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Abstract

Background: In the current study, folic acid-conjugated PEG-PCL-PEG triblock copoly-
mer were synthesized and loaded with 5-fluorouracil and magnetite nanoparticles
(5-FU-SPION-PEG-PCL-PEG-FA) for targeted delivery of drug to HT29 human colon can-
cer cells and CT26 mouse colon cancer model. The nanoparticles were synthesized and
characterized by nuclear magnetic resonance spectroscopy (NMR) and transmission
electron microscopy (TEM). The cellular uptake of nanoparticles was assessed in vitro
(on HUVEC and HT29) and in vivo (on CT26 colon tumor tissues). The cytotoxic effect
of nanoparticles was assessed on human colon cell lines (HT29, Caco-2, HTC116, and
SW480) and normal HUVEC cells. In addition, antitumor effects of nanoparticles were
investigated based on tumor volume, survival time and protein expression of Bax and
Bcl-2 on CT26 tumor-bearing BALB/c mice.

Results: Characterization of nanoparticles showed 5-FU-SPION-PEG-PCL-PEG-FA (5-FU-
NPs-FA) nanoparticles had spherical shape with hydrodynamic diameter of 85 nm. The
drug-release profile exhibited sustained pH-responsive release with cumulative release
reaching approximately 23% after 24 h. Cellular uptake studies revealed that HT29
cancer cells absorb higher amount of 5-FU-NPs-FA as compared to HUVEC normal

cells (P<0.05). In addition, 5-FU-NPs-FA was found to be more antitumor efficient in
comparison to free 5-FU based on Bax/Bcl2 ratio, survival rate of tumoral mouse and
inhibitory tumor volume (P < 0.05).

Conclusions: The results suggested that 5-FU-NPs-FA could be considered as prom-
ising sustained drug delivery platform for in vitro and in vivo conditions, which may

provide selective treatment of tumor cancer cells.
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Background

Colorectal cancer is among the three most prevalent cancers in both men and women
with high rate of mortality (Siegel et al. 2017). 5-Fluorouracil (5-FU) is currently known
as the first-line chemotherapeutic drug for treatment of colorectal cancer, which inter-
feres with DNA and RNA synthesis through inhibition of thymidylate synthesis. How-
ever, severe side effects and a low response rate (approximately 15%) have been reported
for this drug. The main reasons for its low efficiency include short half-life in plasma due
to catabolization into inactive metabolites by dihydropyrimidine dehydrogenase (DPD),
wide systemic body distribution and development of multidrug resistance (Longley et al.
2003; Mohammadi Gazestani et al. 2018). Developing nanotechnology-based drug deliv-
ery system has been suggested because of its ability to encapsulate and release drug in a
controlled manner in specific sites. Accordingly, these systems are able to preserve drug
from degradation enzymes that results in increased residence time of drug. Amphiphilic
copolymers which consist of hydrophobic and hydrophilic parts are considered to be an
efficient drug delivery system because of their ability to assemble into a micellar form
with a hydrophobic core for encapsulating drug and a hydrophilic shell for increasing
blood circulation time (Bodratti and Alexandridis 2018; Shirvalilou et al. 2020). Poly-
e-caprolactone (PCL) is hydrophobic polyester approved by FDA. Hydrolysis of PCL
through esterase cleavage results in complete conversion to 6-hydroxycaproic acid,
which is considered as natural metabolite in the body (Ferrari et al. 2013; Almeida et al.
2019). This hydrolytic degradation is a very slow process due to its high hydrophobicity
and crystalline nature. PCL copolymerization using hydrophilic polymers like polyeth-
ylene glycol (PEG) can alter polymer crystallinity, permeability, solubility and thereby
results in faster degradation rate depending on the utilized ratios. Accordingly, copoly-
mer compounds consisting of PCL and PEG have attracted attention in the field of drug
delivery research (Nguyen and Nguyen 2010; Wang et al. 2012; Wang et al. 2016; Wang
et al. 2017).

Nanoparticles preferentially accumulate in the tumor through enhanced permeability
and retention (EPR) (Stylianopoulos 2013). Furthermore, conjugating nanoparticles with
specific ligands whose receptors are more expressed on cancer cells has been known as
a promising approach for targeted delivery of drugs (Kumari and Kondapi 2017). Folic
acid (FA), a hydrophilic vitamin with a low molecular weight has been considered as one
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of these targeting ligand, as it is well known that folate receptors are overexpressed on
the membrane of most of cancer cell lines (Song et al. 2012).

Incorporation of superparamagnetic iron oxide nanoparticles (SPION) into nanocar-
riers has been demonstrated to provide feasibility of detection and tracing through dif-
ferent technique such as Prussian blue staining, atomic absorption spectroscopy (AAS),
inductively coupled plasma optical emission spectrometry (ICP-OES) and T,-weighted
magnetic resonance imaging (T, W-MRI) (Asadi et al. 2018; Khoei 2021; Oghabian et al.
2011).

