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MPO enzymes on the folate-linked chitosan-coated Fe;O, nanoparticles. The synthe-
sized nanoparticles were functionalized with folic acid as the breast cancer cell detec-
tor. Then, the hisABC-NB's stability and structural properties were characterized by
studying Zeta-potential, XRD, FTIR, VSM, FESEM, and DLS analysis. Next, the selectivity
and anti-tumor activity of the hisABC-NB were comparatively analyzed on both normal
(MCF-10) and cancerous (MCF-7) human breast cells by analyzing the cells’survival,
apoptotic gene expression profile (P53, BAX, BCL2), and flow cytometry data. Finally,
the hisABC-NB's traceability was detected by T2-weighted MRI imaging on the balb-c
breast tumor models.

Results: The hisABC-NB significantly reduced the MCF-7 human breast cancer cells by
inducing apoptosis response and arresting the cell cycle at the G2/M phase compared
with the normal cell type (MCF-10). Moreover, the hisABC-NB exhibited a proper MRI
contrast at the tumor region of treated mice compared with the non-treated type,
which approved their appropriate MRI-mediated traceability.

Conclusion: The hisABC-NB's traceability, dirigibility, and selective cytotoxicity were
approved, which are the three main required factors for an efficient anticancer com-
pound. Therefore, it has the potential to be used as an intelligent safe anticancer agent
for human breast cancer treatment. However, several in vitro and in vivo studies are
required to clarify its selectivity, stability, and safety.
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Background

Breast cancer (BC) represents approximately 23% of all women’s cancer worldwide
(Gupta et al. 2015). Iranian BC patients in 2015 reported 12,802 patients, which were
almost (51%) under 50 years old. In time screening, detection, and preventive treat-
ment are considered the main three-axis issues in reducing the global burden of all
cancer types (Omidi et al. 2022). To find the most efficient targeted BC treatment
strategy, it is required to have a deeper look at the tumor carcinogenesis process as
well as the tumor-suppressive potentials of the human immune system.

The cancer progression requires continuous bioenergetics flow to respond to the
cancer cell metabolic requirements (Kee and Cheong 2014) and anti-oxidative
defense mechanisms for non-stop proliferation, even under stressful conditions
(Arfin et al. 2021). It has been found that folate receptor-a (FLa) overexpression sup-
plies the folate resources of cancer cells and grants their rapid proliferation (Cheung
et al. 2016). Different areas in the body are prone to be transformed into primary can-
cer niches such as breast, ovarian, colorectal, and lung, which up-regulated the cell
membrane FLa receptors (Norton et al. 2020). Therefore, FLa-tracing can detect FLa-
expressing cancer cells, such as breast cancer, and can potentially be used as a trace-
able tumor marker detector by imaging techniques (Sega and Low 2008).

Cancer cells and other normal cells are vulnerable to reactive oxygen (ROS) and
nitrogen (RNS) species such as hypochlorous acid and nitric oxide. In this regard,
the first-line immune response to cancer cell proliferation is conducted by increasing
the ROS/RNS nearby the cancer cells produced by white blood cells” innate immune
response, such as M1 macrophages. They induce apoptosis-mediated cell cycle arrest-
ment under ROS/RNS-induced inflammation conditions (Aboelella et al. 2021). In
other words, M1 macrophages temporarily increase hypochlorous acid and nitric
oxide levels nearby the cancer cells by secreting the local myeloperoxidase (MPO)
(Ali et al. 2022) and inducible nitric oxide synthase (iNOS) (Singh and Gupta 2011)
enzymes.

Various anticancer drugs have recently been investigated to induce cell-selective
intracellular ROS-mediated apoptosis in cancer cells, which are mainly suggested to
be used as nano-drug delivery systems (NDDS). The NDDSs are responsible for pas-
sively delivering the encapsulated anticancer compounds to the target cancer cell and
inducing ROS-mediated apoptosis. Also, their biocompatibility and serum solubility
make them more efficient (Jahan et al. 2021). In this regard, nanoparticles targeting
breast cancer cell receptors such as EGFR- (Milane et al. 2011), Folate Receptor-
(Alibolandi et al. 2016), and HER-2 (Kim et al. 2020) targeted drug-loaded NPs have
been synthesized for the efficient delivery of anti-breast cancer compounds (Asadol-
lahi et al. 2022).

In the current study, iNOS and MPO enzymes, the two potent inducers of the innate
immune cell’s respiratory explosion, have been immobilized on the individual folate-
conjugated chitosan-coated Fe;O, nanoparticles to induce ROS/RNS-mediated apopto-
sis in MCF7 breast cancer cells. Therefore, the selectivity, toxicity, anticancer activity,
and traceability of the magnetic traceable nano-carrier called human immune cell simu-
lated anti-breast cancer-nanorobot (hisABC-NB) was studied on MCF7/MCF10 cell
lines and murine breast cancer models (Fig. 1).
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Fig. 1 The hisABC-NB synthesis process. MNP magnetic nanoparticle, EDC 1-ethyl-3-(3-dimethylaminopro
pyl) carbodiimide, iNOS inducible nitric oxide synthase, MPO myeloperoxidase, hisABC-NB human immune
simulated anti-breast cancer-nanorobot
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Results

The hisABC-NB physicochemical characterization

The first-line characterization assays were utilized to evaluate the crystallinity, mag-
netism, morphology, size, and surface charge of the MNP nanoparticles by XRD,
VSM, FESEM, DLS, and zeta potential techniques. The MNP’s size was determined
at 19 nm by FESEM microscopy (Fig. 2Aa). Meanwhile, the DLS results exhibited a
tenfold larger size for MNP particles at a Z-average of 212 nm. Regarding the mono-
disperse production process of MNP (polydispersity index (PDI) value at 0.418)
(Stetefeld et al. 2016), the results indicate the magnetism-based accumulation of MNP
(Fig. 2Ab). The XRD pattern of MNP’s particle was detected by the six most common
20 angles positions at 30.1°, 35.7°, 43.3°, 53.9°, 57.5°, and 63° (Fig. 2Ac).

