treated groups (P>0.05, Tukey’s test).

E: The peak of 1077 cm™ reveals the presence

v

Cytokine assay

As illustrated in Figure 7 B, ARE-loaded FA-CS-Fe O,
had a remarkable impact on the generation of IFN-y
(P>0.05, Tukey’s test) compared with the groups receiv-
ing blank FA-CS-Fe,O, NPs, ARE, cyclophosphamide,
and PBS. It also enhanced the production of IL-4 as
compared to blank FA-CS-Fe,O, NPs, ARE, and un-
treated groups, whereas its production was not signifi-
cant in the group received cyclophosphamide (P>0.05,
Tukey’s test). The P value for IFN-y in non-significant
data between FA-CS-Fe,O, and ARE was 0.242, be-
tween FA-CS-Fe O, and cyclophosphamide 0.828, be-
tween FA-CS-Fe O, and untreated 0.259, and between
ARE and untreated 1. Also, the P value for IL-4 in non-
significant data between ARE-loaded FA-CS-Fe O, and
cyclophosphamide was 0.981, between FA-CS-Fe O,
and ARE 0.798, between FA-CS-Fe,O, and untreated
group 0.705, and between ARE and untreated group 1.
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Figure 4. The DLS analysis
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A: The size and zeta potential of ARE-loaded FA-CS-Fe,O, NS. The NS showed the average size of 198nm and the average
charge of -7 mV; B: SEM of ARE loaded FA-CS-Fe,O, NS. This Figure shows the almost spherical shape of NS, and the level of

disaggregation is typically shown in the picture
Discussion

We hypothesized that the designed nanoformulation
of FA-CS-Fe,O, for carrying ARE as an anti-neoplastic
drug would generate a more potent response against
breast cancer. Followed by our previous study on im-
munomodulatory effects of ARE in our department, this
investigation aimed to stimulate an immune response
against breast tumor by loading ARE in the designed
FA-CS-Fe,0, NPs [35]. Our results imply that intraperi-
toneal injection of ARE loaded FA-CS-Fe,O, NPs con-
tributes to significant type-I (Th1) immune response and
anti-tumor activity in BALB/c mice with breast cancer.

100 ~
80
60

40

ARE release (%)

20

ARE-loaded FA-CS-Fe,O, NPs

Regarding the Fe?* dependent function, similar to
ARM and dihydroartemisinin as model hydrophobic
chemotherapy drugs, ARE can be considered a therapeu-
tic alternative in highly aggressive cancers by inducing
mechanisms such as apoptosis and angiogenesis [36].
Accordingly, it could draw a lot of attention, if it wasn’t
for its hydrophobic structure, that makes it unavailable
for tumor tissue. Therefore, to overcome the problem,
to enhance its blood circulation time, and to concentrate
it around the tumor environment, we loaded ARE in a
nanoformulation with the structure of FA-CS-Fe,O,. In
this structure, Fe,O, possesses sufficient capacity due

-o- Citrate buffer (pH=5.4)
-m- Phosphate buffer (pH=7.4)

Time (h)

hivunoREGULATION

Figure 5. The release profile of the drug in citrate and phosphate buffer. It was observed that after passing the time of 48h, (97%)
and (25%) of drug released in citrate buffer (pH 5.4) and phosphate buffer (pH 7.4), respectively
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Figure 6. MTT cytotoxicity assay on 4T1 cell line
A: 24 h after treatment. While 150pg of pure ARE killed (50%) of cells, the viability indicates that the concentration of NS car-
rying 105pg of the drug caused the death of approximately (40%) after 24h which is significant in comparison with the drug
itself and the blank NPs; B: 48h after treatment. 75pg of drug killed a little more than (50%), whereas the concentration of NS
carrying 45pg of ARE had the same impact After 48h

to its large surface-area-to-volume ratio, which makes would be a problematic agent. Therefore, Fe,O, was
it more available to CS [37, 38]. Fe,O, NPs intend to synthesized in gel-like CS solution. In this study, Fe,O,
aggregate because of their super paramagnetic property was supposed to be a cross-linker between CS polymers.
[39]. To reach a proper size, aggregation occurrence CS as a biodegradable polymer is pH sensitive and can

