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ABSTRACT

Objective(s): Colorectal cancer is the second deadly cancer for men and women worldwide. Depending
on the pathological attributes of the tumor, there are numerous therapeutic options for colorectal cancer
treatment. Chemotherapy is one of the main methods, however, due to the low solubility and short half-life
of chemotherapy drugs, this treatment method has limitations. 5-Fu and curcumin are important drugs
for the treatment of colorectal cancer. One of the primary resolutions is the application of bioanalytical
techniques, which involve the utilization of chemotherapy agents in conjunction with nanoparticles, thereby
facilitating the directed transportation of the therapeutic substance to malignant cells.

Materials and Methods: In this study, Polycaprolactone- Polyethylene glycol- Hyaluronic acid (PCL-PEG-
HA) copolymers and magnetic nanoparticle iron-cobalt (FeCo) were synthesized to deliver Curcumin (CU),
5-Fluorouracil (5-Fu) and the combination to HCT116 colorectal cancer cells. To control the release of CU
and 5-FU and in vivo tumor targeting, PCL-PEG-HA/FeCo were synthesized and then characterized for the
morphological characteristics, shape, and magnetic properties of the nanoparticles, drug retention efficiency,
and release pattern in two acidic and neutral environments.

Results: Our results demonstrated that the release profile of CU and 5-FU from the nanoparticles in acidic
conditions was more than the drug release in neutral conditions. In acidic conditions, due to faster degradation
of nanoparticles, drugs are released faster. Moreover, these nanoparticles have high biocompatibility and
potential in transporting CU and 5-FU drugs to HCT116 cells. The IC, of co-delivery of CU and 5-FU was
65.42 mg/L, while, the IC, | value of drugs coated with nanoparticles (PCL-PEG-HA/FeCo/5-FU/Curcumin)
was 72.26. Otherwise, utilizing nanoparticles can increase the amount of apoptosis compared to control and
free 5-Fu and Curcumin.

Conclusion: In conclusion, PCL-PEG-HA/FeCo/5-FU/Curcumin nanoparticles can be an efficient solution
in targeted drug delivery to colorectal cancer cells and reducing the side effects of these drugs on normal cells.

Keywords: Chemotherapy drugs, Drug delivery, Hyaluronic acid, Polycaprolactone, Polyethylene glycol

How to cite this article

Bourang Sh, Noruzpour M, Azizi S, Yaghoubi H, Ebrahimi HA. Synthesis and in vitro characterization of PCL-PEG-HA/
FeCo magnetic nanoparticles encapsulating curcumin and 5-FU. Nanomed J. 2024; 11(2): 155-171. DOIL: 10.22038/
NM]J.2024.76219.1857

cancer. Moreover,

the primary therapeutic

Colorectal cancer (CRC) is the third most
common diagnosis and second deadliest
malignancy for both sexes combined [1]. In the
year 2020, it is predicted that CRC will account
for 1.9 million cases and 0.9 million deaths
worldwide [2]. In recent times, there has been
a significant increase in scientific research on
the comprehensive management of colorectal
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approach for patients suffering from metastatic
colorectal cancer (mCRC) involves a combination
regimen that incorporates the use of a specifically
targeted medication [2]. Despite the progression
of drug regimens in CRC, it is difficult to achieve
treatment of mCRC because of the poor prognosis
with a median overall survival (mQOS) of only 25-
30 months [3, 4]. Different treatment procedures
are available for CRC, for patients with metastatic
colorectal cancer, the primary therapeutic
approach is palliative chemotherapy, while non-
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systematic treatments such as surgery, optional
radiation, and ablative techniques are considered
for patients with resectable metastatic lesions in
order to enhance overall survival. Neoadjuvant
and palliative chemotherapy [5], immunotherapy
[6], and tyrosine kinase inhibitor (TKI) therapy
[7] are other CRC treatments. Currently,
targeted drug delivery by nanoparticles is a new
approach to solve various problems related to
chemotherapeutic drugs [8].

One of the frequently utilized antimetabolite
agents in the primary therapeutic approach for
colorectal cancer is 5-fluorouracil (5-FU), an
aqueous anti-neoplastic medication used to
treat pancreatic, gastric, and breast malignancies
[9, 10]. The active derivatives of 5-FU have the
capability to interfere with both the synthesis of
DNA and RNA, impede the proliferation of cancer
cells, and initiate a process called apoptosis. 5-FU
is a derivative of uracil and possesses a fluorine
atom in place of hydrogen at the C-5 position.
Uponenteringthecell,5-FUis convertedtovarious
metabolites that are active biologically, such as
fluorodeoxyuridine monophosphate (FAUMP),
fluorodeoxyuridine triphosphate (FdUTP),
and fluorouridine triphosphate (FUTP). These
metabolites provide important roles in disrupting
RNA synthesis and also exhibit anti-cancer effects
by inhibiting the enzyme thymidylate synthase
(TS) [10]. Active metabolites of 5-FU disrupt
both DNA and RNA synthesis, block cancer cell
proliferation and induce apoptosis [11]. In CRC,
the administration of intravenous and oral 5-FU
or other fluoropyrimidines (FPs) has emerged
as the primary approach to systemic therapy
since the 1990s. Since that time, researchers
have concentrated on the biomodulation of
5-FU to improve its therapeutic effectiveness
and cytotoxicity [12]. Co-administration of 5-FU
in company with natural or synthetic drugs like
doxorubicin [13], paclitaxel/cisplatin [14, 15],
curcumin [9, 16], metformin [17, 18], irinotecan/
oxaliplatin [19] demonstrated development in
response rates and medicinal results.