The second line characterization analysis was continued by measuring the size
and morphology of folate-linked coated lysine-chitosan MNP (FLcMNP). The TEM
micrograph exhibits the spherical organized structure of FLcMNP at lower than
50 nm dimensions (Fig. 2B). The FESEM result showed a significant enlargement for
FLcMNP nanoparticles at about 40 nm (Fig. 2Ca). The partial enhancement of PDI
(0.448) does not change the mono-disperse processing condition. Therefore, the
increased particle size (Fig. 2Cb) directly depends on the FLcMNP’s magnetism prop-
erty. Moreover, the XRD pattern of the FLcMNP verifies its F;O, core and coating
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Fig. 2 The MNP and FLcMNP characterization. The A and € columns show the MNP and FLCMNP
nanoparticles' characterization. Part B shows the TEM micrograph of FLCMNP. a FESEM micrograph of the
MNP (left) and FLCMNP (right) nanoparticles. b DLS results of the MNP (left) and FLcMNP (right) nanoparticles;
¢ XRD patterns of both the MNP (left) and FLCMNP (right); MNP magnetic nanoparticle, FLcMNP
FOLATE-linked lysine-chitosan MNP

alterations by detecting the same 20 angles sites and decreased peak intensity, respec-
tively (Fig. 2Cc).

The magnetism activity and surface charge were analyzed for MNP and hisABC-
NB. The results revealed a notable decreasing magnetism activity and remarkable
enhancement of surface charge in hisABC-NB compared with MNP nanoparticles
from 21.1 to 44.9 mV (Fig. 3).

The last line characterization process of the hisABC-NB was completed by verifying
its chemical structure during production. The chitosan-coated MNP (cMNP) forma-
tion was confirmed by the appearance of typical characteristic absorption bands of
chitosan-coated magnetic nanoparticles at 3407, 2925, 1626, and 1098 cm ™! wave-
numbers (Fig. 4A) (Pineda et al. 2014). The wavenumbers exhibited the chitosan
structural atomic bonds, which are mentioned in Table 1.

As shown in Fig. 4B, the success in producing the lysine-linked c MNP was verified
by detecting the peptide bond atom binding absorption bond at 3439 cm™! wavenum-
bers. This is while the cMNP’s characteristic bonds were seen at their previous range
(Miao et al. 2017). The folate conjugation process had passed two distinct verifica-
tion FTIR analyses: The folate-putrescine-glutamine (FPG) linker and linker-cMNP
conjugating steps. As shown in Fig. 4 sections C and D, the common typical charac-
teristic band in both FPG and FLcMNP was detected at 1511.11 cm™?, which exhib-
its the presence of phenyl and pterin rings in folate structure (Mohammed 2014).
However, the success in producing FPG linker was approved by detecting the folate
(1511.22 cm™!) (Mohammed 2014), putrescine (2847.67 cm™!) (Saha et al. 2016), and
glutamine (3378.44 cm™') (Miao et al. 2017). Finally, the enzyme conjugation process
was proved by detecting the proteins’ amino acid peptide bonds at 3000 to 3500 cm ™!
wavenumbers (Fig. 4E) (Miao et al. 2017).
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Fig. 3 The VSM (left) and zeta potential (right) result of MNP (A) and hisABC (B); VSM vibrating sample
magnetometer results, MNP magnetic nanoparticle, hisABC-NB human immune simulating anti-breast
cancer-nanorobot

The enzyme immobilization efficiency

Also, considering the standard Bradford curve of bovine serum albumin, the ELE% was
calculated at 94.76%.

The hisABC-NB activity

The hisABC-NB activity was compared with the un-conjugated enzymes, including both
iNOS and MPO, to evaluate the impact of enzyme immobilization on their activity. As
shown in Fig. 5A, the immobilized iNOS enzyme on the hisABC-NB surface exhibits
more significant activity than the free enzyme. The increased activity (3.8 IU) of the con-
jugated iNOS compared with its un-conjugated form (2.5 IU) may indicate the enzyme
condensation during the immobilization process. The constant K, value (18 uM) before
and after conjugating process reflects no changes in the enzyme affinity to arginine dur-
ing the immobilization process (Sudo 1995). On the other hand, the decreased K, value
from 50 to 40 pM indicates the enhanced affinity of the conjugated MPO to tyrosine
(Fig. 5B). Formazan has been measured for simultaneously measuring both immobilized
iNOS and MPO enzymes on the hisABC-NB surface (Fig. 5C).

The maximum hisABC-NB activity was detected at the combined concentration of
tyrosine: arginine (450 pM: 120 uM). Also, the hisABC-NB'’s functional stability was
studied by plotting the nanorobot activity (Fig. 5C, D). In this regard, the half-life of his-
ABC-NB can be estimated at T, =5 days, 5 h, and 39 min (Fig. 5D).



Seyedi et al. Cancer Nanotechnology

(2022) 13:44

- T
—Y \ /’ a
\/ \/ \ |
/ “ :
/292599 185350 109840 | |
/ 1398.11 |, \ |
o l pil ||
\ / & NH N co-c v
\ /
\/
e 3407.68 g S | e A
, N A \ / \//\\ N
s i
B i 292531 \/ 1 \{ {
N-H l { |
1643.23 \ |
cH 1077.95 v
N-H \
\ c-0-c
. b |
N e} 3439.23 //—w—w—AwwM\ o)
© L
g O=C-N-|*
g 202123
£ \T 1642.11 \
= \/ l 15194 || [\
g / f
z 3428.09 [
g /
& l, 2 1065.62 \
N-H \
0-C-N-H
0=C-N-H 164222
- T | . AN .
> / ‘ y/ W!\\,/\[
\ 1
\ i/W v
\ 2847.67 \
\ / 2921.47 ‘\I \;’
3378.44 4 l
1511.27
2017.14 1646.31 \
3329.85 N-H VAN
CcH
3481.04
1074.93 \ )
c-0-C /
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Fig. 4 The FTIR characterization of the hisABC-NB and its sub-particles including cMNP, LcMNP, FLcMNP, and
FPG; MNP magnetic nanoparticle, FLcMNP folate-linked lysine-chitosan MNP, FPG folate-putrescine-glutamine
linker, hisABC-NB human immune simulating anti-breast cancer-nanorobot