Figure 7. Tumor volume measurement N ‘ ‘
IviuNoREGULATION

A: The tumor size in ARE, ARE-loaded FA-CS-Fe,O, NS, and FA-CS-Fe,0, NPs in comparison with cyclophosphamide and
the untreated group. The difference in the volume of tumor between the treated groups was not significant. The treated groups
shrank the tumor size in comparison with the untreated group, and according to the graph, the difference in the reduction of
tumor growth was significant; B: The assay of IFN-y and IL-4 cytokines by ELISA. ARE-loaded FA-CS-Fe,O, NS increased
the level of IFN-y significantly as compared to the other groups. The NS enhanced the level of IL-4 cytokine as well, but IFN-y
increase in proportion to IL-4 enhancement was a lot more significant in the group received NS

Rajaei H. et al. Arteether-Folic Acid-Chitosan- Fe O, Nanocomplex in Breast Cancer Therapy. Immunoregulation. 2020; 2(2):89-102.
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be degraded in acidic pH of tumor environment and en-
dolysosomes of tumor cells [40]. Thus, it could be an ex-
cellent candidate to release the drug in acidic pH around
or within the tumor cells. To demonstrate the formation
and the presence of Fe,O, in NS (Figure 3), the IR spec-
trum of 582cm™ was obvious evidence compared with
other studies [28, 41]. Moreover, the peak of 1534cm’,
which is near to the spectrum mentioned in another study
is characteristic of the amine group in CS [42]. To direct
the obtained NPs to the tumor tissue, another component
like FA was applied. Tumor cells have a great deal of FA
receptors on the surface compared with normal cells [43,
44]. Hence, by receptor-mediated endocytosis, the NS
would be able to pass through the tumor cells and make
ARE more available to the tumor site. As mentioned, the
peaks of 1638 and 1694cm™ are characteristics of ketone
group binding NH and ketone binding OH, respectively.
Accordingly, the peaks of 1646 and 1699 represent the
existence of FA in the NS [45].

In this study, the average size of 198nm with the charge
of -7TmV were achieved (Figure 4 A). Primarily, particles
less than 300nm (less than 750nm in some studies) enter
through the leaky endothelial cells of tumor vessels, and
such regular array of endothelial cells do not exist in tu-
mor tissue; this is a common event which occurs with in-
creasing angiogenesis [46]. By nanoemulsifying of ARE
in one study, the size of 156nm was achieved, while the
potential charge was more negative -23mV [47]. The
more positive charge the particles have, the more con-
tact attachment between particles and tumor cells might
happen [48]. The micrographs obtained by SEM did not
show any aggregated particles, and also they had a com-
pact spherical shape (Figure 4 B). The biocompatibility
and cellular uptake are probably influenced by the shape
of nanomaterials. Dendrimer-shaped or plate-shaped
particles showed more toxicity than spherical-shaped
NPs on normal cells [49]. All the mentioned studies
showed that we achieved a proper size, with zeta poten-
tial, and suitable shape.

Loading and release profile of ARE

The loading capacity exhibited that the NS can load
only (20%) of its total mass and also (40%) of the to-
tal drug used. It is to say that every 1000ug of total NS
contained 200pg ARE and by consuming 1000pug ARE,
400ug would be entrapped in FA-CS-Fe,O, NPs. In an-
other study performed on carrying doxorubicin by FA-
CS-Fe,O, NPs, drug loading of about (10%) was reported
[50]. These blank NPs were able to physically entrap low
amounts of ARE (20%) in our study too. Therefore, for
reaching the effective dose for tumor growth reduction,

Winter & Spring 2020. Volume 2. Number 2

high quantities of NS were applied in vitro, which might
be toxic. In another study, to carry ARE and increase its
blood circulation time for malaria treatment, solid lipid
NPs were used [51]. The entrapment efficiency was re-
corded precisely like the amount obtained in our study
"loading efficiency of (40%)", but no reporting on its re-
lease profile was reported in the mentioned study.

To evaluate the release profile of ARE from the NPs
for 48h (Figure 5), at the determined time intervals,
one set was quantified spectrophotometrically. Accord-
ing to the release profile in our study, a rapid release
of ARE from FA-CS-Fe,O, appeared at pH 5.4, and
(97%) of ARE was released into citrate buffer with pH
5.4, while a prolonged release of drug was observed in
phosphate buffer with pH 7.4 after 48h. This amount
of release is indicative of the designed NS excellent
pH sensitivity. This pH-dependent release of ARE is of
great value in clinical use because the extracellular mi-
croenvironment and intracellular lysosomes of tumor
cells are both acidic [52].

