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ARTICLE INFO ABSTRACT

Keywords: Curcumin (Cur) encapsulation in nanocapsules (NCs) could improve its availability and therapeutic antitumor
Cu'rcumin efficacy. Cur-loaded chitosan/perfluorohexane (CS/PFH) nanocapsules (CS/PFH-Cur-NCs) were thus synthesized
Chitosan via a nanoemulsion process. To further enhance the selective tumor targeting ability of Cur-loaded NCs, a novel
;‘;ﬁ)‘l‘;;os};‘zane CS/PFH-Cur-NCs with conjugation of Arg-Gly-Asp (RGD) peptide (RGD-CS/PFH-Cur-NCs) were prepared in this
RGD study. The properties of these NCs were then explored through in vitro release experiments and confocal laser

scanning microscopy-based analyses of the ability of these NCs to target MDA-MB-231 breast cancer cells. In
addition, an MTT assay-based approach was used to compare the relative cytotoxic impact of CS/PFH-Cur-NCs
and RGD-CS/PFH-Cur-NCs on these breast cancer cells. It was found that both CS/PFH-Cur-NCs and RGD-CS/
PFH-Cur-NCs were smooth, relatively uniform, spheroid particles, with the latter being 531.20 + 68.97 nm in
size. These RGD-CS/PFH-Cur-NCs can be ideal for contrast imaging studies, and were better able to target breast
cancer cells in comparison to CS/PFH-Cur-NCs. In addition, RGD-CS/PFH-Cur-NCs were observed to induce
cytotoxic MDA-MB-231 cell death more swiftly in comparison to CS/PFH-Cur-NCs. These findings suggest that NC
encapsulation and RGD surface modification can remarkably improve the anti-tumor efficacy of Cur. These novel
NCs may thus manifest a significant potential value in the realm of image-guided cancer therapy, underscoring an
important direction for future research.

Antitumor efficacy

1. Introduction novel drug delivery system capable of improving Cur stability, solubility,
and therapeutic efficacy to tumor treatment.

Curcumin (Cur) is a polyphenol that can be isolated from samples of Nanocapsules (NCs) are a commonly studied drug carrier, offering

turmeric root [1]. Prior research has demonstrated that Cur possesses a
range of anti-tumor [2, 3], anti-cancer [4, 5], anti-inflammatory [6],
antioxidant [7], and anti-ischemic [8] pharmacological properties. In the
context of tumor treatment, Cur has been shown to be capable of
inducing apoptotic tumor cell death inhibiting the proliferative and
invasive activity of these cells [9, 10, 11, 12]. Importantly, Cur is broadly
active against a range of tumor types and exhibits synergy with other
anti-tumor compounds [13, 14]. However, Cur is a lipophilic compound
that therefore exhibits poor solubility, thus hampering its bioavailability
and therapeutic efficacy [15, 16, 17]. To overcome these bioavailability
limitations, very high Cur doses are required to achieve pharmacological
efficacy, thus constraining the degree to which is can be administered in
clinical settings [18]. Thus, there is a clear need for the development of a
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several advantages including the ability to facilitate sustained drug release,
thereby prolonging the duration of drug activity and improving overall
treatment efficacy [19, 20, 21], leading to widespread interest in the
clinical development of such NCs [22, 23, 24, 25]. Chitosan-based poly-
mers are promising nanocarriers for Cur delivery for theranostic applica-
tions [26]. Encapsulating Cur in Chitosan/perfluorohexane NCs
(CS/PFH-Cur-NCs) could improve its stability and anti-cancer efficacy [27].

However, CS/PFH-Cur-NCs are passive targeting NCs, which lack
selectively targeting ability to tumor cells. The Arg-Gly-Asp (RGD) pep-
tide is capable of binding to the avp3 and avp5 integrins found on the
surface of many tumor cells [28]. In previous studies, RGD peptide
conjugation has been shown to bolster the anti-tumor efficacy of specific
drugs and to improve the targeting of imaging compounds to tumor cells
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[29, 30]. Suppose CS/PFH-Cur-NCs with conjugation of RGD could better
facilitate selectively targeted tumor treatment. Therefore, to further
enhance the active targeting ability of NCs to tumor cells, a novel
RGD-modified CS/PFH-Cur-NCs (RGD-CS/PFH-Cur-NCs) were prepared.
As such, the aim of the present study was to synthesize
RGD-CS/PFH-Cur-NCs, and evaluate its selective anti-cancer properties
in vitro.