Table 1 The FTIR characteristic bands of the hisABC-NB nanomaterial

Nanomaterial

Characteristic bands

The bands’ type and related atoms

cMNP

LcMNP
FLcMNP
FPG

hisABC-NB

Symmetrical (v ,CH,) stretching vibrations of the CH, groups

3407.68 O-H and N-H stretching vibrations

2925.99 C-H stretching vibrations

1632.30 N-H bending vibrations

109840 C-0O-C stretching vibrations

343939 N-H and O-H stretching bonds of the amino acids
1511.11 Phenyl and pterin ring

2847.67

1511.22 Phenyl and pterin ring

3000-3500

N-H and O-H stretching bonds of the amino acids
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Fig. 5 The enzyme activity and time-mediated functionality. A The comparative Michaelis-Menten diagram
of iNOS and hisABC-NB. B The comparative Michaelis-Menten diagram of MPO and hisABC-NB. C The
maximum hisABC-NB activity and its related substrate. D The hisABC-NB functional stability during 30 days of
incubation at 4 °C; hisABC-NB human immune simulating anti-breast cancer-nanorobot

The hisABC-NB selective cytotoxicity

To evaluate the hisABC-NB selective cytotoxicity, a range of hisABC-NB concentra-
tions (0, 31.2, 62.5, 125, 250, 500, 750, and 1000 pg/ml) was added to the 2-ml cell
culture dishes (6 cm) of both normal (MCF-10a) and cancerous (MCF-7) cells. The
results exhibited a significant association between the increasing doses of hisABC-NB
and enhanced incubation times (Fig. 6). The binding ability of hisABC-NB to the cell
membrane folate receptors was verified by detecting the cellular cassette consisting of
MCE-7 dead cells after 48 h of hisABC-NB treatment compared with MCF-10a cells
(Fig. 6A). The survival rate of both MCF-10a and MCE-7 cells at every incubation
time was greater than 65 percent at 1000 pg/ml FLcMNP concentrations (Fig. 6B).
The survival rate of MCF-10a cells at every incubation time interval was greater than
50 percent at 1000 pug/ml hisABC-NB concentration. Meanwhile, low doses of his-
ABC-NB decreased the MCF-7 survival rate up to 50% during different incubation
times (Fig. 6C). The corrected survival rate of both cell lines is presented in Fig. 6D,
which distinguished only the hisABC-NB toxicity. Table 2 shows the fixed IC;, con-
centration of hisABC-NB for 24, 48, and 72 h of incubation in normal and cancer cell
lines.

The hisABC-NB’s hemolytic activity
The negligible hemolytic activity of hisABC-NB was detected during the 4 h of the
blood-exposing process period (Fig. 7).
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Fig. 6 The cell survival rate and morphology of both A cancerous MCF-7 and B MCF-10a normal breast
cell lines. hisABC-NB: human immune simulating anti-breast cancer-nanorobot. FLcMNP folate-linked
lysine-chitosan MNP

Table 2 The ICy, concentration of hisABC-NB at different incubation times for MCF-7 and MCF-10a

cell lines

Incubation time (hour) 1C5, for MCF-7 cells (ug/ml) 1C5, for MCF-10a cells (pg/ml)
24 811.09 4874.19

48 257.63 4588.81

72 87.74 1360.09

The hisABC-NB cellular uptake results

As shown in Fig. 8, the notable greater cellular uptake of hisABC-NB in MCEF-7 cells
was detected compared with normal MCF-10a cells, which can be due to the overex-
pressed folate receptors in the MCEF-7 cell line.
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ROS assay

The hisABC-NB significantly induces the intracellular ROS following the 100 and
200 pg/ml treatment concentration. The results indicate the ROS-mediated cytotoxic-
ity of hisABC-NB compared with non-treated and NAC-treated samples (Fig. 9).

The hisABC-NB mediated cell death type

According to Fig. 10, the decreased cell survival rate following the IC;, dose of his-
ABC-NB during 24 and 48 h of incubation can be attributed to the impact of his-
ABC-NB on arresting the cell cycle phase at their G2/M. The increased G2/M peak
exhibited the greater arrested cell population in the G2/M phase, which had not been
allowed to complete the cell cycle process due to several types of ROS and RNS effec-
tors (Park et al. 2019; Gao and Williams 2012).

In agreement with the flow cytometry results, the gene expression profile of the
MCE-7 cells showed the hisABC-NB’s apoptotic activity after 48 h of incubation
at the related IC;, concentration of hisABC-NB. The BAX and P53 genes were sig-
nificantly up-regulated (Fig. 11A and C). To visualize the apoptotic impact of only
hisABC-NB on MCF-7 cells, the fold changes ratio was calculated by dividing it fol-
lowing the hisABC-NB treatment to its values after FLCMNP treatment. The com-
parative fold-change ratios showed a detectable up-regulation of both P53 and BAX
genes after 24 and 48 h of incubation. Meanwhile, the BCL2 expression decreased
after 48 h of hisABC-NB treatment (Fig. 11B and D). Moreover, the quantification
results of the dead cells (Fig. 12) show the increased total population of necrotic cells
in the MCEF-7 cells following the FLc-MNP and hisABC-NB treatment.

The hisABC-NB MRI-traceability

The MRI imaging revealed the hisABC-NB points in different areas of the MBC-
injected models applying T2-weighted imaging. The hisABC-NB exhibited the
aggregation-enhanced T2-weighted MRI contrast in their disseminated areas. In
this regard, Lin et al. demonstrated that their synthesized magnetic nanoparticles
increased the T2-weighted contrast of MRI imaging (Lin et al. 2009). As shown in
Fig. 13, the T2-mediated MRI contrast has revealed the red and yellow points
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(Wéng and Idée 2017) in the mice’s distal and proximal areas of the tumor site. The
T2-weighted MRI contrast did not significantly appear in the not-injected control
mice (Fig. 13A). This is while a remarkably enhanced T2-mediated MRI contrast was
detectable in mice that received hisABC-NB via peritoneal (Fig. 13B) and intravenous
(Fig. 13C) injections. The intravenous injection displayed the wider hisABC-NB diffu-
sion at the tumor area compared with its central condensed less diffusion in perito-
neal injection.

