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Abstract: Polymeric based nanoparticles are garnering significant interest for their potential in drug
delivery. Specially, nanopolymers that have been functionalized with molecules, such as proteins
or peptides, are a versatile vehicle for drug delivery. Curcumin (Cur) is one of the most commonly
studied anticancer compounds and is widely acknowledged as having positive effects on human
health. However, its insolubility and low bio-distribution greatly hinder the exploitation of its
beneficial traits. In this study, our team created a nano delivery system which utilized a
nanopolymer called PCL-PEG (poly(e-caprolactone)-poly (ethylene glycol)). This system was
functionalized with A6 peptide to enable targeted delivery of Cur. The system was designed with
advantageous nanoparticles (NPs), including a stable zeta potential (-32.7), small size (54.3),
uniform surface morphology, and high hydrophilicity (13.72°). In addition, targeted delivery
systems exhibited high encapsulation efficacy (93 + 0.89 %), and drug loading (16.7 + 0.9 %), and
were characterized by a slow and gradual release profile with a release of approximately 83.13 +
0.12%. The MTT assay results showed that the formulation known as Cur-NPs-A6 caused a
significant increase in cell death in MDA-MB-231 cancer cells (IC50 =23.31 + 0.85 uM). The designed
delivery system did not cause any harm to the noncancerous MCF-10A cells (normal group).
Furthermore, the results of both the RT-qPCR and invasion assays demonstrated that the designed
system was able to effectively activate the apoptosis pathway and inhibit cell invasion. Our findings
suggest that the use of the designed smart delivery system, which is functionalized with A6 peptide
that has a high affinity for CD44 receptor - known to be upregulated in numerous malignant
conditions, could be a highly efficient approach to treating cancer.
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1. Introduction

Chemotherapy agents developed to treat cancer have many side effects [1]. Factors such as high
dosage and low specificity are the two main factors in the side effects of chemotherapy drugs [2].
Using nanocarriers for targeted delivery [3], improving bio-distribution [4], and increasing the
durability of effectiveness are the available solutions to reduce side effects and increase the efficiency
of anti-cancer drugs [5]. Biocompatible and biodegradable polymers are a good candidate for targeted
delivery of cancer chemotherapies [6]. Poly(caprolactone)-poly (ethylene glycol) (PCL-PEG) is a
desirable polymer for drug delivery due to its good solubility, low production cost, high
biocompatibility, and high bio-viability [7]. In a study conducted on ovarian cancer cells, it was found
that PCL-PEG nanocarrier can increase the ability of Rutin to induce apoptosis in the studied cancer
cells [8]. In another study, which was conducted to investigate the ability of the modified PCL-PEG
nanoparticle to target colorectal cancer cells [9], it was found that this nanocarrier can increase the
efficiency of Docetaxel in inhibiting the growth of cancer cells and its controlled release and uptaking
by cells [10]. Also, in the study conducted on cells derived from glioblastoma, it was determined that
PCL-PEG nanocarrier can improve the targeted delivery of 5-iodo 2'deoxyuridine [9].

Cur is a compound of plant origin whose anticancer properties have been investigated in many
studies [11]. It is a diarylheptanoid found in Curcuma longa species [12]. Despite the many efforts
that have been made so far, this compound has not shown good results in controlling cancer in clinical
studies [13,14]. One of the factors that reduced the efficiency of Cur is its low solubility and bio-
viability [15-17]. Therefore, the use of nanocarriers to improve Cur solubility can greatly help the
performance of this agent [18]. It is also possible to improve its efficiency against cancer cells by using
functionalized nanocarriers [13].

Peptides are one of the desirable compounds for functionalizing nanocarriers [19]. They are
suitable therapeutic biomolecules due to their high binding affinity for target receptors and low-cost
production [20]. Peptide A6 (AC-KPSSPPEE-NH:) is a peptide derived from urokinase protein,
whose anti-invasive effects have been evaluated and confirmed in many studies [21]. This peptide
has homology with a part of the CD44, and studies have identified this cell surface protein as the A6
receptor [22]. In addition to being used directly to inhibit tumor tissue invasion and angiogenesis
[23], this peptide has also been used indirectly for functionalization of nanocarriers to target cancer
cells, as CD44 expression is elevated in several types of cancer [24]. In a study that was conducted to
target multiple myeloma, it was found that loading Carfilzomib in nanomicelle functionalized with
A6 improves the performance of this drug and reduces its side effects [25]. Also, in another study
that was conducted for targeted delivery of Epirubicin in multiple myeloma, it was shown that A6
functionalized nanocarriers significantly improve the performance of this drug [26].