2. Materials and methods
2.1. Materials

Curcumin, lecithin, PBS (pH 7.4), Dulbecco's modified Eagle's me-
dium (DMEM), 0.25% trypsin-EDTA, heat-inactivated FBS, and Dimethyl
sulfoxide (DMSO) were purchased from Solarbio Life Sciences (Beijing,
China). Chitosan (CS), perfluorohexane (PFH), Tween 20, Sephadex G-
50, and dialysis membranes (MWCO: 12,000) were purchased from
Muke Biotech (Zhejiang, China). Rhodamine B waspurchased from San-
gon Biotech (Shanghai, China). Arg-Gly-Asp-1-Phe-Lys (RGDfk), N-
hydroxysulfosuccinimide (sulfo-NHS), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC-HCI), and 3-(4,5)-dimethylth-
iahiazo (-z-y1)-3,5-di-phenytetrazolium-romide (MTT) were from Sigma-
Aldrich (MO, USA). Other chemicals and solvents were obtained
commercially of high-performance liquid chromatography (HPLC) or
analytical grade. MDA-MB-231 breast cancer cells were from the Cell
Bank of the Chinese Academy of Sciences in Shanghai.

2.2. RGD-CS/PFH-cur-NC preparation

A nano-emulsion approach was used to prepare CS/PFH-Cur-NCs, as
reported in prior studies [27]. To state briefly, lecithin (3 mg) and Cur
(400 mg) in 98% ethanol (100 mL) were homogenized for 3 min in PFH
(90 mL) and distilled deionized H,O (3 mL) at 24,000 rpm with an
Ultra-Turrax T25 homogenizer (IKA, Germany). Next, this emulsion was
gradually supplemented with 6 mg chitosan and 1% acetic acid with
consistent homogenization at 13,000 rpm over a 3-minute period. 10 mL
of Tween 20 was subsequently added to this solution, along with a small
amount of the red fluorescent Rhodamine B probe, and the solution was
allowed to stir in the dark for 12 h. Next, this solution was spun for 5 min
at 300 rpm and diluted with PBS and ethyl acetate (1:1). Free Cur was
then removed by discarding the ethyl acetate phase, while the lower
phase containing the NCs was collected for downstream utilization.

RGD modification of CS/PFH-Cur-NCs was achieved via peptide
cross-linking [31]. EDC-HCI (12 mg) and sulfo-NHS (12 mg) were added
to the CS/PFH-Cur-NCs solution. Using NaOH, the pH was adjusted to 6.0
until the solution was clear and yellow. This mixture was then mixed
constantly for 12 h at 4 °C, after which active intermediates were isolated
using a Sephadex G-50 minicolumn. RGDfk was then added to the
resultant solution, which was stirred continuously on ice for 24 h. A
Sephadex G-50 minicolumn was then used for the purification of the
prepared RGD-CS/PFH-Cur-NCs.

2.3. Nanocapsule characterization

The morphology of Cur-loaded NCs was assessed using transmission
electron microscopy (TEM; JEM-2100F, JEOL, Japan). NC size, poly-
dispersity index (PDI), and zeta potential values were measured using a
Zetasizer Nano ZS90 analyzer (Malvern Instruments Ltd., Worcestershire,
UK). All measurements were made in triplicate.

The structural features of chitosan, Cur, PFH, CS/PFH-Cur-NCs and
RGD-CS/PFH-Cur-NCs were determined using a Thermo Scientific
Nicolet iS10 Fourier transform infrared (FT-IR) spectrometer by scanning
in the wavelength range of 400-4000 em™! using KBr pellets [27]. The
resolution of this spectrometer was 4 cm ™!, and the signal-to-noise ratio
was 50000:1.
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Cur loading entrapment efficiency for CS/PFH-Cur-NCs and RGD-CS/
PFH-Cur-NCs were calculated as follows:

weight of Cur in NCs

100%
weight of Cur added x ’

Cur entrapment efficiency =

weight of Cur in NCs
weight of NCs

Cur loading = x 100%

HPLC was used to measure free and encapsulated Cur. NCs were
dissolved using ethyl acetate for these analyses, after which the solutions
were spun for 2 h at 4 °C. Supernatants were then processed via HPLC to
measure Cur levels in triplicate samples.