This study was conducted with the aim of taking more advantages of a PEG/PCL-
based nano-micelle as a 5-FU delivery system through synthesizing a triblock copolymer
conjugated with folic acid ligand. Thus, the SPION incorporated FA-PEG-PCL-PEG as a
5-FU carrier was synthesized and characterized using nuclear magnetic resonance spec-
troscopy and transmission electron microscope (TEM). The increased inhibitory effect
of this approach in comparison to free drug of 5-FU was assessed against various colon
cancer cell lines (including HCT116, SW480, HT29 and Caco-2) and human umbilical
vein endothelial cells (HUVEC) using MTT cell viability assay. Afterward, the HT29 as
the most 5-FU resistant colon cancer cell line was chosen for further experiments. To
investigate the role of folic acid as a targeting ligand, cellular uptake of nanoparticles was
evaluated in two different cell lines (HT29 and HUVEC) and colon tumor tissues.

Colon tumor model in BALB/c mice developed through implanting CT26 cancer cells
into the mice leg. Additionally, the injected nanoparticles were conducted to the tumor
site via exposing magnetic field owing to presence of SPION in their structure. Then, the
cytotoxic effects of synthesized nanoparticles were investigated on colon tumor-bearing
BALB/c mice based on tumor volume, survival time and expression of apoptosis related
proteins (Bax and Bcl-2).

Results

Nuclear magnetic resonance analysis

'H NMR spectra of synthesized polymers were obtained and shown in Fig. 1. The char-
acteristic peaks of synthesized PCL were observed at about 4.1 (b), 1.6 (c) 1.4(d) and
2.3 ppm (e). Moreover, appearance of the three branched peaks at 4.2 ppm was attrib-
uted to methylene and ethylene glycol groups (Fig. 1A). As can be seen in spectrum B of
this figure, a new peak appeared at 3 ppm as PCL was functionalized by adipoyl chloride
which is attributed to methylene hydrogen in the vicinity of acyl group or carboxylic
acid. Presence of intensified peak at 3.6 ppm was related to methylene groups of poly-
ethylene glycol in the spectrum of PEG-PCL-PEG (spectrum C). Functionalization of
triblock copolymer by folic acid was confirmed by appearance of peaks at 4.4, 6.5 and
7.5 ppm (Fig. 1D).

Size, zeta potential, morphology and in vitro release of nanoparticles

TEM analysis of drug-loaded NPs-FA confirmed that nanoparticles had a spherical
shape with average particle size of about 50 nm (Fig. 2A). A schematic illustration of the
NPs-FA structure is shown in Fig. 2B. Also, the hydrodynamic size of drug-free nanopar-
ticles and drug-loaded nanoparticles was measured using DLS and found to have mean
diameter 37.2 nm and 85 nm, respectively (Fig. 2C). TEM size of NPs-FA was smaller
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Fig. 1. "H NMR spectra of synthesized polymers: on A poly(e-caprolactone) (PCL), B adipoy!
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Fig. 2 Characterization of nanoparticles: A TEM image of 5-FU-SPION-PEG-PCL-PEG-FA, B schematic
representation of 5-FU-SPION-PEG-PCL-PEG-FA, C size distribution measurements using DLS

than the hydrodynamic size measured by DLS which may be attributed to the attach-
ment of H,O molecules on the NPs during DLS analysis. As reported in our previous
study (Mirzaghavami et al. 2021), drug-loading capacity (DLC) and encapsulation effi-
ciency (EE) were calculated to be 5% and 56.5%, respectively. The in vitro cumulative
release profiles of 5-FU from NPs-FA at 37 °C and different pH=5.6, 6.8 and 7.4 are
shown in Fig. 3. As illustrated, the more acidic the environment, the greater the release
of the drug. As the tumor microenvironment is more acidic than normal tissue (Piasen-
tin et al. 2020) the pH-responsive behavior of NPs may provide a suitable drug deliv-
ery system for controlled release of 5-FU. On the other hand, a biphasic release pattern

consisting of an initial burst release, followed by a sustained drug release was observed.
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Fig. 3 Invitro 5-FU release in PBS at different pH (pH=5.6, 6.8 and 7.4) at 37 °C

In the initial phase, 20.0540.33% of drug was released within 8 h. At later times, the
rate of release tended to decrease such that After 48 h, the cumulative release reached
26.25+0.78%. A continuous release was also observed for 15 days and ultimately, a
cumulative release of 77.23 +3.96% was attained.

MTT assay

To investigate the cytotoxic effects of 5-FU and synthesized NPs-FA based on MTT
assay, various concentrations of 5-FU and equivalent concentration of nanoparticles
in the form of drug-free and drug-loaded were used to treat different cell lines. In this
study, HT29, Caco-2, SW480 and HCT116 were chosen as colon cancer cell lines. Addi-
tionally, HUVEC cells were included as a representative of normal cell lines. As shown
in Fig. 4A—E, the cytotoxicity of 5-FU, 5-FU-loaded and drug-free nanoparticles against
these cell lines were concentration dependent. The half-maximal inhibitory concen-
tration (IC50) value of 5-FU, 5-FU-loaded and drug-free nanoparticles against afore-
mentioned cell lines were calculated based on MTT viability curves and illustrated in
Table 1. According to this result, the IC50 values of 5-FU-loaded nanoparticles for colon
cancer cell lines were greatly lower than that of free 5-FU, whereas the difference of IC50
between free and encapsulated 5-FU was much smaller in the case of HUVEC normal
cells (5.2£0.79 uM vs 3.86 £ 0.11 pM).