The aim of the present study was the synthesis of PCL-PEG nanocarrier functionalized with A6
for targeted delivery of Cur against MDA-MB-231 cells. During this study, after nanoparticle
synthesis and characterization of nanocarriers using tests such as MTT assay, RT-qPCR, and invasion
assay, the efficiency of the designed nanocarrier for cancer cell targeting was evaluated. We observed
that compared to free Cur, the designed nanocarrier has more potency in targeting cancer cells and
its effects showed higher durability due to its controlled release.

2. Results

2.1. Characterization of NPs and NPs-A6

The Fourier-transform infrared (FTIR) spectrum of e-Caprolactone provided information about
the functional groups present in the molecule and its overall structure (Figure 1A). In the FTIR
spectrum of caprolactone, several characteristic peaks were typically observed. A strong peak at
around 1720 cm!, which corresponded to the stretching vibration of the carbonyl (C=O) group in the
lactone ring. The peak at around 1180 cm™ corresponded to the stretching vibration of the C-O bond
in the lactone ring. A peak at around 810 cm™ showed the out-of-plane bending of the C-H bond in
the lactone ring. Another peak at around 1450 cm exhibited the bending vibration of the C-H bond
in the lactone ring. Additionally, in the FTIR spectrum of ethylene glycol, several characteristic peaks
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were typically observed. A broad peak centered around 3400 cm, which corresponded to the
stretching vibration of the hydroxyl (OH) group in ethylene glycol. Another peak at around 2900 cm-
! displayed the stretching vibration of the C-H bond in the molecule. A peak at around 1450 cm!
demonstrated the bending vibration of the C-H bond in the molecule. A peak at around 1100 cm!
corresponded to the stretching vibration of the C-O bond in the molecule. The intensity of the peak
at 3400 cm! can be used as an indicator of the number of OH groups present in the molecule.
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Figure 1. Characterization of systems. Transmittance FTIR spectra of e-Caprolactone, Ethylene glycol,
PCL-PEG and PCL-PEG-A6 (A); 'TH-NMR spectrum of PCL-PEG in CDCI3 (B); 'H-NMR spectrum of
A6 in CDCI3 (C); '"H-NMR spectrum of PCL-PEG-A6 in CDCI3 (D).

Moreover, the FTIR spectrum of polycaprolactone-Ethylene glycol (PCL-PEG) provided
information about the functional groups present in the copolymer and the degree of interaction
between PCL and PEG. A broad peak centered around 3400 cm™ corresponded to the stretching
vibration of hydroxyl (OH) groups in both PCL and PEG. A peak at around 2940 cm, showed the
stretching vibration of aliphatic CH groups in PCL. A peak at around 1720 cm™ corresponded to the
stretching vibration of carbonyl (C=O) groups in PCL. A peak at around 1100 cm! corresponds to the
stretching vibration of ether (C-O-C) linkages in both PCL and PEG. Also, the presence of peaks at
both 1100 cm™ and 2940 cm™ suggested that PEG and PCL were well-mixed in the copolymer, with
no significant phase separation. After the A6 peptide was conjugated to NPs the FTIR spectrum
showed the strongly carbocyclic acid group around 1725 cm, which corresponded to the bond
between peptide and PEG based on Stiglich reaction.

The "H-NMR spectrum of PCL-PEG provided more information about the chemical structure of
the copolymer and the distribution of its constituent monomers, poly(e-caprolactone) (PCL) and poly
(ethylene glycol) (PEG). In the 'TH-NMR spectrum of PCL-PEG, several characteristic peaks were
observed. A peak at around 4.1 ppm corresponds to the protons (H) in the methylene (CH:) group
adjacent to the carbonyl group (C=0) in PCL. Another peak at around 2.3 ppm corresponds to the
protons in the CH2 group of the PCL backbone. Also, the peak at 4.0 ppm corresponds to the protons
in the CH2 group of the PEG backbone. The broader peak at the PCL methylene group (around 2.3
ppm) indicated a wider distribution of PCL chain lengths in the copolymer (Figure 1B). When the A6
peptide conjugated to NP, the '"H-NMR showed more peaks about the chemical structure and
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conformation of the NP-A6 (Figure 1C). A peak at 1.4 ppm corresponded to the protons in the proline
side chain (-CHz-CH2-C=0), and the one around 3.2 ppm showed the protons in the serine side chain
(-CH-OH). A peak at around 3.8 ppm explained the protons in the glutamic acid side chain (-CHz-
COO-). A peak at around 7.3-7.5 ppm illustrated the protons in the aromatic rings of the tryptophan
and tyrosine residues. Peaks between 0.8-1.2 ppm and 1.8-2.2 ppm correspond to the protons in the
peptide backbone (-NH-CaH and -CaH-CO-NH-, respectively). Finally, the peak in the range of 10-13
ppm corresponds to the acidic proton on the carboxylic acid group, which is related to the bond
between PEG and peptide as observed in the FTIR result (Figure 1D).