Curcumin, a prominent chromatic compound
obtained from the subterranean stem of the
botanical species Curcuma longa, belonging to
the family Zingiberaceae, is widely recognized
under the name of turmeric [20]. Curcumin has
different effects, including anti-oxidant, anti-
inflammatory, anti-bacterial, hepatoprotective,
anti-viral, and anti-diabetic properties.
Consequently, it has been widely investigated
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for its anti-cancer activity across multiple cancer
types, including CRC [21, 22]. Whereas it shows
the inhibitory impacts on CRC cells in vitro [23],
the pharmacokinetic data revealed its poor
aqueous solubility, low oral absorption, and low
bioavailability. Thus, it has not been sufficiently
effective in animal models and clinical trials
[24]. However, in recent years, many curcumin
preparations using technology to increase
its aqueous solubility, stability, absorption,
and bioavailability have been developed [25].
When Curcumin is co-administered with other
anticancer drugs, it enhances the cytotoxicity
of these synergistic agents, thereby making it a
promising candidate for combination therapy.
The co-administration of Curcumin and 5-FU
enhances the chemosensitivity of the initial
chemotherapeutic agent (5-FU) for colorectal
cancer via the modulation of Src, NF-kB, and NF-
NB-dependent regulated gene products. Upon
examination in a high-density culture, Curcumin,
whether used alone or in combination with
5-FU, effectively inhibits colonoscopy formation,
induces apoptosis, suppresses proliferation,
and downregulates colon cancer cell markers in
MMR-deficient 5-FU-resistant cells [26].
Bioanalytical techniques and biomedical
applications are entirely dependent on the
utilization of magnetic nanoparticles [27].
When dealing with biological specimens, these
methods experience reduced levels of background
interference, resulting in the magnetic
susceptibilities of bio-type samples being virtually
non-existent [28]. Examples of biomedical
applications that can now be implemented using
magnetic nanoparticles include analytical tools,
bioimaging, biosensors, contrast agents (CAs),
hyperthermia, photoablation therapy, physical
therapy applications, separation, signal markers,
and targeted drug delivery (TDD). The specific
targeting of magnetic nanoparticles reduces the
adverse effects of the drug as it prevents non-
specific uptake into normal cells. Conversely,
increasing the drug dosage in the affected area
enhances its efficacy compared to free drug
employment. Due to their strong magnetic
properties and other characteristics such
as temperature sensitivity and exceptional
biocompatibility, these nanoparticles have
attracted considerable attention among many
researchers in recent times [29]. Among various
types of magnetic nanoparticles, FeCo-(Iron,
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Cobalt),0, nanoparticles demonstrate superior
magnetic saturation with a value of 215 emu/g,
in comparison to other magnetic materials such
as Fe,O, (21-80 emu/g), Fe.C, (125 emu/g), and
PtFe (100 emu/g) nanoparticles. FeCo-(Fe,Co),0,
nanoparticles containing ferromagnetic iron (Fe)
and cobalt (Co) as well as their alloys and oxides
have been proven to be the most promising probes
for theranostics and targeted drug delivery systems.
However, they possess a pronounced inclination
towards agglomeration, which refers to the
phenomenon where the particles of a substance
adhere together wunder specific conditions,
resulting in the formation of a cohesive mass of that
particular material. Moreover, FeCo nanoparticles
are also susceptible to oxidation. To solve the
issues of agglomeration, oxidation, and toxicity,
the surfaces of magnetic nanoparticles are coated
with natural hydrophilic polymers such as starch,
cellulose, chitin, chitosan, gelatin, and others [30].

The degradation of Polycaprolactone (PCL)
occurs via the hydrolysis of its ester linkages in
physiological environments and in the human
body. Consequently, PCL has garnered significant
interest as a biomaterial suitable for implantation
and controlled drug release scenarios [31].
However, in the field of tissue engineering,
PCL faces certain drawbacks such as a slow
degradation rate, lower mechanical properties,
and limited cell adhesion. In order to overcome
these limitations, PCL can undergo polymerization
with other polymers such as Polyethylene glycol
(PEG), Polylactic acid (PLA), Hyaluronic acid (HA),
Polyglycolide or poly (glycolic acid) (PGA), and so
on [32]. PEG is a synthetic, hydrophilic polyether
compound that is both biocompatible and
biodegradable and finds extensive applications
primarily within the medical industry, but also
in the chemical and industrial sections. Similar
to PCL, PEGs have been approved by the Food
and Drug Administration (FDA) as exceptional
materials for many biomedical applications due
to their biodegradability and biocompatibility
[33, 34]. HA, a fundamental constituent of the
extracellular matrix, is employed due to its
compatibility with living organisms, ability to
degrade naturally, lack of toxicity, and absence of
immunogenicity. Additionally, this acid provides
many locations for modification, such as carboxyl
and hydroxyl groups, which are commonly utilized
for the delivery of antineoplastic agents [35].

Nanomed J. 11(2): 155-171, Spring 2024

The objective of this study is to utilize FeCo
nanoparticles coated with a copolymer of PCL-
PEG-HA in order to create a targeted nanocarrier
for 5-Flourouracil and Curcumin. The efficiency of
5 Fu, Curcumin (CU), and their combination was
examined in this investigation. Subsequently, the
physicochemical properties, drug release pattern,
toxicity, and efficacy of PCL-PEG-HA/FeCo/5-FU«
PCL-PEG-HA/FeCo/CU, and PCL-PEG-HA/FeCo/5-
FU/CU nanoparticles were assessed in terms of drug
delivery on the colorectal cancer cell line HCT116.

MATERIALS AND METHODS
Materials

For this research, Polyvinyl alcohol (PVA),
Chloroform (CHCL,), NHS (N-Hydroxysuccinimid),
and Oleic acid were purchased from Merck.
Hyaluronic acid (HA), RPMI Media, MTT assay
Kit, DMSO (Dimethyl sulfoxide), PCL-COOH
(poly  e-caprolactone), EDC (N-Ethyl-N'-(3-
dimethylaminopropyl)-carbodiimid-hydrochlorid),
PEG (poly ethylene glycol), Curcumin, FeCo, PBS
(Phosphate buffered saline), and FBS (Fetal Bovine
Serum) were purchased from Sigma Aldrich
company and 5-Fluorouracil was acquired
from Ebewe pharma company.

Synthesis of PCL-PEG-HA copolymer

To polymerize PCL-PEG-HA, first, the Carboxylic
acid group of PCL-COOH polymer was activated
by adding 100 mg of NHS and 200 mg of EDC to
1 g of PCL-COOH solutions in 20 ml chloroform
and was kept at room temperature for one hour.
Second, to conduct a reaction between PCL-COOH
and NH,-PEG-HA, 2 g of NH,-PEG-HA was added to
PCL-COOH solution and mixed slowly for 2 days of
stirring at room temperature. Finally, to remove
impurities, the resulting product was centrifuged
for half an hour at 4 °C (15000 rpm) using equal
volumes of water and methanol. The copolymer
was further purified using dialysis membranes
(10000 MW) and then the PCL-PEG-HA polymer
was centrifuged again under the above-mentioned
conditions and freeze-dried.