Discussion

The more selective and efficient anticancer treatment strategies have opened promising
horizons in increasing cancer patients’ survival rates. Drug delivery systems contain-
ing the encapsulated bioactive compound have been widely applied in recent research
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treatment of MCF-7 breast cancer cell line with hisABC-NB and FLCMNP exposure, respectively. B and D Show
the comparative fold change ratio of target genes induced by 24- and 48-h treatment of both hisABC-NB and
FLCMNP in MCF-7 cells. The “***" shows p-value <0.001. his-ABC-NB: human immune simulating anti-breast
cancer-nanorobot; FLcMNP: folate-linked lysine-chitosan MNP
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Fig. 12 The cell death type determination following the 48-h treatment of both MCF-7 and MCF-10a cell
lines with hisABC-NB. his-ABC-NB human immune simulating anti-breast cancer-nanorobot
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Fig. 13 The MRIimaging of MBC models. A The not-injected control MBC model, which has not received
hisABC-NB. B The MBC model received hisABC through peritoneal injection. C The MBC model received
hisABC-NB via intravenous injection. The arrow indicates the solid tumor site; red and yellow areas reflex
the improved T,-weighted MRI contrast; MBC murine breast cancer, hisABC-NB human immune simulating
anti-breast cancer-nanorobot
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(Asadollahi et al. 2022; Zeinali et al. 2021; Piazzini et al. 2019; Mansoori et al. 2020).
To the best of our knowledge, this is the first time producing a novel dynamic delivery
system simulating the enzymatic effectors of innate immune cell response called human
immune simulating anti-breast cancer-nanorobot (hisABC-NB) and analyzing its apop-
totic, selectivity, cytotoxicity, and MRI-traceability.

Considering the increasing global rate of patients suffering from breast cancer (BC),
early diagnosing and efficient treatment strategies have been investigated and developed
to increase the BC patients’ survival rate (Birnbaum et al. 2018). One of the most com-
mon mechanisms of the anticancer compounds has been assigned to their potential to
produce tumor-suppressive reactive oxygen (ROS) and reactive nitrogen (RNS) species
(Mitra et al. 2019). Meanwhile, the local oxidative stress at the tumor microenvironment
has been reported as one of the critical tumor progressive causes. In other words, ROS
plays a double-edged sword role in tumor progression and suppression process (Aboele-
lla et al. 2021).

The tumor-caused oxidative stress (tc-OS) not only increases the anti-apoptotic and
antioxidant potentials of tumor cells but also leads to tumor growth and progression
to form solid tumor tissue (Gorrini et al. 2013). The tc-OS induces carcinogenesis by
entrapping immune suppressor cells (Takeuchi and Nishikawa 2016). In this regard,
the infiltrated cytotoxic M1 macrophages will be polarized to immune-suppressive M2
macrophages, which have lost their oxinflammation-mediated cytotoxic potential and
secrete anti-inflammatory cytokines (Takeuchi and Nishikawa 2016; Zhang et al. 2013;
Pan 2020). On the other hand, the excess exogenic ROS accumulation suppresses the
tumor growth by activating mitochondrial-, endoplasmic reticulum-, and P53-mediated
apoptotic pathways (Chakraborti et al. 2020; Huang et al. 2021). Due to the self-adaption
system of tumors to ROS/RNS-mediated oxidative stress (Huang et al. 2021), the passive
OS inducers only have a temporary anticancer activity upon consumption.

Herein, producing hisABC-NB made the cancer cell self-adaptive potential ineffec-
tive and induced selective apoptotic/necrotic death by continuously producing excess
hypochlorous acid (HCIO) and nitric oxide (NO) nearby the targeted MCEF-7 cancer
cells. Targeting cancer cells is mediated by binding the related ligand to their membrane
receptors. In this regard, Norton et al. showed the FOLR-1 overexpression in triple-
negative breast cancer patients (Norton et al. 2020). Herein, the folic acid conjugation
improved the hisABC-NB selective cytotoxicity in MCE-7 cells, which can be due to
their increased membrane FOLR-1 receptors (Marshalek et al. 2016; Chung et al. 1993).

Since the cells uptake folic acid in its free and conjugated forms by receptor-medi-
ated endocytosis mechanism (Zhang et al. 2009; Zhao et al. 2014; Zhao et al. 2011),
the hisABC-NB’s cytotoxicity can be either caused by its non-enzymatic construc-
tion and/or enzymatic activity. The Fe;O, content of the non-enzymatic part of
hisABC-NB can be considered the leading cause of its passive toxic impact (Sadeghi-
Aliabadi et al. 2013). Meanwhile, the enzymatic part of hisABC-NB has the potential
to a produce dynamic cytotoxic impact by producing ROS/RNS-mediated oxidative
stress. Therefore, the cells’ survival rate was evaluated for both non-enzymatic and
enzymatic parts of hiSABC-NB. The hisABC-NB has exhibited minor and major
cytotoxic impacts on MCF-10a and MCF-7 cells, respectively. The partial decrease
of MCF-10a cell survival rate can be attributed to its low FOLR-1 receptor and toxic
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parts of hisSABC-NB before and after the cell entrance. Therefore, the increased
MCE-7 cellular death compared with MCF-10a cells verified the overexpressed
FOLR-1 and the hisABC-NB selectivity. In this regard, the high cellular uptake of
hisABC-NB in MCE-7 cells compared with MCF-10a type support the FOLR-1 over-
expression of MCEF-7 cells and receptor-mediated endocytosis mechanism of his-
ABC-NB, which clarifies its selective cytotoxicity (Fig. 8).

The cytotoxicity of the anticancer compounds can be related to their apoptotic
activity, which induces a safe programmed death in the target cells. Among various
effector genes in the cellular apoptosis pathway, the expression of the three most
critical genes, including BAX, BCL-2, and P53, was analyzed following the cell treat-
ment program at the IC;; concentrations of hisABC-NB and its non-enzymatic part
(FLcMNP). The down-regulation of the apoptotic BAX and P53 genes (Basu and
Haldar 1998) is known as the carcinogenic gene expression alteration in most can-
cer cells, which is required to improve the cancer cell survival and proliferation rate
under stressful conditions (Pandey et al. 2016).