Furthermore, the size distribution and zeta potential (DLS and zeta sizer) of formulations were
examined (Figure 2). The results of the DLS analysis showed that all the synthesized formulations
were in the nano range, as the size of the PCL-PEG nanopolymer was 54.3 nm. Moreover, Cur-NPs
and Cur-NPs-A6 sizes were 67.6 and 76.41 nm, respectively (Figure 2A, B, and C). According to the
findings, the loading of Cur to the polymer chain led to an increase in the size of spherical
nanoparticles. The NPs had a zeta potential of approximately -32.7 mv, but after the loading of Cur,
the zeta potential of the NPs changed to -12.6 mv. Additionally, Cur-NPs-A6 had an average zeta
potential of -13.8 mV (Figure 2D, E, and F).
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Figure 2. Average particle size diameter and polydispersity index (PDI) of PCL-PEG (A), Cur-PCL-
PEG (B), and Cur-PCL-PEG-A6 (C). C potential measurements of PCL-PEG (D), Cur-PCL-PEG (E),
and Cur-PCL-PEG-AG6 (F).

Furthermore, the surface morphology of these nanoparticles was examined using a scanning
electron microscope, which revealed an approximately spherical shape (Figure 3). The SEM images
revealed that the presence of Cur and A6 caused the surface of the nanoparticles to become slightly
uneven and deviate from their spherical shape. Based on the EDX analysis, it was observed that the
NPs and Cur-NPs consisted of oxygen and hydrogen, whereas nitrogen was detected only when the
peptide was conjugated to the surface of the nanoparticles.
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Figure 3. SEM images and EDX of PCL-PEG (A), NPs (B), Cur-NPs (C), and Cur-NPs-A6 (D).

Further, the hydrophilicity property of surfaces is another important feature of targeted delivery
systems. Based on the results shown in Figure 4, the contact angles of samples were 13.72°, 39.14°,
and 31.53° for NPs, Cur-NPs, and Cur-NPs-A6, respectively. It is evident that the hydrophilicity of
the substances was affected by their structure and surface characteristics. Furthermore, it has been
reported that the hydrophilicity level decreases when Cur is loaded in the core of the NPs.

Contact Angle (°)

NPs Cur-NPs Cur-NPs-A6

Figure 4. Contact angle images of NPs (A), Cur-NPs (B), and Cur-NPs-A6 (C). Contact angle
measurements of the NPs, Cur-NPs, and Cur-NPs-A6 (D). Values represent the mean + SD, and the
data were analyzed using one-way ANOVA (n = 3). p*** <0.001.
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2.2. Standard Concentration and Encapsulation Efficiency

The yield percentage of drug loading of the Cur-NPs and Cur-NPs-A6 were 15.6 + 1.2 and 16.7
+ 0.9%, respectively. Moreover, the encapsulation efficiency presented by of the Cur-NPs was about
92 + 1.1 % and Cur-NPs-A6 was 93 + 0.89 %. It is clear that the nanoparticles we designed have
significantly enhanced the solubility of Cur.

2.3. Drug Release Profile

To investigate the effect of nanoparticles on drug cytotoxicity, the UV spectroscopy method was
used for conducting an in vitro release study of Cur in a pH 7.4 solution which was a crucial aspect
of the design of nanoparticles.The release study was conducted on free Cur, Cur-NPs, and Cur-NPs-
A6 in a PBS solution, examining the impact of biochemical and chemical parameters on the release
profiles (Figure 5). The Cur-NPs system exhibited a release rate of approximately 75.1 + 0.22 % over
a period of 100h, with no significant burst release. In contrast, the free Cur system showed a burst
release, with 40% of Cur released in the first 24h. Moreover, the Cur-NPs-A6 system had a better
release profile than Cur-NPs, with a release of approximately 83.13 + 0.12 %. It is worth noting that
the targeted delivery systems demonstrated a controlled release for over 100h, and on the fourth day,
released more Cur than the carrier-free system. The study found that the NPs exhibited desirable
features, such as slow, controlled release, and high selectivity. Additionally, various models,
including zero order, first order, Higuchi, and Korsmeyer-Peppas, were used for model fitting.
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Figure 5. Standard concentration Curve of Cur (A); In vitro cumulative release of Cur-NPs, Cur-NPs-
A6, and free Cur in PBS (pH 7.5) at 37°C (B); Gradual release of Cur over four days in various
platforms (C).