These results demonstrated that at equivalent concentration of 5-FU, treatment
with 5-FU-loaded nanoparticle leads to significantly lower viability in colon cancer
cell lines compared with free 5-FU. This indicates reduced dose of drug would be
required to inhibit cancer cells which in turn leads to decrease in side effects and
normal tissue damage. This finding can be justified due to presence of folic acid
ligand that facilitates entrance of nanoparticles into folate receptor-positive can-
cer cells through receptor-mediated endocytosis. Overexpression of folate recep-
tor on most of cancer cells such as colorectal cancer cells has been confirmed and
exploited in numerous researches (Didion and Henne 2020). In the following, HT29
cells were selected because of their highest resistance to 5-FU among colon cancer
cells for further investigations. To further compare the inhibitory effect of 5-FU with



Mirzaghavami et al. Cancer Nanotechnology (2022) 13:12 Page 6 of 18

A HT29 B Caco-2
100 § —— 100
80
z - 80
] £
> 80 < 60
= =
© 4 38
~#-NP(5-FU) 40
~&-NP(5-FU)
20 b~ 5-FU
20 ~d—5-FU
~#-—blank NP
0 ~4-—blank NP
0.001 0.01 01 1 10 100 0
0.001 0.01 01 1 10 100
S-FU concentration (M) 5-FU concentration (uM)
C HCT116 D SW480
100 8 100 =
—s
= o
80 80
= 2
3 3
g 60 g 60
3 3
40 40
=8-NP(5-FU) ~#-NP(5-FU)
209 a5y 2 e sru
~#-—blank NP ~#-—blank NP
0 [}
0.001 0.01 [X] 1 10 100 0.001 0.01 01 1 10 100
5-FU concentration (M) §-FU concentration (uM)
E HUVEC F
100 ~
e 3
80 = 12 5-FU .
2 S =NP (5.FU) ”
3 o0 s
> O 08 2x o
3 5
O a0 S 0s
—#-NP(5-FU) g 04
201 _a-s.FU = 02
“#-blank NP
0 0
0001 001 05 1 19 190 HT29 Caco-2 SW480 HC116
5-FU concentration (uM)
Fig. 4 In vitro cell viability assessment using MTT assay after 48 h incubation of A HT29, B Caco-2, CHCT116,
D SW480 and E HUVEC cells with drug-free NPs, 5-FU, and 5-FU-loaded NPs; F calculated therapeutic ratios for
colon cancer cell lines

Table 1 Calculated IC50 of 5-FU and 5-FU-loaded NPs against different cell lines based on MTT cell
viability curves

Treatment HT29 Caco-2 SW480 HC116 HUVEC
5-FU 46.1+4.7 419+15 120+£22 65403 52407
SPION-PEG-PCL-PEG-FA 626438 69.14+23 694+3.8 554+14 714+£18
5-FU-SPION-PEG-PCL-PEG-FA 51+0.88 48407 39+04 32+02 3.8+0.1
IC50 (5-FU)/ IC50 (5-FU-SPION- 9.04 872 3.07 2.03 1.37

PEG-PCL-PEG-FA)

5-FU-loaded nanoparticle, a therapeutic index which was defined as the ratio of IC50
of normal cell to IC50 of cancer cell as illustrated in Fig. 4F.

IC10 concentration of 5-FU was calculated according to its cell viability curve
against HT29 cells (2.25 uM). The equivalent concentration of NPs containing same
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amount of 5-FU was calculated using DLC% and percentage of cumulative release
at 48 h (21.9 pg/mL). These concentrations were chosen as treatment dose to be
employed for further experiments.

Cellular uptake of NPs-FA in vitro and in vivo

The uptake of nanoparticles in HUVEC and HT29 cell lines after 48 h with 21.9 pug/ml
of NPs was confirmed by the Prussian blue staining (Fig. 5A). The quantitative cellu-
lar uptake was also assessed using ICP-OES method by measuring iron concentration.
Based on this experiment, the average iron content was 2.96+0.27 and 12.65+1.2 pg/
cell for HUVEC and HT?29, respectively. Higher adsorption of the NPs-FA to HT29 cells
in comparison to HUVEC cells indicates efficacy of folic acid as a targeting ligand in
achieving receptor-mediated endocytosis. The in vivo study of uptake of nanoparticles
into tumor tissues with NPs and NPs-FA is shown in Fig. 5B. As shown, nanoparticles
with conjugated folic acid have higher uptake in tumor tissue than nanoparticles without
ligand.