BAX protein is oligomerized at the outer membrane of mitochondria and medi-
ates its permeabilization to run the powerful intrinsic cellular apoptosis pathway
(Liu et al. 2016). The P53, as both extrinsic and intrinsic apoptotic effector controls,
G1/S and G2/M cell cycle checkpoints, in which arrest occurs before DNA replica-
tion and mitosis, respectively. It is responsible for detecting irrecoverable genome
mutations after full stress conditions such as oxidative stresses (Feroz and Sheikh
2020; Taylor and Stark 2001). On the other hand, several cancer cells have evolved
to up-regulate and activate the anti-apoptotic BCL-2 gene (Suvarna et al. 2019) and
down-regulate both the BAX and P53 apoptotic effectors (Basu and Haldar 1998).

Herein, the apoptosis pathways of the cancerous MCEF-7 cell line were activated in
both extrinsic and intrinsic routes by being exposed to the IC;, concentration of his-
ABC-NB and its non-enzymatic part (FLcMNP) for 24- and 48-h incubations. The
late cellular death can be due to the cancer resistance mechanisms of cell survival
and cancer oxidative buffering ability, which was defeated after a 48-h continuous
oxidants’ flow produced by immobilized iNOS and MPO enzymes.

The significant overexpression of both BAX and P53 genes reflex the cell resist-
ance defeat and induction of P53-mediated apoptotic death by arresting them in the
G2/M phase. The cell cycle distribution data indicated the P53-mediated apoptosis
in MCEF-7 cells by increasing the G2 arrested cell population after 48-h incubation
following the FLcMNP and hisABC-NB treatment. On the other hand, p53 can also
cause necrotic cell death following ROS-mediated DNA damage by conducting the
activation of lysosomal cysteine protease cathepsin Q (Ying and Padanilam 2016). In
this regard, as shown in Fig. 12 the notable increase in the Q1 section of the Annexin
V-FITC/PI diagram following the hisABC-NB treatment compared with FLcMNP
and control measurements, not only verified the folate receptor-mediated endocyto-
sis mechanism of hisABC-NB cytotoxicity, but also clarified the necrotic potential of
the hisABC-NB activity.

Also, the ROS- and nitric oxide-mediated oxidative stresses are critical in mediat-
ing the cell cycle arrest at the G2/M phase (Park et al. 2019; Gao and Williams 2012).
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Conclusion

Investigating a combined complex compound consisting of both inflammatory and oxi-
dative stress inducers makes an efficient oxinflammation-mediated cytotoxic impact on
cancer cells. In the current study, synthesizing a cancer cell-selective dynamic ROS/RNS
nano-generator robot (hisABC-NB) has provided an efficient immune response alternate
for cancer therapy strategies. The magnetism property of hisABC-NB makes it traceable
by detecting the intensified T2-weighted MRI contrast and magnet-navigable during the
treatment process. Moreover, the magnet-mediated easy safe manual clearance of his-
ABC-NB enhances its potential to be used as the first modern anticancer tool. However,
further in vitro and in vivo experimental studies must be conducted to verify its selective
cytotoxicity and its possible crosstalk interactions with the immune response net.

Methods

Materials

Iron (II) chloride tetrahydride (FeCl, 4H,O), Iron (III), chloride hexahydrate (FeCl,
6H,0), acetic acid (CH;COOH), and ammonium hydroxide (NH,OH, 37%,), were
obtained from Merck, Germany. Ketamine (10%) and xylazine (2%) were prepared from
Medistar and Riemser pharma companies (Germany), respectively. N-acetyl cysteine
(NAC) (Cayman, USA), fluorescein-5-isothiocyanate (FITC) (Sigma-Aldrich), chitosan
(LMW, 85% deacetylated), lysine, putrescine, tyrosine, arginine, folic acid, NADPH,
MTT, transglutaminase (TGase, from guinea pig liver, code: T5398), nitric oxide syn-
thase (iNOS, inducible from mouse, code: n2783), myeloperoxidase (MPO from human
leukocytes, code: m6908), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
nicotinamide adenine dinucleotide phosphate (NADPH) were purchased from Sigma-
Aldrich Company at Chemie GmbH Eschenstrasse 5D-82024 Taufkirchen.

The magnetic nanoparticle (MNP) synthesis
The MNPs were synthesized by applying the simple high-performance base-mediated
precipitation methodology, which is followed as follows:

Fe’t + 2Fe’t + 8OH™ — Fe304 + 4H,0

Briefly, the 450-ml solutions of ferrous chloride and ferric chloride were prepared
with distilled water and mixed in 1:2 molar proportions. The 900-ml mixed solution
was heated up to 66 °C for 10 min under stirring conditions. Then, the Fe;O, nanopar-
ticles were gradually precipitated by dropwise insertion of 100 ml NH4OH solution
(32%) under the same thermal and stirring conditions. Finally, the black-colored pre-
cipitate was collected by a strong 1.5-T neodymium magnet and washed several times
for removing the non-reacted participants during the reaction process. The pure Fe;O,
magnetic nanoparticles were stored in deionized water at 4 °C (Kulkarni et al. 2012).

The MNP functionalization

Chitosan coating

A high-performance ultrasonication method was applied to prepare the most reactive
surface for MNP nanoparticles. The MNPs were added into the 450 ml acetic acid solu-
tion (2%V/V) containing the solved low molecular chitosan (1%W/V) under 350 W
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power probe sonication for 30 min (8 s on:2 s off). The final thermal condition was regu-
lated to less than 72 °C. Then, a shaker incubator was utilized for continued shaking of
the homogenized solution at 50 °C for 18 h. The chitosan-coated nanoparticles (cMNPs)
were magnetically extracted and rinsed with deionized water.

Folate conjugating and enzyme immobilization

The product synthesizing program was designed in three main steps: The pre-modifica-
tion, pre-functionalization, and final-functionalization phases. In the pre-modification
step, the cMNP surface was decorated with lysine by applying the EDC-mediated iso-
peptide bond formation between the chitosan amine groups and the lysine’s carboxylic
terminal. Briefly, the 20 ml of lysine solution (1 M), 20 ml deionized water, 5 ml of c MNP
suspension (10 mg/ml), and 5 ml ethyl-3-[3-(dimethylamino)propyl]-carbodiimide
(EDC) solution (0.1 M) were added to the last solution. A 2% acetic acid solution was
used to adjust the reaction pH to 6 to increase the EDC activity. Then, the suspension
was incubated at 30 °C in a shaker incubator for 12 h. Next, the lysine-decorated cMNP
(LcMNP) was magnetically collected and rinsed with deionized water. The LcMNP con-
centration was calculated in 1 ml of deionized water and stored at 4 °C.