Based on the data, it appears that the Cur from Cur-NPs and Cur-NPs-A6 were released in a
manner consistent with the Higuchi model. Also, the cumulative percentage of Cur release over time
closely adhered to the Higuchi model, with high R? coefficient values of 0.9817 for Cur-NPs (Figure
6).
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Figure 6. Kinetics of Cur release. Zero-order kinetics (A), First-order kinetics (B), Higuchi model (C),
and Peppas and Korsmeyer model (D) for Cur-NPs.

In addition, the Higuchi model accurately tracked the cumulative percentage of Cur release as
time passed for Cur-NPs-A6, with an impressive R? coefficient value of 0.9852, as shown in Figure 7.
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Figure 7. Kinetics of Cur release. Zero-order kinetics (A), First-order kinetics (B), Higuchi model (C),
and Peppas and Korsmeyer model (D) for Cur-NPs-A6.
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2.4. MTT Assay

To assess the cytotoxicity profiles of the designed delivery systems, MTT assays were performed
on the human breast cancer cell line MD-MBA-231 and the human breast epithelial cell line MCE-10A
for 48h. Free Cur, Cur-NPs, and Cur-NPs-A6 were tested at various concentrations (0-60 uM) (Figure
8). In accordance with Figure 8A, in comparison to Free Cur, Cur-NPs and Cur-NPs-A6 exhibited the
most cytotoxicity effect on the MD-MBA-231 cells in a dose-dependent manner. Cur-NPs and Cur-
NPs-A6 demonstrated 74.2 + 0.13% and 82.9 + 0.09% cytotoxicity (at a concentration of 60 uM),
respectively. On the other hand, it was observed that Free Cur resulted in higher levels of cytotoxicity
on MCF-10A cells as the dosage increased, and after 48h of incubation (as illustrated in Figure 8B).
However, Cur-NPs-A6 exhibited minimal cytotoxicity on MCF-10A cells, indicating that this system
reduced the non-specific toxicity caused by Cur. The ICso values for the studied group are shown in
Figure 8C.
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Figure 8. Evaluating the cytotoxic effect of free Cur, Cur-NPs, Cur-NPs-A6, NPs, and NPs-A6 at
various Cur concentrations against MD-MBA-231cells after 48h (A). Dose-dependent cytotoxicity of
free Cur, Cur-NPs, Cur-NPs-A6, NPs, and NPs-A6 at various Cur concentrations against MCF-10A
cells after 48h (B). ICso values (C). The values represent the mean + SD, and the data were analyzed
using one-way ANOVA (n =3, p* <0.05, p** <0.01, p*** <0.001).

2.5. Gene Expression Analysis

Cur has an impact on various biological pathways [27,28]. As shown in Figure 9, after 48h of
treatment with delivery systems containing Cur, the gene expression of Bcl-2 and hTERT significantly
decreased. Free Cur, Cur-NPs, and Cur-NPs-A6 increased Bax fold expression to 1.3, 2.8, and 2.3,
respectively. The fold change of Bcl-2 for free Cur, Cur-NPs, and Cur-NPs-A6 were 0.65, 0.37, and
0.29, respectively. Also, the fold change in hTERT expression was observed to be 0.52, 0.54, and 0.61
for free Cur, Cur-NPs, and Cur-NPs-A6. Also, we found that free Cur and NPs have negative effects
on the expression of MMP-2, MMP-9, and CD44. Cur-NPs-A6 significantly reduced CD44 expression
to 0.3, while the fold change of Cur-NPs and free Cur were 0.44 and 0.7, respectively. A comparison
of the designed carriers with control cells revealed that MMP-2 expression was 0.56-fold less in the
Cur-NPs-A6 group, 0.62-fold less for Cur-NPs, and 0.71-fold less for free Cur-treated cells. Similarly,
for MMP-9, Cur-NPs-A6 reduced its expression to 0.49, Cur-NPs to 0.51, and free Cur to 0.6 compared
to control cells.
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Figure 9. Quantification of changes in Bax (A), Bcl-2 (B), hTERT (C), CD44 (D), MMP-2 (E), and MMP-
9 (F) gene expression after treatment with Cur over a 48h time interval. Results represent the means

+ SD of three different experiments (n=3, *P<0.05, **P<0.01, ***P<0.001).