Characterization of PCL-PEG-HA copolymer
H-NMR spectroscopy was carried out to
investigate the structure of PCL-PEG-HA copolymer
using CDCI, as the solvent (Varian Unityinova 500
NMR Spectrometer, USA). Additionally, the FTIR
technique (1B-AR-010, Biotec, USA) was used to
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confirm the synthesis of PCL-PEG-HA synthesis.
Also, the thermal stability of PCL and PCL-PEG-HA
copolymer was evaluated by Thermogravimetric
analysis (TGA, STA-PT1000, License, Germany) in
a thermal range of 40 °C to 700 °C with a heating
rate of 10 °C/min.

Synthesis of PCL-PEG-HA/FeCo/5-FU/Curcumin,
PCL-PEG-HA/FeCo/5-FU, PCL-PEG-HA/FeCo/
Curcumin and PCL-PEG-HA/ FeCo nanoparticles

A solvent diffusion technique was used to
prepare PCL-PEG-HA/FeCo/5-FU/Curcumin. For
this purpose, 5 mg of FeCo nanoparticle coated
with Oleic Acid were added to separate PCL-PEG-
HA solutions (30 mg in 1 ml chloroform). Then,
4 mg of 5-FU and 4 mg of Curcumin were added
to the mixture and sonicated for 30 seconds, and
then 1 ml of PVA solutions (1% w/v) were added
to the mixture and sonicated for another 30 sec,
respectively. The resulting emulsions were then
collected using a syringe and slowly injected into
25 ml of PVA solution (0.3% w/v) under stirring. The
final emulsion was stirred at room temperature
for 24 hr. The yielded nanoparticles were washed
3 times with centrifugation using deionized water
(23000 rpm for 1 hr) and freeze-dried.

As well asBesides, to prepare PCL-PEG-HA/
FeCo nanoparticles (without drug) and PCL-PEG-
HA/FeCo/5-FU and PCL-PEG-HA/FeCo/Curcumin
nanoparticles, the above technique was used.
With the difference that only drug 5-FU or
Curcumin was used in the loading stages. Also, in
order to prepare PCL-PEG-HA/FeCo nanoparticles,
loading steps without 5-FU and Curcumin drugs
were carried out.

Characterization of nanoparticles

The average size and zeta potential of the
synthesized nanoparticles were determined using
dynamic light scattering (DLS, SZ100, Horiba,
Japan) techniques. The morphology and size
distribution of nanoparticles were investigated
by TEM images (LEO906, Zeiss, Germany). The
formation of magnetite nanoparticles was
confirmed by FTIR and UV-Vis (Thermo Scientific,
USA) spectroscopy. VSM (Vibrating Sample
Magnetometer, MDKF-Co., Iran) technique was
used to measure the magnetic properties of FeCo
nanoparticles. The particle size and zeta potential
were measured by dynamic light scattering (DLS)
(Malvern Instruments, Westborough, MA, USA).
Polydispersity Index (Pdl) is was used to estimate
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the average uniformity of a particle solution,
and larger Pdl values correspond to a larger size
distribution in the particle sample. Pdl can also
indicate nanoparticle aggregation along with
the consistency and efficiency of particle surface
modifications throughout the particle sample.

Determination of drug encapsulation efficiency of
synthesized nanoparticles

To calculate the encapsulation efficiency of drug
5-FU, and Curcumin encapsulation efficiency ofin
PCL-PEG-HA/FeCo/5-FU/CU, PCL-PEG-HA/FeCo/5-
FU and PCL-PEG-HA/FeCo/CU nanoparticles, the
supernatant of the nanoparticle’s mixture was
centrifuged (13000 rpm for 1 hr) and the amount of
free 5-FU and Curcumin present in the supernatant
was determined using spectrophotometry at 260
nm (5-FU) and 480 nm (Curcumin). The measured
amount was then compared with the initial
amount of drug used in the loading process (4 mg
of each drug) and the encapsulation efficiency was
calculated by the following equation (Equation
1-1):

EE%= (Winitial 5-FU or CU — Wfree 5-FU or CU /
Winitial 5-FU or CU)

Release profile of drug from nanoparticles

Since the tumor tissue has a lower pH
compared to the normal tissue, the drug release
from nanoparticles was evaluated in PBS buffer
with acidic (pH = 6) and neutral (pH = 7.4) pH
values. 10 mg of PCL-PEG-HA/FeCo/5-FU/CU, PCL-
PEG-HA/FeCo/5-FU, and PCL-PEG-HA/FeCo/CU
nanoparticles were added separately to 2 ml of
PBS buffer and stored at 37 °C. The nanoparticles’
supernatant was then collected by centrifugation
(13,000 rpm for 1 hr) at predetermined time
intervals and the nanoparticles were resuspended
in 2 ml of PBS until the next collection. The amount
of drug present in the supernatant was evaluated
using spectrophotometry. The cumulative release
percentage was then calculated using the following
equation (Equation 1-2).
Dri+ prft!
—5F—
Drt= The measured amount of drug in the
supernatant at any time (t)
Drt+1= The measured amount of drug in the
supernatant at time (t+1)
De= The amount of drug encapsulated in the
nanoparticles

Cumulative release percentage =

Nanomed J. 11(2): 155-171, Spring 2024
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In vitro evaluation of cytotoxicity