In the pre-functionalization phase, the folate molecule was linked to putrescine and
lysine to be competent for being detected as the folate receptor ligand. In this regard,
folate (10 pg/ml), putrescine (2 mg/ml), and lysine (1 mg) were mixed at a proportion
of 100:1:1 (ml) to avoid non-desired linkages. Then, the mixture pH was adjusted to 6
with acetic acid. Finally, the EDC solution (0.1 M) was dropwise added to the solution
and incubated at 30 °C in a shaker incubator for 12 h. The folate-conjugated linker was
extracted by 12,000 RPM centrifuging and purified by three times rising by deionized
water.

The enzyme/folate-decorated LcMNP, called human immune cell simulated anti-
breast cancer-nanorobot (hisSABC-NB), was produced in the final-functionalization
phase. In this regard, the folate linkers (2 mg/ml), LcMNP (4 mg/ml), and enzymes
master mix (iINOS+MPO) (4 mg/ml) were added together. The enzyme master mix
was prepared by mixing 2 mg of both iNOS and MPO enzymes in a 50 ml phosphate
buffer solution (PBS, pH 7). The third step was finalized by adding 2 mg transglutami-
nase (TGase) to link both folate linkers and enzymes pack to LcMNP. The conjugation
process was conducted by 20 min of incubation at room temperature under continuous
stirring. Finally, the synthesized hisABC-NB was magnetically collected and rinsed with
PBS (Fig. 1).

The conjugation efficiency measurement

The enzymes immobilization efficiency (%EIE)

To evaluate the %EIE, both iNOS and MPO were incubated in the presence of FLcMNP
and TGase, as described in “The hisABC-NB activity” section. The %EIE was deter-
mined by estimating the protein concentration before and after incubation. The protein
concentration was measured by preparing the bovine serum albumin (BSA) standard
concentration curve by applying the Bradford assay analysis. The sample protein concen-
tration was estimated before and after the conjugating incubation process considering
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the plotted BSA protein standard curve. Finally, the % EIE was calculated as the follow-
ing equation (Eq. 1):
[SPC]b — [SPC]a
%EIE = ———————— x 100,
° [SPCb @)
where the [SPC]a and [SPC]b indicate the sample protein concentration after and before
the incubation process.

Characterization of MNP and its functionalized forms

The MNPs’ crystal property was conducted by X-ray diffraction (XRD) analysis utiliz-
ing X-ray diffractometer (Philips PW 1730/10). The diffractogram was plotted by apply-
ing Cu-Ka radiation (\%41.5406 A) in the range 10°<26° < 80° with steps of 0.05 at room
temperature (Silva et al. 2013). The MNPs’ magnetic properties were analyzed by vibrat-
ing sample magnetometer (VSM) systems equipped with a superconducting quantum
interference device (SQUID) sensor. The measurements were taken at 25 °C in mag-
netic fields ranging from —15 to+15 kOe. Fourier transform infrared spectroscopy
(FTIR) was utilized to detect the chitosan, lysine, and folate functional groups, which
approve the FLcMNP formation. Moreover, the individual structural properties of the
immobilized enzymes were identified by FTIR analysis. The spectra were plotted over
the range of (400—4000) cm™! wave numbers by an FTIR spectrophotometer. To deter-
mine the size of hisABS-NBs, they were prepared for being studied by field emission
scanning electron microscope. For FESEM imaging, the MNP and hisABC-NB samples
were dried on gold-coated silicon and fixed with sticky carbon tape. The images were
recorded at 5 kV voltages applying a (Carl Zeiss ultra 55 Field-Emission Scanning Elec-
tron Microscope). Also, TEM images of the hisABC-NB specimens were obtained using
a 200 kV transmission electron microscope (JEM-ARM200F) equipped with aberration
correctors. Moreover, the hisABC-NB size was measured by the dynamic light scattering
method (DLS) to approve the FESEM results. Finally, the hisABC-NB structural stability
was analyzed by measuring their surface electric charge called zeta potential.

The hisABC-NB enzyme activity

The hisABC-NB enzymatic kinetics

The iNOS enzyme produces nitric oxide by catalysis of arginine in the presence of
NADPH co-enzyme. On the other hand, the MPO enzyme produces radical tyrosine by
the catalysis of tyrosine (Heinecke et al. 1993). It is well-known that nitric oxide and rad-
ical tyrosine have the potential to be used as reductive agents (Bartberger et al. 2002). To
measure the enzymes’ production, a chlorogenic agent like the yellowish 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) compound, which in its
reduced form changes its color to insoluble violet formazan. Therefore, measuring the
UV-visible absorbance of the formazan production at 570 nm indicates the iNOS and
MPO individual productions (Liu et al. 2009). Briefly, different concentrations of argi-
nine (30, 45, 60, 75, 90, 105, 120, and 135 pg/ml) and tyrosine (75, 150, 225, 300, 375,
450, 525, and 600 pg/ml) were prepared for measuring the iNOS and MPO activity,
respectively. Due to the NADPH reductive potential, the NADPH was used at a constant
final concentration of 100 uM. The enzyme assay cuvette contains PBS, hisABS-NB,
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substrates, and MTT dye (0.5 mg/ml). The final volume of the reaction phase was set
at 500 pl. The blank cuvette had no hisABC-NB calibrated for the reaction participants.
To evaluate the enzyme activity of iNOS, MPO, and iNOS/MPO separately, the reac-
tion substrates were individually utilized depending on the desired enzyme. The enzyme
standard curves were plotted by estimating the productions’ concentration during 1-min
enzyme activity to plot the Michaelis—Menten diagram of the selected enzymes.

The hisABC-NB functional stability
The enzyme activity of the hisABC-NB was measured every 5 days for 30 days.