2.6. Invasion Assay

To examine the impact of Cur and NPs on the invasion of MDA-MB-231 cells, an invasion
analysis was carried out (Figure 10). In this analysis, 7 snapshots were taken from each insert, and
the average was calculated for all groups. The findings indicated that free Cur, Cur-NPs, and Cur-
NPs-A6 all had an inhibitory effect on the invasion of tumor cells, which was consistent with the gene
expression analysis results. Notably, the Cur-NPs-A6 group exhibited the strongest anti-invasion
effect compared to the other treated groups. In the fields examined, the average number of cells were
139.3 + 1.6 for the control group, 97.2 + 2.23 for the free Cur group, 62.4 + 1.08 for the Cur-NPs group,

and 32.2 + 4.12 for the Cur-NPs-A6 group.
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Figure 10. The number of cells invaded per field for the studied group after 48h (A); Control (B), Free
Cur group (C), Cur-NPs group (D), Cur-NPs-A6 group (E). Results represent the means + SD of three
different experiments (n=3, *P<0.05, **P<0.01, ***P<0.001).
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3. Discussion

The FTIR and 'H-NMR spectra that were observed provided valuable insights into the material's
purity and confirmed the successful synthesis of the polymer and peptide conjugation [29]. Upon
examining the SEM results, it was noted that the polymers initially formed interconnected and
stretched clusters before the nanoparticles were prepared [30]. However, after the nano preparation
process, the polymers underwent a transformation into smooth and separate spheres. Also, the
addition of peptide and Cur to the polymer spheres resulted in surface irregularities that caused a
slight distortion in their spherical shape [31]. These irregularities gave rise to distinct chemical
properties for each system, as evidenced by the Zeta results [32]. Initially, the nanoparticles exhibited
anegative charge of -32.7. However, upon incorporating Cur and peptide into the system, the polarity
of the Cur-NPs and Cur-NPs-A6 decreased to -12.6 and -13.8, respectively. This decrease in polarity
can be attributed to the non-polar characteristics of Cur and peptide, which contribute to the
formation of a less polar surface [33].

The inclusion of Cur and the peptide had a notable impact on the particle size. Upon peptide
conjugation, the size of Cur-NPs increased to 76.41 nm, and with the introduction of a larger Cur
molecule, the size decreased to 67.6 nm, thus corroborating the SEM findings. Conversely, the contact
angle analysis provided confirmation of the nanoparticles' polarity. The inherent hydrophilicity of
the particles resulted in a small angle with the surface, which was then amplified upon the addition
of Cur. However, upon incorporating the peptide into the system, the angle decreased to 31.53°, still
falling within the hydrophilic range. This indicates that both NPs and NPs-A6 serve as hydrophilic
carriers, potentially enhancing the distribution of Cur in aqueous environments such as blood [30].
Consequently, the variations in size and surface properties prompted distinct biochemical attributes
for each system, which played a pivotal role in drug loading, release profiles, and cellular analyses
[31].

Given that Cur is a hydrophobic anticancer compound, it was anticipated that its loading and
release in a PBS solution would be suboptimal [30]. As a result, a stock solution containing 20%
ethanol and 80% PBS was employed to examine the encapsulation efficiency and release. The data
revealed a significant loading rate of 15.6 + 1.2 % for Cur in the nanoparticles (NPs). When the NPs
were conjugated with the A6 peptide, the loading rate increased to 16.7 + 0.9%, likely due to hydrogen
bond formation between Cur and the NPs-A6 surface. Consequently, the encapsulation efficiency
reached 92 + 1.1 % with the help of a polymer matrix, and with the A6 peptide, it attained 93 + 0.89
%, a negligible difference. The possibility of a significant discrepancy in loading and encapsulation
outcomes is therefore dismissed [34]. Additionally, the Higuchi law was found to the release profile
of Cur-NPs. According to the Higuchi equation, values of n=0.5 and K= 0.9 were obtained, adhering
to the Fickian model [35]. This suggests that diffusion predominantly governs the release of Cur [36].

Typically, free Cur delivery systems display a two-phase release graph characterized by a burst
release phase, followed by a slow and sustained release phase [37]. In the case of free Cur, the release
of Cur continued to rise after the burst release phase due to the concentration within the dialysis bag.
However, while the initial burst release phase is crucial for delivering Cur, the sustained release is
necessary to avoid the side effects associated with anticancer agents like Cur. Nevertheless, NPs
exhibited a linear increase in Cur release over four days without any burst release. Additionally, the
Cur diffusion rate exceeded the solvent transport rate.

The surfaces of Cur-NPs reached an absorption equilibrium quickly, resulting in time-
dependent links and a diffusivity component in the kinetics of the phenomenon. The cumulative
release of Cur-NPs and Cur-NPs-A6 after 100h was 75.1 + 0.22 % and 83.13 +0.12 %, respectively. The
surface area available for drug release played a crucial role in improving drug release in nanoparticle
formulations [38]. Generally, Cur release from polymeric nanoparticles was smooth, slow, and
showed promise with minimal dosage [39]. Based on the results of Cur release, the designed release
systems were expected to have a more targeted effect. Since cytotoxicity of anticancer treatments are
critical for further bio applications, MTT assays were conducted using MD-MBA-231 and MCF-10A
cells. Thus, cytotoxicity experiments were performed against the human breast epithelial cell line
MCE-10A and the breast cancer cell line MD-MBA-231 to validate the selective release profile of Cur
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from the novel Cur-NPs systems. Free Cur, Cur-NP, and Cur-NP-A6 were also investigated, and a
significant difference was observed in the MTT results.