In vivo antitumor effects of nanoparticles

Tumor volume and survival time of tumor-bearing mice

The antitumor effect of free 5-FU, NPs-FA with/without drug loaded was evaluated in
mice colon cancer model developed through implanting CT26 cancer cells into mice
leg by tumor volume and survival rate. 20 days after starting treatment with saline, free
5-FU, NPs-FA and 5-FU loaded NPs-FA, the tumor volume reached 3898, 1495, 3217,
and 613 mm? (Fig. 6A). Free 5-FU significantly inhibited tumor growth (P<0.01), how-
ever, over time, the tumor volume increased (P>0.05). The 5-FU loaded NPs-FA group,
showed a significant inhibition of tumor volume on the day 30 (P<0.05), whereas, as
shown in the survival curve results (Fig. 6B), the mice in this group survived until the
50th day. The median survival time of mice in the four treatment groups was as follows:
saline (22) <NPs-FA (27)<5-FU (33) <5-FU loaded NPs-FA (48 day). Figure 6B shows
the Kaplan—Meier plot. Kaplan—Meier estimate is one of the best options to be used
to measure the fraction of subjects living for a certain amount of time after treatment.
The results demonstrated that the FA ligand increased the therapeutic efficiency of drug

A HUVEC HT29 B Tumor drug targeting
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Fig.5 A Uptake of NPs-FA by HUVEC and HT29 cells after 48 h incubation. B Uptake of NPs and NPs-FA by
colon tumor tissues
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and NPs (P<0.01). Figure 6C shows tumor-bearing mice. The tumor volume shown in
Fig. 6D confirms that 5-FU-loaded NPs-FA, 20 days after treatment exhibits the strong-
est antitumor effect on colon cancer compared to other treatment groups relative to the
control group (P<0.01, Fig. 6A).

Protein expression study of Bax and Bcl2

The protein expression of Bax and Bcl-2 was investigated to compare the apoptotic
effects of 5-FU, 5-FU loaded NPs-FA and drug-free NPs-FA (Fig. 7A). As depicted in
Fig. 7B, implementation of these treatments at equivalent 5-FU concentration led to
upregulation of Bax protein in 5-FU (P<0.05) and 5-FU loaded NPs-FA groups (P<0.01),
while insignificant change in Bax protein was observed for drug-free NPs-FA. The
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changes in level of Bcl-2 protein found to insignificant. The ratio of Bax/Bcl-2, which is
known as regulator of apoptosis, was calculated for different treatments (Fig. 7C). Bax/
Bcl2 ratio was remarkably higher in 5-FU and 5-FU-loaded NPs compared to control
group (P<0.01). It was also found that 5-FU-loaded NPs-FA results in further increase of
Bax/Bcl2 ratio in comparison with 5-FU (P<0.01). This finding emanates from increased
concentration of intracellular 5-FU provided by anchoring of folic acid-conjugated nan-
oparticles to folate receptors on tumor cells that facilitate endocytosis process. West-
ern blotting analysis showed that changes in protein expression of Bax and Bcl2 were
in agreement with the result of gene expression reported in our previous study (Fig. 7)
(Mirzaghavami et al. 2021).