Cell culture

Both breast cancer (MCF-7) and normal (MCF-10a) cells were purchased (Pasture Insti-
tute, Tehran, Iran) and seeded at 7 x 10* cells/cm? density in T-25 cell culture flasks and
cultured at 95% humidity, 5% CO,, and 37 °C conditions. The MCEF-7 cells were cultured
in a DMEM cell culture medium (Gibco), which was supplemented by FBS (10%), strep-
tomycin (100 mg/ml), and penicillin (100 U/ml). The MCEF-10a cells were cultured in
DMEM/Ham’s F-12 (GIBCO-Invitrogen, Carlsbad, CA) supplemented with 20 ng/ml
epidermal growth factor (EGF), 100 ng/ml cholera toxin, 500 ng/ml hydrocortisone,
0.01 mg/ml insulin, and 5% Chelex-treated horse serum, which was all purchased from
Sigma (St. Louis, MO, USA).

The hisABC-NB’s cytotoxicity assay

Considering the potentially reductive activity of the hisABC-NB, the common MTT
assay could not evaluate its cytotoxicity on breast cancer and normal cell lines. There-
fore, the dye exclusion test was used to study the hisABC-NB cytotoxicity by determin-
ing the present viable cells’ count in a cell suspension. The viable cells were detected with
their clear cytoplasm, and non-viable cells were observed with blue cytoplasm.

In this regard, the cultured MCF-7 and MCF-10a cells were treated with different con-
centrations of hisABC-NB (250, 500, 750, and 1000 pg/mL) and incubated for 24, 48,
and 72 h. The cell media was refreshed after 20-min incubation to allow hisABC-NB
attachment to cells’ folate receptors and remove not-attached nanorobots just before the
incubation. To distinguish the possible toxicity of the hisABC-NB’s structural skeleton
(FLcMNP), it was exposed to both cell lines and the hisSABC-NB treatment program.

To measure the cell survival rate, the extracted cells were re-suspended with 1 ml PBS
and mixed with 1 ml filtered 0.4% trypan blue. The mixture was incubated for 3 min at
room temperature. The cells were immediately counted for 3 min. The unstained (viable)
and stained (non-viable) cells were counted separately to obtain the total count of viable
cells in 1 ml of aliquot sample. The survival percentage was calculated as the following
equation (Eq. 2) (Strober 2015):

. [Total live cells counted per1 ml of aliquot]
%Survival =

100.
[Total cells counted per1l ml of aliquot] 2)

Considering the possible cytotoxicity of the free-enzyme hisABC-NB scaffold (con-
trol), the corrected survival percentage was calculated as the following equation (Eq. 3):
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SPc% — SPt%
%Corrected survival = (1 - [COO]> 100.

[SPc%]

ROS assay

To examine the intracellular levels of ROS produced by hisABC-NB in MCF-7 cancer
cells, the DCFDA/H2DCFDA-cellular ROS detection kit (Abcam, United Kingdom)
was utilized (Memari et al. 2022). Briefly, the 24-h cultured MCF-7 cells (3 x 10%) were
washed using 1X PBS buffer and incubated with H2DCFDA solution (25 uM) for 45 min
in dark conditions. Then, the cells were exposed to hisABC-NB (100 and 200 pg/ml con-
centrations) and N-acetyl cysteine (NAC) (Cayman, USA) for 48 h. The intracellular
levels of ROS were estimated by recording the fluorescence excitation and emission at
485 and 535 nm wavelengths, respectively (Victor X5 Multipliable Plate Reader (Perki-
nElmer, USA)).

Intracellular reactive oxygen species (ROS) assay

In this method, 25 x 10> SH-SY5Y cells were seeded in 6-well plates and incubated for
5 h. The cells were then treated with non-toxic concentrations of Urolithin B, which had
a protective effect (0.6, 2.5, and 5 uM), and after 24 h, the cells were washed and incu-
bated for 1 h with H2DCFDA solution (25 pM) in the dark place. After rewashing, the
cells were treated with QA at a concentration of 6 mM along with the mentioned con-
centrations of Urolithin B for 4 h. The untreated cells were used as a negative control,
and N-acetyl cysteine (NAC) (10 mM) was also used as a positive control to reduce ROS
production. Finally, the fluorescence was measured (Excitation/Emission: 485/535 nm)
by the fluorescence plate reader FACScan (Becton Dickinson, San Jose, USA). All the

samples were tested in triplicate.

Flow cytometry assay

The MCE-7 cells were incubated at their related I1C;, concentration of hisABC-NB for
24 and 48 h. Then, 1 x 10° cells were counted and re-suspended in 70% cold ethanol. The
cells were fixed for 30 min at 4 °C, washed two times to remove ethanol, and treated with
ribonuclease. Finally, propidium iodide (PI) (50 pug/ml) was added to the cell’s pellets in
dark conditions. The cell suspensions were incubated at room temperature for 30 min in
dark conditions. The cells’ frequency in different cell cycle phases was studied by utiliz-
ing a FACScan laser flow cytometer.

The apoptotic cell quantification was conducted by FITC Annexin V Apoptosis Detec-
tion Kit to determine the cell death type with PI (BioLegend, CA, USA). Briefly, MCEF-7
cells were seeded in 6-well plates and cultured for 24 h at 37 °C. Then, the cells were
exposed to 200 pg/mL of both FLcMNP and hisABC-NB suspensions for 48 h. The cells
were harvested and re-suspended in 100 pl Annexin-V binding buffer. In continuation,
the FITC Annexin V (5 pl) and PI solutions (10 uL) were added to the cells and incu-
bated for 15 min at 25 °C in dark conditions. Finally, Annexin-V binding buffer (400 ul)
was added to the samples to be analyzed by flow cytometry technique.
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Gene expression profile

The MCE-7 breast cancer cell line was exposed to the IC;, concentration of hisABC-
NB for 24 and 48 h incubation compared with fLcMNP as the control group. Then,
the treated cells were rinsed, harvested, and lysed to extract their total RNA by apply-
ing an RNA extraction kit (Qiagen, Hilden, Germany). Next, the cDNA libraries of
the sample groups were synthesized utilizing the cells’ total RNA and the high-qual-
ity Quantitect Reverse Transcription kit (Qiagen, Hilden, Germany). The primers of
target genes (BAX, BCL2, and P53) were designed by Allele-ID6 software to detect
their expression status (Table 3). A Bio-Rad CFX96 system was utilized for the ampli-
fication of target cDNAs. An SYBR green-supplemented PCR master mix (Qiagen,
Hilden, Germany) was used for conducting the real-time PCR process. The GAPDH
expression as the internal gene expression control was measured to normalize the
gene expression analysis by plotting the comparative threshold cycle (CT) curve.
Moreover, the PCR efficiency was estimated by measuring the expression of serial
dilutions of target cDNAs (Table 3).