The HCT116 colorectal cancer cell line was
used to evaluate the toxicity and drug delivery
efficiency of synthesized nanoparticles. First,
Human Colorectal Carcinoma cell line HCT116
cells were grown in 10% fetal bovine serum and
RPMI cell media at 37 °Cin 5% CO,. The Cytotoxic
effect of Curcumin and 5-FU alone or together
(5-FU and Curcumin) in colon cells was assessed
by MTT reduction assay. For the MTT assay, 100
ul of HCT116 cells at a density of 7 x104 cells per
milliliter were transferred to 96-well plates. Then,
the cells were keptina CO, incubator (at 37 ° C, 90%
humidity, and 5% CO,) for 24 hr. The HCT116 cells
were then treated with different concentrations of
PCL-PEG-HA/FeCo/5-FU/CU nanoparticles (0, 25,
50, 75, 100, 200, and 400 pg/ml), as well as free
5-FU. To evaluate the toxicity of nanoparticles,
PCL-PEG-HA/FeCo nanoparticles were used. To
compare the efficiency of these nanoparticles in
the drug delivery, the amount of Curcumin and
5-FU in each treatment was calculated in terms
of the percentage of loading and final weight of
the nanoparticles and in combination with each
other on HCT116 cells. In order to calculate the
toxicity of PCL-PEG-HA/FeCo, the amount of 5-FU
and Curcumin were deducted from the number
of treated nanoparticles, then a similar amount
of PCL-PEG-HA/FeCo nanoparticles was added
to each cell. The cells were exposed to each
treatment for 24 hr. Then, the cell viability was
assessed using MTT assay.

Cell Apoptosis Analysis Flow cytometer
analysis with Annexin V-Dy634 KIT (Annexin V
Apoptosis Detection Kit with PI, Immunostep
company) was conducted to study the apoptosis
response of HCT116 cells to Curcumin, 5-FU, and
the combination. First, 6 cell plates were seeded
by 3000 cells/ wall HCT116 cells and incubated for
24 hr at 37 °C, then cells were treated with the
concentration of MTT test results (IC. Values).
After 48 hr incubation, the cells were rinsed with
PBS buffer twice and then recollected from cells.
The collected cells were centrifuged at 3000 rpm
for 5 min and according to the manufacturer’s
instruction, the samples were treated with
Annexin V and propidium iodide (PI) for 15 min at
room temperature in a dark mood. The apoptosis
detection kit Annexin V-FITC (BestBio; Nanjing
Fengfeng Biological Medicine Technology Co., Ltd.)
was utilized in accordance with the manufacturer’s
protocol for the assay. Subsequently, flow
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cytometry analysis (BD Accuri C6; BD Biosciences)
was performed on the cells, and the data were
processed using FlowJo™ software (version 10;
FlowlJo LLC).

RESULTS
Characterization of PCL-PEG-HA copolymer

The H-NMR spectra of PCL and PCL-PEG-HA
copolymer are presented in Fig. 1. As shown in the
H-NMR spectrum of PCL, Protons of -CH2- groups
associated with PCL were present at 1.75 (b) and
3.42 (a) ppm. After the binding of PEG-HA to PCL,
new peaks were observed in the range of 5.39 and
3.67 ppm, which were related to the PEG proton

(c) and hyaluronic acid (d), respectively.
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no %
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e

Fig. 1. The H-NMR spectra of A) PCL and B) PCL-PEG-HA and
their schematic structure

The FT-IR spectra of PCL and PCL-PEG-HA
copolymers shown in Fig. 2, confirmed the
synthesis of PCL-PEG-HA. As shown in the FT-IR
spectrum of PCL, the IR bands observed at 1846
cm™ and 3104 cm™ were related to C=0 and C-H
groups present in PCL. The FT-IR spectrum of PCL-
PEG-HA copolymer revealed that strong peaks
at 3286 cm® which was related to the hydroxyl
group of PEG indicated the binding of the PEG-HA
polymer to PCL. On the other hand, these results
demonstrated a new band at 1612 cm™ in PCL-
PEG-HA copolymer, which was related to the N-H
functional group of hyaluronic acid.

Thermogravimetric analysis (TGA) is an
influential methodology employed to assess
the thermal durability of various materials,
encompassing polymers. Nonetheless, this
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Fig. 2. The FT-IR spectra of A) PCL and B) PCL-PEG-HA.

technique also possesses the capability to
evaluate the proportion of components within a
given sample. The TGA analysis of PCL, shown in
Fig. 3, represents a severe weight loss stage which
is indicative of the purity of the PCL polymer. On
the other hand, several stages of weight loss were

observed in the TGA analysis of PLA-HA polymer
in the temperature range of 200-250, 300-320,
and 350-380 °C, which indicates the presence of
several materials in PCL-PEG-HA compared to
PCL. Considering that the weight loss of PCL was
observed in the temperature range of 200 to 320
°C, it can be concluded that the weight loss in the
temperature range of 350 to 380 °C is related to
the hyaluronic acid present in the structure of PCL-
PEG-HA copolymer.

Characterization of PCL-PEG-HA/FeCo/5-FU, PCL-
PEG-HA/FeCo/CU and PCL-PEG-HA/FeCo/5-FU/
CU nanoparticles

The results of studying the morphological
properties and size of synthesized nanoparticles
by transmission electron microscope (TEM)
indicated that these nanoparticles had a spherical
structure and a size of about 100-200 nm (Fig. 4).
Furthermore, there are no significant differences
between the shapes of nanoparticles. It has been
determined that the efficiency of drug transfer
to target tissues is related to the morphology
of nanoparticles and that nanoparticles with a
spherical structure have a high transfer efficiency
among all types of spatial structures [36, 37].

A
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Fao —PCLPEG-HA
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The Dynamic light scattering (DLS) results
B
o1
L]
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0 03 —FPcL
£ 04 —PCLPEGHA
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L] 100 200 300 400 500 600 To0
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Fig. 3. A) TGA and B) DTG analysis of A) PCL and B) PCL-PEG-HA.

Fig. 4. TEM image of PCL-PEG-HA/FeCO/5-FU, PCL-PEG-HA/FeCO/Curcumin and PCL-PEG-HA/FeCO/5-FU/Curcumin nanoparticles
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shown in Fig. 5 confirmed the nanoscale dimensions
of the synthesized nanoparticles. PCL-PEG-HA/
FeCo/5-FU, PCL-PEG-HA/FeCo/CU and PCL-PEG-
HA/FeCo/5-FU/CU nanoparticles were 193 + 9.5,
218 + 14.3, and 203 * 6.9, respectively and there
was no significant difference between the sizes of
these nanoparticles.
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Fig. 5. The DLS results of synthesized nanoparticles

Graphical distribution of Zeta potential
indicatesthe electrostaticstability of nanoparticles.
Examining the results of the zeta potential of
synthesized nanoparticles (PCL/CU, PCL/5-FU,
and PCL/5-FU/CU) shows that the mentioned
nanoparticles have an average negative charge
(14.73+0.86, 20.08+0.35, and 11.12+0.44 mV,
respectively) (Fig. 6).