According to the results depicted in Figure 8, MCF-10A cells exhibited a dose-dependent
cytotoxicity effect when treated with free Cur 48h. In contrast, minimal cytotoxicity was observed in
MCE-10A cell lines treated with Cur-NPs and Cur-NPs-A6. These findings suggest that Cur-NPs and
Cur-NPs-A6 significantly reduced non-specific cytotoxicity caused by Cur on the MCF-10A cells.
Moreover, Cur-NPs and particularly Cur-NPs-A6, demonstrated stronger cytotoxicity against MB-
MDA-231 cancer cells than free Cur. Cur's release profile indicates that by confining it within the
hydrophobic core of the NPs, a more moderated and gradual release can be achieved [40]. So, there
was evidence in the MTT results, particularly after 48h, where the Cur-NPs and Cur-NPs-Aé6'
sustained presence in the medium leads to a higher level of effectiveness for Cur. Thus, the
nanocarrier systems may explain the improved therapeutic effect on cancer cells [41].

In this study the expression of Bax, Bcl-2, hTERT, MMP-2, MMP-9, and CD44 genes were
examined. The presence of free Cur led to an increase in Bax expression, but this increase was more
significant in the groups treated with Cur-NP and Cur-NP-A6. This increase may be due to enhanced
membrane penetration and slow release of Cur from nanoparticles, leading to a longer-lasting effect
on the studied cells [42]. On the other hand, the designed systems showed a higher reduction in Bcl-
2 and hTERT expression compared to free Cur. Additionally, the suppression of MMP-2, MMP-9, and
CD44 expression was greater in the Cur-NPs and Cur-NPs-A6 groups than the free Cur group. As
Bax, BCL-2, and hTERT play crucial roles in apoptosis induction [43], and CD44, MMP-2, and MMP-
9 are linked to invasion and metastasis [44], it is anticipated that the designed systems can serve as
suitable carriers for enhancing the anticancer effect of Cur.

4. Materials and Methods

4.1. Materials

The A6 peptide was synthesized by Peptide Chemistry Research Institute (K. N. Toosi
University of Technology, Tehran, Iran) and purified by HPLC to ensure purity > 99%. Polyethylene
glycol (4kDa), e-Caprolactone, 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide
(MTT), polyvinyl alcohol (PVA), Cur, 4-dimethylaminopyridine (DMAP), N-hydroxy-succinimide
(NHS), N, N'-dicyclo-hexylcarbodiimide (DCC), succinic anhydride (SCA), and Diethyl ether were
purchased from Sigma-Aldrich (St. Louis, MO). Dichloromethane (DCM), dimethylsulfoxide
(DMSO), acetone, and ethanol (EtOH) were provided by Jinan Daigang Biomaterial Co., Ltd. Non-
tumorigenic human breast epithelial cells (MCF-10A) and human breast cancer cells (MDA-MB-231)
were provided by the Pasteur Institute (Tehran, Iran). Fetal bovine serum (FBS) and trypsin were
purchased from Bioidea (Tehran, Iran), also DMEM/high-glucose was provided by DNAbiotech
(Tehran, Iran).

4.2. Polymer Synthesis and Peptide Conjugation

The micellar copolymer PCL-PEG was synthesized through two steps as follows. Briefly, PEG-
PCL copolymer was synthesized by ring-opening polymerization of e-Caprolactone (e-CL) and
Polyethylene glycol (PEG) in the presence of SnOct: as a catalyst [6]. For this purpose, 20 ml of e-CL
was added with 10 g of PEG. A solvent of DCM (40 ml) was utilized and the reaction balloon was
adequately covered. The first stage was completed after 24h in an oil bath at 110°Con a stirrer with
low speed at dark room. Is the second step, the obtained raw material was precipitated with diethyl
ether and centrifuged with distilled water at 8000 rpm for three times. The synthesized polymer was
lyophilized for 24h. Finally, DCC and DMAP were used to conjugate the A6 peptide to the freeze-
dried polymer based on the Steglich reaction (Figure 11) [45].
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Figure 11. Schematic representation of PCL-PEG and PCL-PEG-A6 synthesis workflow.