Hemolytic activity measurements

The hisABC-NB hemolytic activity was analyzed considering Vuddanda et al. proto-
col (Vuddanda et al. 2014; Huang et al. 2016). The Human red blood cells (RBCs) were
separated by centrifuging at 2000 rpm for 5 min and rinsed with normal saline (0.9%
NaCl) three times. The RBCs were re-dispersed in 750 pL normal saline solution.
Then, a range of hisSABC-NB concentrations (250, 500, 750, and 1000 pg/mL) was
provided with normal saline solution separately. To evaluate the hemolytic activity of
hisABC-NB, 250 pL of each concentration was added to the RBC solutions and gently
shaken every 20 min for 4 h at room temperature. The 100% lysis positive control and
0% lysis negative control was prepared by inserting Triton X-100 (2% aqueous solu-
tion) and normal saline into the RBCs samples, respectively. Finally, the supernatants
of centrifuged RBC were separated and incubated for 30 min at room temperature to
complete the hemoglobin oxidation process. The absorbance of oxyhemoglobin was
recorded at 540 nm. The RBC hemolysis rate was calculated as the following equation:

(OD)s — (OD)nc

Hemolysis% = x 100.
(OD)pc — (OD)nc

The (OD)s, (OD)pc, and (OD)nc parameters are the absorbance of the sample, positive
control, and negative control experiments (N =3).

Table 3 The sequence of desired primer sets

Forward primer sequence Reverse primer sequence
GAPDH 5'CCATCACCATCTTCC 3 5" AATTCGTTGTCATACC 3'
BCL2 5'TAACGGAGGCTGGGATGC 3 5'AGGTTCTGCGGACTTCGG 3'
BAX 5'GGAGCGGCGGTGATGG 3 5'CCTGGATGAAACCCTGAAGC 3

P53 5'CCAGAATGCCAGAGG 3’ 5'CAGTCAGAGCCAACC 3
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The hisABC-NB'’s cellular uptake

The efficiency of hisABC-NB’s cellular uptake was performed by applying flow cytom-
etry analysis (Ge et al. 2009). To this purpose, the FLcMNP nanoparticles were modi-
fied by conjugating with FITC. In this regard, 10 mg of FITC was mixed with 10 ml
of methanol. Then, the FITC solution was added to 10 ml of FLc-MNP suspension
(2 mg/mL) in an acidic condition (pH 5) and incubated for 3 h under continuous stir-
ring conditions at room temperature. Finally, the FITC-labeled FLcMNP (FFLcMNP)
was separated by a strong magnet and rinsed three times to remove non-linked FITC.
In the second step, both the MCF-10a and MCF-7 cells were seeded in two 6-well
plates at a density of 1.5 x 10° cells per well and cultured as described in “Cell culture”
section for 24 h. The culture mediums were refreshed with fresh medium containing
FFLcMNP (1 mg) and then incubated for 2 h at 37 °C. The cells were rinsed with cold
PBS solution, harvested, centrifuged, and re-suspended in 250 pl staining buffer (2%
FBS + PBS). Finally, the samples were provided for flow cytometry analysis (BD FACS
CaliburTM, San Jose, USA). FlowJo software (v10, Flow]Jo, Ashland, USA) was applied
to analyze data.

Preparation of murine breast cancer model (MBC) and treatment program

To prepare a murine breast cancer model, 3 Balb/c mice (aged 5 to 7 weeks) were
purchased from the Pasteur Institute of Iran. The mice were raised under sterile and
standard conditions. The standard conditions are 60% relative humidity, 25 °C tem-
perature, and 12 h light/12 h dark cycle program. One million murine 4T1 breast can-
cer cells were suspended by PBS solution. The cell suspension was injected into the
mice’s thigh muscles. After two weeks, a solid tumor appeared. The treatment pro-
gram was run by adding 1 ml hisABC-NB (1 mg/ml) into 9 ml PBS (pH 7.4) and incu-
bating for 10 min at 37 °C. Then, 50 pul of hisABC-NB was injected into different sites
of MBC. In this regard, the MBC was divided into 3 classes: The control, M1 and M2.
The control was not injected. Meanwhile, the M1 and M2 classes received the perito-
neal and intravenous injections, respectively. Finally, the injected mice were anesthe-
tized after 30 min just before preparing for MRI imaging.

MRI imaging

Magnetic resonance imaging (MRI) was carried out through a 3.0 Tesla unit GE dis-
covery 750%™ MRI scanner with 16 element phased-array flex coil. To study the
in vivo MRI, the prepared MBCs were anesthetized during the scanning period by
intraperitoneal injection of the anesthetizing compound, which was prepared by
combining ketamine 10% (100 mg/ml) and xylazine 2% (20 mg/ml) at 2:1 proportion.
30 pl of the anesthetic compound was injected into the right lower quadrant of the
abdomen. The mice received 0.2 mg xylazine and 2 mg ketamine regardless of weight.
The treated mice were anesthetized just before MRI scanning. Then, the injected his-
ABC-NB at the mice’s tumor region was concentrated at the tumor sites by exposing
them for 10 min near a strong 1.5-T magnet. The MRI protocol included T2-weighted
axial applying the FRESE-XL method. The parameters of MRI scanning were adjusted
as follows:
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Slice thickness: 1.5 mm / gap: 0.10 mm, auto-repeat time (TR): 3000 — 6000 ms,
echo time (TE)=85 ms, field of view (FOV): 8 x 8, matrix: 224 x 224, bandwidth
(BW)=20.8 Hz, echo train length (ETL) =12).

Statistical analysis
The statistical analysis was conducted using SPSS 21 statistical package (SPSS, Chicago,
IL). The one-way ANOVA test defined the P<0.001 as the statistically significant level.
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