The average size of nanoparticles (DLS) and
the dispersion index Pdl, which represents the
size distribution and uniformity of the synthesized
nanoparticles, are given in Table 1.

The hysteresis curve obtained from the
vibrational sample magnetometer is demonstrated
in Figure 7. The results confirmed that the
magnetic property of PCL-PEG-HA/FeCo/FeCo
nanoparticles was more than other nanoparticles
and was 38 emu/g. With the encapsulation of
5-FU and Curcumin drugs, the magnetic saturation
decreased in such a way that the lowest magnetic
saturation in PCL-PEG-HA/FeCo/Curcumin/5-FU
nanoparticles was observed and was 27 emu/g.
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Fig. 6. The hysteresis curve of the synthesized nanoparticles

Table 1. Zeta potential, PDI, and particle size of PCL/5-FU, PCL/
Curcumin, and PCL/5-FU/CU nanoparticles

Nanoparticle CU (%) 5-FU (%)
PCL-PEG-HA/FeCo/CU 35.9 -
PCL-PEG-HA/FeCo/5-FU - 43.83
PCL-PEG-HA/FeCo/5-FU/CU 32.73 46.86

—PCL-PEG-HA/FeCO/5-FU —PCL-PEG-HA/FeCO/Curcumin

—PCL-PEG-HA/FeCO/Curcumin/s-FU —PCL-PEG-HA/FeCO

-B000 2000 4000 6000 &000

Magnetization (emu/g)

40

50 -
Applied field (Oe)

Fig. 7. Drug release profile of synthesized nanoparticles in acidic
and neutral pH
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Table 2. 5-FU and Curcumin Encapsulation efficiency in PCL-
PEG-HA/FeCo copolymer

Nanoparticle CU (%) 5-FU (%)
PCL-PEG-HA/FeCo/CU 359 -
PCL-PEG-HA/FeCo/5-FU - 43.83
PCL-PEG-HA/FeCo/5-FU/CU 32.73 46.86

5-FU and Curcumin Encapsulation efficiency

According to the results, the encapsulation
efficiency of Curcumin in PCL-PEG-HA/FeCo/
Curcumin and PCL-PEG-HA/FeCo/5-FU/CU
nanoparticles were 35.9 and 32.73, respectively.
On the other hand, the encapsulation efficiency
of 5-FU in PCL-PEG-HA/FeCo/5-FU and PCL-PEG-
HA/FeCo/5-FU/CU nanoparticles were 43.83
and 46.86, respectively (Table 2). These results
demonstrated that the 5-FU drug has a higher
encapsulation efficiency than the Curcumin drug
in PCL-PEG-HA/FeCo copolymer.

Drug release pattern

The results of evaluating the release pattern
of PCL-PEG-HA/FeCo/5-FU/CU nanoparticles in
neutral (pH=7.4) and acidic (pH=6) conditions
showed that the release of 5-FU and Curcumin
drugs takes place in two stages. In the first stage,
the drug is released explosively. In fact, more than
50% of the total Curcumin drug released from PCL-
PEG-HA/FeCo/CU nanoparticles was released only
3 days after incubation. However, more than 30%
of the encapsulated 5-FU (PCL-PEG-HA/FeCo/5-
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FU) was released only after 3 days of incubation,
while the amount of drug released from PCL-PEG-
HA/FeCo/5-FU/CU nanoparticles after 14 days of
incubation in phosphate buffer and pH = 7.4, was
43.6% (Fig. 8).

The evaluation of the drug release of PCL-
PEG-HA/FeCo/5-FU/CU nanoparticles in acidic
conditions (pH=6) indicated that the release of
both 5-FU and Curcumin drugs in acidic conditions
was significantly higher than the drug release in
the neutral pH (7.4). For example, the amount
of Curcumin drug released from PCL-PEG-HA/
FeCo/5-FU/CU nanoparticles in 14 days at pH=7.4
was 57.36%, while this amount increased to more
than 75% at pH=6.

In vitro cytotoxicity

In this study, in order to increase the
efficiency of targeted drug delivery to colorectal
HCT116 cancer cells, the PCL polymer surface
was coated with PEG-HA. In addition, the ability
to transport Curcumin and 5-FU drugs through
these nanoparticles and their effect (Together and
separately) on the viability of HCT116 cells was
also evaluated through the MTT test.

According to findings, the highest IC50 value
of HCT116 cells (122.2 mg/L) was associated with
PCL-PEG-HA/FeCo treatment. The lowest value of
Half-maximal inhibitory concentration (IC, ) (64.42
mg/L) is related to the combined treatment of
curcumin and 5-Fu. Based on the results obtained,
the synthesized nanoparticles had the least impact
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Fig. 8. Drug release profile of synthesized nanoparticles in acidic and neutral pH
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on cell viability. Furthermore, according to the
results obtained (Fig. 10), there was a difference
between the IC_ value of the drug and the drug-
coated nanoparticle, so using the drug without
nanoparticles reduces the IC_ value of the target
cells (Table 3). It can be concluded that coating
the drug with nanoparticles results in slow release
of the drug in the culture medium and long-term
effect of the drug (Fig. 9).