4.3. Polymer Characterization

Hydrogen nuclear magnetic resonance (‘H-NMR; Bruker Ac 500, Germany) in CDCL3 at 500
MHz and Fourier transform infrared (FT-IR; Nicolet 550 A, USA) were applied to characterize the
formation of copolymer (PCL-PEG and PCL-PE-A6) [46].

4.4. Nanoparticle Preparation

The Nanoparticles (NPs) were prepared using the double emulsion (W/O/W) method [47].
Briefly, 40 mL DCM solution with a predetermined amount of PCL-PEG polymer was added
dropwise into surfactant solution within 10 min under medium stirring at 40°C. After 10 min of
continuous stirring, the polymer self-assembled and formed NPs while the organic solvent
evaporated. Following centrifugation at 8000 rpm, the NPs were washed three times with distilled
water and then freeze-dried for 48h. Nanoparticles containing Cur were obtained through this
method.

4.5. Nanoparticle Characterization

In the characterization of NPs, size and shape are two of the most significant parameters [48].
NPs may have different properties and possible applications depending on their size distribution and
organic ligands. Hence, the surface chemistry and size distribution were measured by techniques
such as Dynamic Light Scattering (DLS; Malvern Zeta sizer 3000HS, Malvern, UK), Scanning Electron
Microscope (SEM, FEI, California, USA), Zeta potential (Malvern Zeta sizer 3000HS, Malvern, UK),
and Contact angle (SDC100, Minder Hightech, China).

4.6. Preparation of Cur-Loaded NPs

The Cur-loaded NPs (Cur-NPs) were prepared using the double emulsion method [49]. In brief,
5 mL DCM containing 11 mg Cur was added drop-wise into 20 mL DCM containing 100 mg PCL-
PEG copolymer (PCL-PEG/Cur at various w/w ratios 10:1), and then the mixture was located on
stirrer for 180 s. Afterward, 3 mL of PVA as surfactant solution (3.2% w/v) was added drop-wise into
the reaction probe to form a Water-Oil-Water (w/o/w) double emulsion, and next, remained on the
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stirrer for 15 min. Furthermore, Cur-NPs were centrifuged at 10.000 rpm for 15 min, washed with
deionized water for three times, and lyophilized.

4.7. Evaluation of Encapsulation Efficiency

Cur was encapsulated during self-assembled in NPs within the hydrophobic cores. Therefore,
to check the amount of drug loading in the NPs, a calibration Curve of concentration at 425 nm
intensity was prepared by considering the peak at various concentrations of Cur [50]. Then, the graph
was utilized to investigate drug loading and encapsulation efficiency. The concentration Curve with
a correlation coefficient of R? = 0.99 was linear in the range of 5-500 mM. To characterize the loading
capacity (DL) and encapsulation efficiency (EE) of Cur-NPs and Cur-NPs-A6 [51], 5 mg of the Cur
was dissolved in solvent (ethanol: water, 20:80 v/v) containing NPs. Then, the samples were
centrifuged at 8000 rpm for 20 min, and the concentration of Cur in the supernatant of each sample
was measured via UV-vis. Each intensity was related to the desired concentration using a calibration
curve. Hence, the encapsulation efficiency (EE%) was determined using the formula (1):

EE % = WcurinNPs %100 )

Weur added

The weight of encapsulated Cur in NPs calculated using UV spectrophotometry (Varian, Cary

100 UV/Vis Spectrophotometer, USA) at 425nm. Additionally, another key parameter is drug loading

(DL %), which was characterized as the ratio of incorporated Cur in the NPs to the total weight of
NPs using formula (2):

DL% = —Z S % 100 @)

Weur + Whps

4.8. In Vitro Release Study

Drug release behavior of Cur delivery systems was investigated using dialysis bag (molecular
weight cutoff 12 kDa) diffusion. In order to create a sink condition, Cur-NPs and Cur-NPs-A6 were
transferred to a dialysis bag in a receiver compartment (PBS: ETOH, 70:30) at pH 7.4. The sink
condition was provided by an incubator shaker (Taitec, BR-42FL, Japan) at 100 rpm and 37°C.
Moreover, the fresh solvent was replaced with the receiver solvent at intervals times (0.5, 1, 2, and
100h) after the samples were withdrawn. UV/Vis spectrophotometer was applied to characterize the
released Cur value at 425nm.

4.9. Cell Culture

Human cancer cell lines (MDA-MB-231) and (MCF-10A) were cultured in Dulbecco's Modified
Eagle Medium (DMEM) consisting of 1% pen/strep and 10% FBS. Further, the cultures were
proliferation at 95% humidity, 37°C, and 5% CO: to investigate the behavior of designed systems
against studied cells.