Discussion

Although 5-FU is known as the mainstream in chemotherapy of broad range of can-
cers including breast and colorectal cancers, its short half-life in plasma, as well as wide
systemic distribution, hinder it from reaching tumor sites. This drawback necessitates
intermittent administration of high dose 5-FU which leads more severe side effects such
as cardiotoxicity, vomiting, diarrhea, and severe anemia (Mattos et al. 2016; Eynali et al.
2017). This issue can be addressed by incorporating 5-FU into polymeric nanoparticles
through increasing blood circulation time and providing controlled drug release. In cur-
rent study, a sustained release has been provided by incorporating drug into synthesized
polymer which is due to presence of PCL in copolymer structure. Because PCL is highly
hydrophobic, it resists water penetration that implies very slow rate of degradation.
However, this behavior of PCL is modified by copolymerization with PEG that results in
accelerating degradation to some extent that is required for a drug nanocarrier (Wang
et al. 2001; Ashour et al. 2019). Furthermore, it has been demonstrated that hydropho-
bic/hydrophilic ratio has crucial role in stabilizing of formed micelle. It has been also
reported the micelles formed by triblock copolymer are more advantageous over diblock
formed micelles in terms of stability which is attributed to lower critical micelle concen-
tration (CMC) of triblock copolymers (Lin et al. 2006). CMC is an important parameter
that determines stability of micelle at diluted concentration. Having low CMC prevents
from disintegration of micelle after diluting in blood stream. Hence, designing ultra-
low CMC is considered as a topic in the field drug delivery researches (Lu et al. 2018).
PCL-PEG-PCL is a type of PCL/PEG-based triblock which has been utilized as 5-FU
carrier which has faster drug-release rate than that observed for our nano-formalism
(Asadi et al. 2018). A comprehensive evaluation on PCL/PEG-based triblock, consisting
PCL-PEG-PCL and PEG-PCL-PEG with different ratio of copolymerization, has demon-
strated that CMC values of PEG-PCL-PEG type are about half of those measured for its
identical PCL-PEG-PCL which indicates higher stability of PEG-PCL-PEG type (Zamani
and Khoee 2012). Thus, based on these evidences, the molecular weights of 2000 and
6000 g/mol were considered for PEG and PCL, respectively, to synthesize PEG-PCL-
PEG triblock. Amphiphilic copolymers possess ability to assemble into a micellar form
with a hydrophobic core for encapsulating drug and a hydrophilic shell for increasing
stability and blood circulation time. Accordingly, PCL core of micelles are encapsulation
site for 5-FU. Furthermore, it is also possible that 5-FU loading onto PCL NPs benefit
from electrostatic attractive forces that may exist between the positively charged drug
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molecules (generated by protonation of the NH group of the 5-FU chemical structure),
and the negatively charged polymeric NPs. Additionally, prolonged drug release indi-
cates that drug has been located in the core region of nanoparticles. To take advantage
of active targeting, folic acid was conjugated to the triblock copolymer. As folic acid acts
as a coenzyme in different cellular process such as DNA synthesis, repair and cell divi-
sion, folate receptors are mainly overexpressed on the surface of most of cancer cells
owing to their higher metabolism (Zhao et al. 2008). To examine whether the nanopar-
ticle is actively targeted, cell viability using MTT assay was achieved on colon cancer
cell lines (as folate receptor positive) and HUVEC cells (as folate receptor negative). In
the case of treatment with 5-FU in the form of free drug, we observed HUVEC cells (the
normal cell line) underwent severe cytotoxicity compared to HT29 regarding to their
obtained IC50. This may attributed to high expression of multidrug resistance associ-
ated genes in cancer cells (Plasencia et al. 2006). Moreover, it was found that whereas
IC50 of 5-FU-loaded NPs against colon cancer cells (HCT116, SW480, HT29 and Caco-
2) was drastically reduced compared to that of 5-FU alone, a mild decrease was seen in
that of HUVEC. This indicates higher percent of cancer cells inhibition for a given level
of normal cell cytotoxicity can be achieved by means of treatment with 5-FU-loaded
NPs which implies increased therapeutic index. This results is in accordance to what we
expected due to folate receptor-mediated endocytosis which is dominant in HT29 cells
(Wang et al. 2015; Handali et al. 2018) while HUVEC cells are known to express very
low level of folate receptor (Qiu et al. 2018). The targeting role of folic acid has been
confirmed by Wang et al. They have reported An IC50 of 5.69 mg/mL for 5-FU-loaded
PLGA-1, 3-diaminopropane-folic acid nanoparticles against HT29 cells that is consider-
ably lower than IC50 of 14.17 and 22.91 mg/mL for 5-FU loaded PLGA and 5-FU alone,
respectively (Wang et al. 2015). San et al. found that cellular uptake of Fol-Cur-NPs was
greater than Cur-NPs in folate receptor expressing Y79 cells, whereas no significant dif-
ference in cellular uptake of Fol-Cur-NPs and Cur-NPs was found in folate receptor non-
expressing A549 cells. The IC50 of Fol-Nut-Cur-NPs for Y79 cells was found to be 35
and 8.6 times lower compared to free drugs and unconjugated drug-loaded NPs (Das
and Sahoo 2012). Another study that could be mentioned in case of enhancing effect of
folic acid conjugation was conducted by Akinyelu et al. (2019). They observed more sig-
nificant cytotoxicity and apoptosis in MCF7 cells treated by 5-FU-loaded folate-tagged
chitosan-gold nanoparticles. Additionally, the role of folic acid as a targeting ligand has
also been confirmed by in vivo evaluation. Figure 5 shows that the presence of folic acid
ligand causes more NPs to enter the tumor tissue, which can improve targeted drug
delivery to the tumor.

Antitumor efficacy of 5-FU and 5-FU-loaded NPs was corroborated at utilized dose
by different endpoints. This foundation could be ascribed to action of 5-FU. Further
assessment indicated 5-FU loaded NPs possess more inhibitory efficiency than 5-FU on
colon cancer (Mohammadi Gazestani et al. 2018). This claim was approved according
to higher ratio of Bax/Bcl-2, increased survival time, and inhibition of tumor volume in
mice treated with 5-FU loaded NPs-FA. This finding can be justified by considering their
different cellular uptake pathways. It is well known that 5-FU as hydrophilic drug has a
poor penetration into cell through diffusion and is highly prone to be washed out while
NPs could internalize into cell via endocytosis (Handali et al. 2019; Sharma et al. 2017;
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Esmaelbeygi et al. 2015). Endocytosis of NPs has been shown as an approach to bypass
drug efflux pumps and subsequently reverse multidrug resistance (Zhou et al. 2019).
In current study, folic acid conjugation was done to take advantage of a more efficient
type of endocytosis which is mediated by ligand—receptor interaction. Afzali et al. also
reported that when the nanoparticles were modified with folic acid, the distribution of
nanoparticles in the glioma tumor was significantly higher than in healthy brain tissue
(Afzalipour et al. 2019).