Cell apoptosis analysis

The biological process of regulating cell
numbers is called apoptosis, which is a naturally
occurring type of programmed cell death. Cell
shrinkage, chromatin condensation, membrane
blebbing, and the emergence of distinctive nuclear
bodies are their morphological hallmarks (38).
Despite the fact that apoptosis happens naturally,
it can also be brought on by a variety of bodily
processes and outside stimuli, including ionizing

Table 3. Analysis of variance of Ic,; (Dunkan) value

MS
S.0.v
df Icso
Treatment 6 1016.86 **
Error 14 4.84
CV(%) - 2.77

**: significant at 1% probability level
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radiation (39). This investigation into the apoptosis
of cancer cells used the flow cytometry test with
annexin V and PI. The findings of this investigation
demonstrated that the presence of PCL-PEG-
HA/FeCo/5-FU/CU nanoparticles significantly
increased both early and late apoptosis in the
colorectal cancer cell line HCT 116 (4.33 and 17.17
percent, respectively). which, was significantly
higher (at 1% probability level) compared to other
treatments. As can be seen in Fig. 10, there is no
statistically significant difference between the
drug-free nanoparticle as a control treatment
(PCL-PEG-HA/FeCo) and free curcumin /free 5-FU
(without nanoparticles) in terms of the percentage
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Fig. 10. Comparison of the value of IC_ (mg/L) of HCT 116 col-
orectal cancer cells based on different treatments
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of early apoptosis and late apoptosis (Fig. 11).
On the other hand, coated drugs in nanoparticles
(separately) and the combination of drugs (PCL-
PEG-HA/FeCo/5-FU/CU, PCL-PEG-HA/FeCo/
CU, and PCL-PEG-HA/FeCo/5- FU) had caused a
significant increase in the probability level of 1%
in early apoptosis and late apoptosis of HCT 116
cell lines of colorectal cancer.

In terms of the necrotic rate of HCT 116 cell line
samples, a statistically significant difference was
observed between the treatments. The drug-free
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treatment (control nanoparticle) had the highest
amount of cell necrosis (24.17%), which can be
the result of the unrestricted growth of cells in the
cell culture medium and high level of death due
to cell density (40) which in other experimental
treatments, due to increase in apoptosis rate,
there was a decrease in cell density and result
the percentage of cell necrosis has decreased
significantly compared to the control treatment
(Fig. 12).
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Fig. 12. Comparison of apoptosis analysis; Necrotic, Early apoptosis, and Late apoptosis percentages in different treatments on HCT
116 Colorectal cancer cells
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DISCUSSION

Particle size and the surface charge are
responsible for a wide range of biological functions
in nanoparticles, including bio distribution, toxicity
(41) cellular uptake (42), and dissolution (43).
Therefore, it is necessary to investigate these two
factors during the development of nanoparticles
in drug delivery systems. Previous studies have
shown that, nanoparticles with particle size in the
range of 100-200 nm tend to accumulate in tumor
tissues much more, in comparison to normal
cells (44). Some studies have demonstrated that
nanoparticles with diameters less than 200 nm
have a higher ability, to escape uptake using
the reticuloendothelial system (RES) compared
to nanoparticles with larger particle sizes (45).
In line with the findings of prior investigations,
reducing the size of nanoparticles increases
the probability of successful delivery to cancer
cells, while indiscriminate uptake by healthy
cells is enhanced for nanoparticles below 50
nm in size. To further explain, reducing the size
of nanoparticles to less than 50 nm not only
increases the transduction efficiency but also
increases the incidence of side effects in the form
of non-specific uptake by healthy cells(46). Based
on the findings, nanoparticles measuring 200
nm in size are deemed to be a viable alternative
for the targeted delivery of drugs to cancerous
tissues. This particular group of nanoparticles
exhibis enhanced transfer efficiency owing to their
size being less than 200 nm, and the nonspecific
uptake of these nanoparticles by normal cells is
comparatively lower than that of nanoparticles
measuring less than 100 nm in size. In light of the
results obtained from this investigation, it can be
inferred that the size of the PCL-PEG-HA/FeCo/
CU/5-FU nanoparticles ranged around 200 nm,
thereby implying that these nanoparticles possess
the superior capability to penetrate cancer cells
while simultaneously exhibiting minimal uptake by
normal cells in vivo. In a study conducted by Noor
Alam and colleagues, aimed at the development
and characterization of cisplatin-loaded PLGA-
HA nanoparticles, a slight increase in the size of
hyaluronic acid-conjugated nanoparticles was
observed in comparison to PLGA nanoparticles.
The plausible explanation for this size increment
lies in the presence of hyaluronic acid segments.
Furthermore, this study revealed that the HA-
containing nanoparticles displayed a more
negative zeta potential, which can be attributed
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to the presence of negative carboxyl groups within
the hyaluronic acid molecule (47). In a similar vein,
Serri et al. conducted a study on the preparedness
of PLGA nanoparticles thatincorporated hyaluronic
acid on their exterior. The researchers observed
a 30% increase in size when comparing these
nanoparticles to those without hyaluronic acid.
Furthermore, Serri et al. posited that the diffusion
of drugs into the nanoparticles contributes to their
size augmentation, as it leads to the expansion
of the inner liquid phase. Additionally, this
review regarded the manifestation of deficient
zeta potential in hyaluronic acid-containing
nanoparticles as evidence of the presence of
hyaluronic acid on the nanoparticle surface(48).

It has been reported that zeta potential is a very
important key to determine the cellular uptake
efficiency and the in-vivo fate of nanoparticles
(49). However, the optimum surface charges (e.g.
negative, neutral or positive) and surface charge
densities were reported differently for different
types of drug delivery systems, in order to prolong
the plasma circulation time of nanoparticles,
minimize the nonspecific binding of nanoparticles
and prevent their loss to nontarget locations. For
example, Yamamoto et al. (50) demonstrated
that negatively charged PEG-PDLLA nanoparticles
exhibited no significant difference in nanoparticles
blood clearance kinetics; however, the negative
surface charge of nanoparticles remarkably
reduced the nonspecific uptake by spleen and
liver, which was due to the electrostatic repulsion
between negatively charged plasma membrane
of the cells and nanoparticles. Conversely,
Juliano et al. reported that the positively charged
nanoparticles were cleared less rapidly compared
to negatively charged ones, which was attributed to
the tendency of negatively charged nanoparticles
to coalesce in the presence of calcium ions and
proteins in blood plasma (51).