4.10. Cell viability assay methodology

The MTT technique was employed to study the effect of Cur in free, Cur-NPs, and Cur-NPs-A6
on MDA-MB-231 and MCEF-10A cells. The cells were grown in 96 plates (7 x 103 cells per well) for 24h,
before being treated by free Cur, Cur-NPs and Cur-NPs-A6 for 48h at different concentrations (0-60
puM). Following that, media was removed and 20 pl of MTT solution (0.5 mg/ml) was added to each
well [52]. After 4h of incubation, the formazan was dissolved in DMSO (60 pil) and the optical density
was computed at 570 nm with a 650 nm reference by a microplate reader (ELISA Reader, MPRNM96,
Latvia) [53]. Finally, cell viability was calculated using equation (3) [3]:

.. Number of viable nontreated cells—Number of viable treated cells
Cell Cytotoxicity (%) = x 100 3)

Number of viable nontreated cells
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4.11. Gene Expression Analysis

Real-time PCR was used to measure the expression of target genes. For this purpose, MDA-MB-
231 cells were cultured in 6 well plates (5 x 105 cells per well) and treated with Cur, Cur-NPs, and
Cur-NPs-A6 in ICso concentration for 48h. RNA was extracted using Trizol (Sinaclon, Tehran, Iran)
reagent according to the manufacturer's instructions [54]. An agarose gel electrophoresis procedure
was used to determine the quality of the extracted RNA. Based on the manufacturer's instructions,
complementary DNA (cDNA) was synthesized from RNA using cDNA synthesis kit (Pars-Tous,
Mashhad, Iran). Amplification was done by using Amplicon SYBR Green master mix (Brighton,
Sussex, UK). The amplification process was carried out using the following protocol: a preincubation
step of 15 minutes at 95°C, followed by 40 cycles of 20 seconds each at 95°C, 60°C, and 72°C. PBS-
treated cells were employed as the control group. In this study, the Glyceraldehyde-3 phosphate
dehydrogenase (GAPDH) gene was used as a housekeeping gene for normalization [55]. The relative
expression of target genes was computed using the 242t method [56]. Designed primers for
amplification target genes were listed in Table 1 [57].

Table 1. Designed primers for target genes.

Gene Name Primer Sequence Strand  Product Size

TGGGATCGTTGCCTTATGCA Plus

BCL-2 GTCTACTTCCTCTGTGATGTTGT Minus 101
GTCTACTTCCTCTGTGATGTTGT Plus

hTERT CCGGCATCTGAACAAAAGCC Minus 128
AAACTGGTGCTCAAGGCCC Plus

BAX AGAGGCAGGGATGATGTTCT Minus 81
TGGATACCCCTTTGACGGTAAG Plus

MMP-2 CATACTTCACACGGACCACTTG Minus 137
GATGCCTGCAACGTGAACAT Plus

MMP-9 AGAATCGCCAGTACTTCCCATC Minus 88
GCTTCAATGCTTCAGCTCCA Plus

CD44 TCCATCAAAGGCATTGGGCA Minus 71

4.12. Invasion Assay

The invasion assay is a laboratory technique used to evaluate the invasive potential of cells [58].
To prepare the transwell (SPL Life Sciences Co., Ltd. Pochon, Kyonggi-do, South Korea), PC inserts
with a porous membrane (8 micrometers) were first placed into the 24 wells plate. Then, the PC
membranes were coated with 50 ul Matrigel in each well (Corning, Life Sciences Corp., NY, USA).
Next, cells (5 x 10*) were seeded in the upper chamber. The cells were suspended in a culture medium
(180 ul) without FBS (starvation condition) to induce their invasion behavior [59]. The lower chamber
was filled with 600 ul DMEM containing 10% FBS (without pen/strep). In this step, PBS-treated cells
were used as control and other groups were treated by Cur, Cur-NPs, and Cur-NPs-A6 in ICso values.

4.13. Statistical Analysis

Statistical analyses were done with Social Sciences software (SPSS Inc, version 21, Chicago, IL).
For multiple comparisons, the one-way analysis of variance (ANOVA) was employed [60], followed
by Bonferroni correction [61], for examining differences between groups (P < 0.05).

5. Conclusions

Our research group introduced a stable and efficient PCL-PEG nanoparticle conjugated with A6-
peptides as a delivery system for Cur. The engineered NPs exhibited good encapsulation and high
drug-loading potency. Our designed carriers, PCL-PEG and PCL-PEG-A6, were found to reduce Cur
toxicity on normal epithelial cells (MCF-10A) while increasing its negative effects on the MDA-MB-
231 cancer cell line. Moreover, we demonstrated that the designed NPs effectively suppressed genes
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related to invasion and activated pathways that induce apoptosis. Therefore, the Cur-NPs have the
potential to act as potent anticancer agents with higher controlled release and more selective delivery.
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