Another study that could be mentioned in case of enhancing effect of folic acid conju-
gation was conducted by Rajpootet et al. (2020). They observed more significant cytotox-
icity and apoptosis in colorectal Balb/c mice treated by irinotecan-loaded folate-grafted
solid lipid nanoparticles. Their results showed that FA-coupled nanoparticles distributed
higher amount of drug as compared to uncoupled nanoparticles in the colon tumor after
48 h (Rajpoot and Jain 2020).

Conclusions

In the current study, folic acid-conjugated PEG-PCL-PEG triblock copolymer was syn-
thesized and subsequently loaded with 5-FU and magnetite nanoparticle to constitute
5-FU-SPION-PEG-PCL-PEG-FA nanoparticles. This nanoparticle showed a sustained
and pH-responsive drug release due to crystallinity of PCL and high hydrophobic/
hydrophilic ratio. This characteristic feature would obviate the necessity of intermittent
administration of 5-FU. This formalism was found to possess enhanced antitumor effi-
cacy as compared to same concentration of free 5-FU as the result of receptor-mediated
endocytosis. Therefore, it can be concluded that 5-FU-SPION-PEG-PCL-PEG-FA has
the potential to be utilized as a targeted drug delivery system for selective treatment of
colon cancer tumor with reduced dose of drug.

Methods

Synthesis of 5-FU-SPION-PEG-PCL-PEG-FA nanoparticles

We have previously reported the synthesis of 5-FU-SPION-PEG-PCL-PEG-FA nanopar-
ticles by a modified W1/O1/W2 double emulsion solvent evaporation method (Mirza-
ghavami et al. 2021). These nanoparticles were synthesized in 5 steps in the following
order (Fig. 8).

Step 1: synthesis of poly (e-caprolactone) (PCL)

3 ml of e-caprolactone (27 mmol) was dissolved in 5 ml of dimethylformamide (DMF)
in a three-necked round-bottom flask. Then, 5 pl of ethylene glycol (1 mmol) was added
under a nitrogen atmosphere. The reaction temperature was gradually increased to 80 °C
followed by addition of stannous octoate [Sn (Oct),] and increasing temperature to
120 °C. After 24 h, the polymer was precipitated in water at 0 °C and then dried at 40 °C.
In order to purify polymer, it was dissolved in DMF and precipitated in water. The prod-
uct was obtained with 82% yield.

Step 2: synthesis of adipoyl chloride-functionalized PCL
1g of caprolactone (0.2 mmol) was dissolved in DMF and 146 ul (1 mmol) of adipoyl
chloride and catalytic amount of triethylamine was added. The reaction was continued
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Fig. 8 Schematic representation of triblock copolymer synthesis steps

for 24 h at 80 °C. Then functionalized polymer was precipitated in water followed by
drying in the vacuum oven at 40 °C. The purified product was obtained by dissolution of
crude product in DMF and then precipitated in cold water.

Step 3: synthesis of PEG-PCL-PEG

1 g of functionalized PCL was dissolved in 10 mL of dimethyl sulfoxide (DMSO) and
afterward 206 mg N,N’-dicyclohexylcarbodiimide (DCC) and 122 mg 4-dimethylami-
nopyridine (DMAP) was gradually added to solution. After 1 h, 2 g of PEG was added
and stirred at room temperature for 24 h. PEG-PCL-PEG copolymer was precipitated
in diethyl ether and then dried in vacuum oven at 40 °C. To have more purified product,
dissolving in DMSO and precipitating in diethyl ether was repeated.

Step 4: synthesis of folic acid-functionalized PEG-PCL-PEG

220 mg of folic acid, 103 mg of DCC and 61 mg of DMAP were dissolved in 10 mL of
DMSO and the reaction was continued for 4 h to activate acidic group of folic acid. Then
1 g of PEG-PCL-PEG copolymer was added and the reaction was continued overnight.
After 24 h, the product was precipitated in diethyl ether and dried at 40 °C. Dissolving in
DMSO and precipitating in diethyl ether was repeated to acquire more purified product
(Fig. 8).