The tumor microenvironment is characterized
by low pH, low oxygen, and high redox. The pH in
the extracellular tissues and blood remained
around 7.4. Due to the high glycolysis rate of
tumor cells, the pH decreased to 6.2—6.8 and even
decreased to 4.5-5.5 in the endosomes/lysosomes
(52). Based on the pH gradient, acid-triggered
drug release nano drug-sustained systems would
be arranged to show a responsive release
mechanism to the tumor microenvironment. In
the neutral environment, nanoparticles generally
exist in uniform morphology and almost do not
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show drug-release behavior (53). However, in
acidic conditions, the drug release phenomenon
may occur abruptly, which improves the targeted
drug release. pH-responsive release often results
from the breaking of specific chemical bonds. For
example, imine bonds are stable under neutral
conditions but break under acidic conditions, and
targeted release can be achieved when the
connection between drug and carrier is broken
(54). In addition, charge interaction, hydrophobic
interaction, and morphology of the particles also
have a great influence on drug release. Some
natural and synthetic copolymers are sensitive to
pH such as HA and PEG. These copolymers respond
to the changes in the pH of the surrounding
medium by varying their dimensions. These
copolymers may swell, collapse, or disintegrate
depending on the pH of the environment (55). This
behavior is exhibited due to the presence of
certain functional groups in the polymer chain.
pH-sensitive materials can be either acidic or
basic, responding to either basic or acidic pH
values. The aim of assessing the release
characteristics of the nanocarrier was to guarantee
its sensitivity to changes in pH and its capacity to
provide a continuous release of medication. One
key aspect in the liberation of drugs encapsulated
within nanoparticles is to replicate optimal and
comparable conditions to those found within the
human body in a controlled laboratory setting, as
the ultimate destination for transfer is the patient's
body. Phosphate buffer solution (PBS) with a pH
value of 7.4 is a relatively stable compound that
closely resembles the acidity levels found within
the human body, and as such, it is commonly
employed in various biological experiments.
Studies have indicated that cancer cells possess a
slightly higher degree of acidity compared to
normal body tissue (pH=6) (56). Therefore, in the
current investigation, to direct drug transportation
to cancerous cells and investigate the pattern of
drug liberation, phosphate buffer was used.
Empirical research has demonstrated that the
liberation of drugs from micellar nanoparticles
emerges from an analogous pattern, and the
scientific community concurs that the rationale
behind this phenomenon is the encapsulation of
the drug within the outer layers of this particular
assemblage of nanoparticles. This encapsulation is
primarily instigated by the augmented contact
area between the drug and the phosphate buffer,
leading to an abrupt escalation in the magnitude
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of drug liberation. Nonetheless, the release of
drugs located within the central regions of
nanoparticles requires a lengthier period of time
(57). The investigation of the drug release pattern
from the synthesized nanoparticles in acidic
conditions (pH=6) revealed that the release of
5-FU and Curcumin was greater in comparison
with the release in neutral conditions. The
accelerated degradation of the nanoparticles in
acidic conditions leads to a faster release of the
drugs. Previous studies have also explored the
release of drugs from polymer nanoparticles with
a magnetic core. A study conducted by Amani et
al. examined the design and evaluation of iron
oxide nanoparticles coated with a PLA-PEG-PLA
copolymer and observed both burst and
continuous release patterns of drug release in
neutral and acidic environments. Under similar
conditions, the rate of drug release from
nanoparticles was significantly higher in an acidic
medium as compared to a neutral medium. This
study delved into the chemical and biochemical
processes involved in the separation of drugs from
nanoparticles, as well as the rationale behind the
disparity in release rate between an acidic and a
neutral environment. Furthermore, it was noted
that the process of drug release from nanoparticles
generally proceeds at a slower pace in a neutral
climate as opposed to an acidic climate. Given that
cancer cells or tumor tissues exhibit a lower pH
compared to healthy cells or tissues, a higher
release rate into acidic tissues may result in
reduced side effects compared to the use of free
drugs (58). In recent times, the joint administration
of naturally occurring substances, which have
been confirmed to possess anti-cancer properties,
through the implementation of combinatorial
chemotherapy, has been the subject of
investigation within clinical environments. The
impact of Cur, in terms of its ability to diminish
telomerase activity, has been observed in
numerous cancerous cell lines, as indicated by an
escalating quantity of scientific publications (59).
This reduction was found to be due to the blocking
of the nuclear localization of telomerase by the
separation of the chaperone Hsp90p23 complex
from Telomerase Reverse Transcriptase (TERT) and
thus to the inhibition of the translocation of TERT
to the nucleus. The interaction of Hsp90 and p23
with hTERT is essential for the regulation of
nuclear transport of telomerase (60). Furthermore,
downregulation of TERT expression by Cur results
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in the suppression of telomerase activity, with
increasing concentrations of Cur leading to
decreased TERTmMRNA levels while TR mRNA levels
remain unchanged (61). 5-FU is a widely used drug
in the first-line treatment of colorectal cancer (62).
Over 80% of the administered 5-FU dose is rapidly
metabolized and only 13% is converted to its
active metabolite FAUMP. FAUMP then inhibits
thymidylate synthase (TYMS, OMIM: 188350) and
blocks deoxythymidine triphosphate (dTTP)
synthesis. Subsequent dTTP depletion triggers
death without thymine (63). TYMS is considered a
potential prognostic marker for colorectal cancer.
Recent studies have shown that overexpression of
the TYMS transcript predicts poor outcomes in
patients with colorectal cancer (64). Several
investigations have put forward the notion that
the expression of enzymes involved in the
metabolism of 5-FU may have a potential
prognostic or predictive function in the resistance
to treatment observed in colorectal cancer.
Patients afflicted with colorectal cancer who
exhibit diminished protein expression of the 5-FU-
inactivating enzyme, namely dihydropyrimidine
dehydrogenase (DPYD, OMIM: 612778), have
been found to experience longer survival periods
following 5-FU treatment in comparison to those
patients who possess elevated levels of this
enzyme (65, 66). Likewise, high DPYD transcript
level was associated with poor outcome in stage IV
colorectal cancer patients (67). High transcript
level of TYMP was associated with significantly
better disease-free survival (DFS) after oral
administration of 5-FU in patients with stage Il
colorectal cancer (68, 69). The action of CUR was
determined to have a synergistic effect in the
improvement of 5-FU efficacy through the
inhibition of cytochrome c¢ oxidase subunit Il
(COX2) overexpression in colorectal cancer. Within
the scope of this study, it was demonstrated that
the combined treatment of CUR and 5-FU loaded
in PCL-PEG-HA nanoparticles resulted in an
augmentation of the anticancer effects against
HCT116 cells when compared to the effects of
individual treatments. Furthermore, it was
observed that a low concentration of curcumin
had the ability to enhance the anticancer effect of
5-fluorouracil against HCT116 cells in colorectal
cancer (70). Due to the inherent hydrophilicity of
polyethylene glycol PEG and the hydrophobicity of
polycaprolactone PCL, PCL-PEG-HA/FeCo
copolymers have been utilized to enhance the
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efficiency of drug delivery to HCT116 cells. This is
further facilitated by the interaction between
hyaluronic acid within the nanoparticle structure
and cell surface adhesion receptor (CD44)
receptors, which are known to be overexpressed
on the surface of the HCT116 cell membrane. In a
study conducted by Ni et al., the efficacy of
docetaxel in combating colorectal cancer was
improved through the use of dual-modified PCL-
PEG nanoparticles. The findings of this study
indicate that the incorporation of docetaxel into
PCL-PEG-based nanoparticles enables precise
targeting of colorectal cancer cells and efficient
drug delivery, thus leading to enhanced antitumor
activity. It is plausible to consider that this
nanomedicine platform can be readily extended to
other cancer types by modifying the
chemotherapeutic agents and the targeted
components. Therefore, this dual targeting
nanomedicine  platform exhibits promising
potential for the delivery of anticancer drugs in
future nanomedicine applications (72).
Furthermore, within a novel investigation, a
polymeric drug delivery system consisting of HA-
functionalized camptothecin (CPT)/ CUR-loaded
polymeric NPs (HA-CPT/CUR-NPs) was utilized for
the purpose of delivering curcumin to cancerous
cells. Through cellular uptake experiments, it was
observed that the incorporation of HA into the NP
surface conferred upon the NPs the capability to
combat colon cancer and notably enhance the
efficiency of cellular uptake in comparison to NPs
coated with chitosan. Significantly, the concurrent
delivery of CPT and CUR within a HA-functionalized
NP exhibited potent synergistic effects. It was
ascertained that the introduction of HA as a
targeting component in nanoparticles could
elevate their cytotoxicity by virtue of the specific
interactions occurring between hyaluronic acid
and the over-expressed CD44 receptor on the
surface of colorectal cancer cells (72). Both 5-Fu
and Curcumin are valuable chemotherapy agents,
and while they have limited bioavailability, to
overcomethese limits, in some studies, researchers
have co-delivered them. Sadeghi-Abandansari et
al., (2021) conducted an experiment to investigate
5-FU in combination with curcumin for colon
cancer. According to their results, combined drug
formulation enhanced their anticancer effects
against colon cancer cells (HT-29). Also they proved
the synergistic inhibitory of 5-Fu and Curcumin
effects on the cell cycle progression and cell
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proliferation in HT-29 cells (73).