Assessment of cytotoxicity in tumor cells

By using different concentrations (30-150pg/mL) of
ARE (Figure 6), the dose which killed about (50%) of
4T1 cells was achieved (150pg/mL). To contain (20%)
ARE, the concentration range of 150-750pg/mL of NS
was chosen. Because of the high amount, free-drug NPs
showed toxicity on 4T1 cells. In another study, it was
shown that Fe,O, NPs at higher concentrations (more
than 300pg/mL) would lead to toxicity for up to 6 hours
of exposure [53]. Although the same amount of Fe,O,
NPs was not used in this study, the prolonged expo-
sure (24h and 48h) of free-drug NPs (120-600pg/mL)
reduced the viability to about (70-40%). Accordingly,
the NS showed more toxicity on 4T1 cells, and in the
concentration containing 105pg/mL of ARE, the NS re-
duced the viability to (40%).

Tumor volume measurement

The adequate concentration of ARE-loaded NPs with
the lowest probable toxic effects should be selected for
injection to mice bearing breast cancer. Referring to one
study performed in 2012 by Ping Ma et al., 5 and 10 mg/
kg of pure Fe,O, was recommended as the safest dose
with the lowest side effects [54]. As 20mg/kg of the NS
in this investigation contained the components of ARE,
CS, and FA along with Fe,O,, it seems that the choice of
this amount was a reasonable selection. Of course, 20 mg/
kg of NS possessed undoubtedly less ARE in comparison
with solo ARE in the same dose. This condition elucidates
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that ARE loaded FA-CS-Fe O, NPs owning less drug had
the same output on tumor growth (Figure 7). Despite no
notable difference between ARE and ARE-loaded NP in
the growth of the tumor on day 18, the latter specified
similar impact as compared to cyclophosphamide on the
growth of cancer. Along with our investigation, another
similar study applied liposome nanomagnetic for carrying
ARM and targeted this NS to the breast tumor tissue in
BALB/c mice [55]. However, carrying ARE, ether deriva-
tive, and modified form of ARM, with nanoformulation of
FA-CS-Fe,0, to target tumor cells, was performed for the
first time in this $tudy.

Assessment of cytokine production

Following NS injection, a significant enhancement in
the secretion level of IFN-y was observed (Figure 7 B).
In our previous study, it had been suggested that ARE by
its own is not able enough to trigger an immune response
from the insight of IFN-y and IL-4 cytokines’ secretion
[35]. Although solo ARE also showed no effects on the
generation of these two cytokines in our research, no-
table results in immune response after NS injection were
reported compared with the control group. It is supposed
that there was a possible link between raised IFN-y and
dropped tumor growth [56]. Thl orientation in the mi-
croenvironment of the tumor provides an appropriate
condition for anti-tumor responses. Although ARE-load-
ed FA-CS-Fe,O, NPs increased the rate of both IFN-y
and IL-4, IFN-y enhancement in proportion to IL-4 was
a lot more significant in the group receiving NS. That is
another evidence for the effectiveness of NS as a thera-
peutic drug on the induction of Thl immune response
besides its tumor-killing characteristics. Considering the
results obtained in the present study, ARE-loaded FA-
CS-Fe,O, NPs can have a promising therapeutic effect
on the reduction of tumor growth and increase in the
stimulation of immune responders more likely to Th1.

As it is shown in our study and previous studies, ARE
showed cytotoxic effects on tumor cells. Therefore, it
can be regarded as an anti-cancer drug. But the problem
is its low availability in the tumor site. In this study, we
tried to concentrate it in tumor site and inside of a tumor
cell through our designed NS. So, it would be promising
to kill more tumor cells. After killing tumor cell and lys-
ing, more antigens and peptides are released around the
tumor site. In this area, there are some immune cells like
dendritic cells which are capable of taking these antigens
and presenting it to T cells in tumor site or lymphoid or-
gans. As a result, more T cells would be activated, and
the concentration of IFN-y be enhanced eventually.

IMMUNOREGULATION

Our findings showed that ARE-loaded FA-CS-Fe O,
NP with the designed formulation decreased the rate of
tumor growth and increased the level of IFN-y in mice
with breast cancer. The inhibitory mechanisms of tumor
growth should be studied further. More analysis on the
effect of these NPs on normal cells, cytokine patterns,
tumor infiltrated lymphocytes, a variety of immune
cells, and intracellular signaling system in murine mod-
els should be performed. Regarding all findings in this
study, ARE-loaded FA-CS-Fe,O, NP can be considered
as a promising nano-drug delivery system for the treat-
ment of breast cancer.
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