Step 5: synthesis of 5-FU-loaded magnetite/PEG-PCL-PEG-folic acid

Preparation of the 5-FU-loaded magnetite/PEG-PCL-PEG-folic nanoparticles was per-
formed by using W1/01/W2 double emulsion solvent evaporation method. For prep-
aration of inner aqueous solution (W1), 10 mg of 5-FU drug was dissolved in 1.5 mL
of distilled water containing 10 mg of Tween 60. 30 mg of magnetite nanoparticles was
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dispersed in 7 mL of dichloromethane (DCM) to prepare an organic phase using an
ultrasonic probe. Then 50 mg of the folic acid-conjugated polymer (PEG-PCL-PEG-FA)
and 200 mg of Span 60 were added to the oil phase (O1). W2 aqueous solution was made
of 100 mg tween 60 dissolved in 8 mL of distilled water and 8 mL of glycerin. The inner
aqueous solution (W1) was emulsified in the organic phase (O1) by ultrasonication
using the sonicator probe at an output of 50 W for 30 s in an ice-bath to obtain a W1/
O1 emulsion. This primary emulsion was emulsified in second aqueous solution (W2)
by ultrasonication for 30 s (50 W) in an ice-bath to obtain a W1/0O1/W2 double emul-
sion. The resulting double emulsion was diluted in 30 mL aqueous solution composed of
15 mL distilled water and 15 mL glycerin under mechanical stirring for a period of 3 h
at room temperature, and the DCM was removed by solvent evaporation. The obtained
magnetic nanoparticles were cleaned by repeating procedure of collecting and re-sus-
pending in distilled water for two times and then were collected with a magnet. Finally,
the resulting nanoparticles were dried by freeze-drying and stored at 4 °C. Drug-free
nanoparticles were prepared in the same way, except that the inner aqueous solution was
prepared with 1.5 mL of distilled water and 10 mg of tween60, but without 5-FU drug.

Proton nuclear magnetic resonance analysis

In order to investigate synthesis procedure and characterize the structure of the syn-
thesized products, the 'H nuclear magnetic resonance (NMR) analysis was performed
on poly (e-caprolactone) (PCL), adipoyl chloride-functionalized PCL, PEG-PCL-PEG
and folic acid-functionalized PEG-PCL-PEG using a Varian Inova, 500 MHz spec-
trometer. Deuterated chloroform (CDCl;) was used as solvent of samples to acquire
'H NMR spectra.

Characterization of size, zeta potential and morphology of nanoparticles
Dynamic light scattering (DLS) analysis was used to characterize the distribution
of the hydrodynamic size of drug-free and 5-FU-loaded nanoparticles. The surface
charge of nanoparticles was evaluated by Zeta sizer (Nanoflex, Germany).

The morphology of 5-FU-loaded nanoparticles was investigated using a transmission
electron microscope (TEM, Zeiss LEO906, Germany). The samples were prepared on
400-mesh carbon-coated copper grid and imaged at accelerating voltage of 100 kV.

In vitro drug-release profiles

Investigation of in vitro release profile of 5-FU from NPs-FA was carried out based
on equilibrium dialysis bag diffusion method at different pH (5.6, 6.8 and 7.4). First,
3 mg of 5-FU loaded NPs-FA was suspended in phosphate buffer saline (PBS) with
different pH and transferred to a dialysis bag (MWCO 12,400 Da). The dialysis bag
was fully immersed into a tube containing 10 mL PBS and stirred at the shaking speed
of 100 rpm at 37 °C. At predetermined time points, 1.5 mL of media was sampled and
replaced with an equal volume of PBS. The absorption of released 5-FU was measured

using an UV-spectrophotometer at 265 nm.
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Cell culture

The colon cancer cell lines (HCT116, SW480, HT29 and Caco-2) and HUVEC cells
were purchased from Stem Cell Technology Research Center and, respectively, cul-
tured in complete RPMI and DMEM/Ham’s F-12 medium supplemented with 10%
FBS, penicillin (100 U/mL) and streptomycin (100 mg/mL) under humidified incuba-
tor with 5% carbon dioxide at 37 °C.

Allograft mouse colon tumor models

The CT26 mouse colon cancer cells and BALB/c mice (20-30 g) were purchased from
Pasteur Institute of Tehran, Iran. Mice were kept under the standard conditions in
accordance with the Helsinki Declaration at the Animal Research Center of Iran Uni-
versity of Medical Sciences, Tehran, Iran. For colon tumor modeling, 2 x 10° of CT26
cells in 100 pL of RPMI medium were injected subcutaneously on the right leg of the

mice.

MTT assay

The cellular cytotoxicity of 5-FU and synthesized nanoparticles was investigated
using MTT assay. In brief, HUVEC and colon cancer cell lines (HCT116, SW4380,
HT29 and Caco-2) were cultured in a 96-well plate at a density of 7 x 10® cells per
well. After 24 h, the cells were treated with varying concentrations of 5-FU rang-
ing from 0.6 to 80 pM and equivalent concentrations of drug-free and drug-loaded
NPs. After 48 h incubation, the cells were washed and treated with MTT (5 mg/mL).
Plates were incubated at 37 °C in the dark. After 4 h, the medium containing MTT
was removed, and 100 pL of dimethyl sulfoxide (DMSO) was added. The solution was
incubated for 15 min to solubilize formazan crystals. The absorbance was measured
at 570 nm using a microplate reader (BioTek, Winooski, VT). Finally, cell viability was
determined based on Eq. (1):

absorbance of treated cells

Cellviability (%) = 100. (1)

absorbance of control cells -
To compare the cytotoxicity of 5-FU with 5-FU-loaded nanoparticle on the cell
lines, the IC50 values of these agents was calculated regarding to cell viability curves
and also a therapeutic index was defined as the ratio of IC50 of normal cell to IC50 of
cancer cell.
According to MTT results, the most 5-FU-resistant cell line that necessitates using
higher dose of drug, was selected for further assessments.