One of the most important processes that
cells use to maintain their life activities is called
cell apoptosis, or programmed cell death (74).
Proteins known as caspases, or cysteine aspartate-
specific proteinases, are essential for promoting
programmed cell death. These proteins play
a crucial role in initiating the process of cell
destruction(75).Cancercellscanundergoapoptosis
through the action of three different signaling
pathways: the death receptor, mitochondrial, and
endoplasmic reticulum pathways (76). The most
significant of these pathways is the Fas receptor-
mediated apoptosis pathway. The cancer stem cell
theory of tumor growth suggests that Fas signaling
is involved in senescence, tumor maintenance,
and cell apoptosis. Several studies have indicated
that curcumin has the ability to suppress the
proliferation of cancer cells and induce apoptosis
in these cells employing cell cycle arrest mediated
by p21. Conversely, it is believed that the signaling
cascades of Mitogen-activated protein kinase
(MAPK) and NF-kappa B (NFkB) play a role in
regulating apoptosis and cell survival. Although
curcumin inhibits NFkB, its impact on the MAPK
pathways remains uncertain (77). Furthermore,
the activation of caspase-6 by 5-FU may trigger
apoptosis in cancer cells. Additionally, in the p53-
dependent pathway, 5-FU generates mitochondrial
ROS (78). These findings are in line with the results
of our experiment that increase the amount of
cell apoptosis (early and late). Therefore, the
synergistic effect of curcumin and 5-Fu drugs
with targeted transfer by nanoparticles can
increase cell apoptosis, targeted and controlled
transfer (change of drug release pattern) and
can be considered as one of the effective and
efficient ways in the treatment of colorectal
cancer. By modifying the released cytokines and
chemokines, polarizing pro-tumor and anti-tumor
cells, and ultimately causing anti-tumor cells
to release dead signals, curcumin can control
immune responses (79). Apoptosis in cancer cells
is induced by an increase in the activity of NK
cells and CTLs, whereas antitumor cell apoptosis
and cancer cell resistance to apoptosis are linked
to the infiltration of Tregs, TAMs, and CAFs (80).
Curcumin has been demonstrated to lessen NK cell
apoptosis. NK cells undergo apoptosis stimulation
and NF-kB downregulation as a result of their
interactions with immunosuppressive cells within
tumors. Increased Treg activation is linked to this.
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NK cells' decreased NF-kB level can be reversed by
curcumin, preventing NK cells from dying. It has
also been demonstrated that curcumin increases
the cytotoxicity of natural killer (NK) cells against
cancerous cells by inducing a greater release of
interferon-y (IFN-y) (81).

As a consequence, PCL-PEG-HA/FeCo/5-FU/
Curcumin nanoparticles can be an efficient solution
in targeted drug delivery due to their physicochemical
properties and release profile, toxicity, and proper
efficiency in transferring 5-FU and curcumin to
colorectal cancer cells.

CONCLUSION

As described above, 5-Fu and Curcumin are
of main drugs for chemotherapy of colorectal
cancer, due to their limited biocompatibility,
targeted drug delivery by nanoparticles such as
PCL-PEG-HA/FeCo are used to overcome their
limits. These methods lead to increase the effect
of chemotherapy drugs and their targeted transfer
to cancer cells. On the other hand, by changing
the drug release pattern and targeted delivery, the
side effects of drugs and their effects on healthy
cells are reduced. Nanoparticles and their use
in targeted drug delivery systems are one of the
promising methods to treat cancer.
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