Cellular uptake of NPs-FA in vitro

Prussian blue staining

The cellular uptake of NPs-FA was visually investigated using the Prussian blue
staining assay. The HT 29 and HUVEC cell lines were seeded in 6-well plates. After
24 h, both cell lines were incubated with amount of SPION-PEG-PCL-PEG-FA NPs
which has capability of encapsulating IC10 of 5-FU against HT29 within 48 h. After
treatment time, the cells were washed with PBS for three times, then fixed with
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4% paraformaldehyde solution for 20 min followed by staining with the Prussian
blue solution (2% potassium ferrocyanide and 2% hydrochloric acid with 1:1 ratio)
for 30 min. Subsequently, cells were washed with PBS, and imaged using an opti-
cal microscope at the magnification of 400x (Olympus CK2; Olympus Optical Co.,
Tokyo, Japan).

Inductively coupled plasma optical emission spectrometry (ICP-OES)

In order to quantitatively evaluate the cellular uptake of NPs-FA, both cell lines were
cultured in T-25 cell culture flasks at a density of 5 x 10° cells, treated in the same way as
described before. After treatment, the cells were washed with PBS, trypsinized, collected
and counted for quantification purposes. The cells were digested with 1 mL of concen-
trated HNOj at 140 °C for 2 h. The samples were diluted to 5 mL with deionized water
and the concentration of iron was measured using an ICP-OES assay (VISTA-PRO, Var-
ian, Australia). Finally, the average iron content per cell was calculated.

Cellular uptake of NPs and NPs-FA in vivo

The accumulation of NPs and NPs-FA in colon tumor tissues was assayed by Prussian
blue staining. The mice were injected with 20 mg/kg NPs with/without drug (contain-
ing 1 mg/kg of free 5-FU) through the tail veins 14 days after tumor implantation. For
magnetic drug targeting, the magnets with magnetic intensity of 1.3 T were placed on
the mice colon tumor for 1 h. Tumoral mice were killed 1 h after the injection of nano-
particles with or without folic acid and magnetic targeting. For magnetic drug target-
ing, the magnets were placed on the mice colon tumor for 1 h. After, the tumor tissues
were fixed in formalin solution (10%) for 48 h at 25 °C. The samples were dehydrated
in different concentrations of ethanol, embedded in paraffin, cryosectioned, and stained
with Prussian blue solution. The sections were incubated with a mixture of 10% potas-
sium ferrocyanide and 20% hydrochloric acid for 20 min, then washed and stained with
Nuclear Fast Red.

In vivo antitumor effects of nanopatrticles

Colon tumor model was developed in BALB/c mice (20-30 g) by injecting 2 million
CT26 cells. After 12 days, when the tumor size reached about 70 to 100 mm?, the mice
were divided into 4 groups of 9:

Group 1: normal saline (control),

Group 2: Free 5-FU solution,

Group 3: SPION-PEG-PCL-PEG-FA (NPs-FA) and magnet for 1 h,

Group 4: 5-FU-loaded NPs-FA and magnet for 1 h.

(Only mice in the treatment groups that received the nanoparticles were exposed to
the magnetic field for one hour.) The mice were treated with 5-FU and NPs-FA with/
without drug injections through the tail veins every other day (12, 14 and 16 days) of the
experiment with 1 mg/kg of free 5-FU and 20 mg/kg of NPs-FA (containing 1 mg/kg of
5-FU). After the treatments, the tumor size was measured daily and the tumor volume
was calculated by the following equation:
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V= [width2 /2} x length. (2)

Furthermore, the 6 mice in each group were monitored for life span and analyzed by
the Kaplan—Meier survival curves.

Western blotting analysis

Two days after treatment, protein level changes of Bax and Bcl-2 in colon tumor-bearing
mice was assessed by Western blotting assay. Tumor tissues were homogenized and total
protein extracted with RIPA lysis buffer (Santa Cruz Biotechnology, USA) and quantified
using Bradford protein assay. The proteins separated through gel electrophoresis were
transferred to nitrocellulose membrane. These membranes were incubated for 24 h at
4 °C in the solution containing the primary antibodies: Bax (1:500), Bcl-2 (1:1000) and
B-actin (1:500). Subsequently the membranes were washed with mixture of Tris buffered
saline and Tween 20 (TBST) and then incubated with a horse radish peroxidase con-
jugated-secondary antibody. Finally, the protein bands were visualized using enhanced
chemiluminescence western Blotting Detection Reagent (ChemiDocXRS; Bio-Rad,
South San Francisco, USA). The protein bands were quantified using Image]J software
and then normalized to intensity of B-actin.

Statistical analysis

The results of all experiments were expressed as mean =+ standard deviation and analyzed
using one-way analysis of variance (ANOVA) followed by Tukey’s test using Graphpad
prism 6. A P-value of 0.05 or lower was considered to be statistically significant.
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