2.4. Cur loading stability analyses

The stability of free and NC-loaded Cur was evaluated by adding
equivalent Cur doses of free Cur, CS/PFH-Cur-NCs, and RGD-CS/PFH-
Cur-NCs to PBS (pH 7.2) and incubating these samples at 37 °C with
gentle agitation. Cur concentrations remaining at specified time intervals
in triplicate samples were then assessed using a UV-1900i spectropho-
tometer (Shimadzu Corp., Japan) (A = 424 nm). The measurements were
made in triplicate.

2.5. Ultrasound-mediated drug release assays

In order to determine the effects of 1-MHz ultrasound exposure on the
release of Cur from prepared NCs, the NC solution was immersed in a
plexiglas scaffold, and placed in a water bath at 37 °C. Subsequently, the
NC solution was sonicated at 2 W/cm? using a 1 MHz ultrasound therapy
instrument (Chattanooga Group, USA) for various specified lengths of
time (0.5, 1, 2, 4, and 7 min). After sonication, the NC solution was
centrifuged at 11,000 rpm, and then the Cur concentration was measured
as mentioned earlier. All measurements were conducted in triplicate.

2.6. In vitro analysis of the utility of NCs as ultrasound contrast agents

In order to evaluate the ultrasound imaging capabilities of prepared
NCs, an in vitro ultrasound imaging experiment was performed, and 1 mL
of NCs was added to Latex Gloves in a custom-made trough. A GE Logic
E9 instrument was then used with the following settings: 9.0 MHz center
frequency, 0.13 mechanical index, and 60 dB dynamic range. For each
sample, three images were taken. The Image J software was then used to
analyze the gray scale values for each sample [32]. Circular regions of
interest (ROIs) were outlined in each sample. All experiments were
performed in triplicate.

2.7. Assessment of NC cell targetingability

MDA-MB-231 cells were plated in 24-well plates (8 x 103 /well) for 24
h, following which fresh DMEM medium supplemented with Rhodamine
B-labeled NCs was added to each well. The plates were then incubated for
1 h using a Constant Temperature Oscillator (Jiecheng Testing Instruments
Co. Shanghai). The cells were then washed thrice with PBS to remove free
NCs. The ability of CS/PFH-Cur-NCs and RGD-CS/PFH-Cur-NCs to target
and bind MDA-MB-231 cells was subsequently assessed via confocal laser
scanning microscopy (CLSM; Nikon A1, Nikon, USA).

2.8. Cytotoxicity assay

An MTT assay was employed to evaluate the ability of free Cur, CS/
PFH-Cur-NCs, and RGD-CS/PFH-Cur-NCs to cause cytotoxic MDA-
MB231 cell death. To describe briefly, cells were plated in 96-well
plates (1 x 10 4/well) and incubated for 24 h at 37 °C in a 5% CO,
incubator. Media was then removed, and a range of concentrations of free
Cur or Cur-loaded NCs were added per well (0-60 pg/mL), with
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equivalent Cur doses in each. Cells were treated for 24 h with these so-
lutions, following which the supernatants were removed and MTT solu-
tion (10 pL; 5 mg/mL) was added to each well for an additional 4 h at 37
°C. Plates were then spun down, and 100 pL of DMSO was added per well
to dissolve formazan crystals. Absorbance at 570 nm was immediately
assessed via Multiskan FC Microplate Reader (Thermo Scientific, USA).
Viability and ICs values were then quantified, with experiments being
repeated thrice.

2.9. Statistical analysis

Data were presented as means + SD, and were analyzed via one-way
ANOVAs using SPSS v22.0 (SPSS Inc., IL, USA). All statistical tests were
two-tailed, and P < 0.05 was the significance threshold.

3. Results
3.1. Nanocapsule characterization

When assessed via TEM, prepared NCs were smooth, relatively uni-
form, and spheroid in shape (Figure 1). Typical NC size and zeta potential
distributions have been shown in Figure 2. CS/PFH-Cur-NCs size, PDI,
and zeta potential values were 458.67 + 98.96 nm, 0.26 + 0.04, and
+15.20 + 0.44 mV, respectively, while these values were found to be
531.20 £+ 68.97 nm, 0.27 £+ 0.03, and +19.20 £ 1.08 mV, respectively for
RGD-CS/PFH-Cur-NCs (Figure 1).

CS/PFH-Cur-NCs entrapment efficiency and Cur loading values were
72.19 + 2.85% and 9.62 £ 0.36%, respectively, while for RGD-CS/PFH-
Cur-NCs, the corresponding values were 70.25 + 2.56% and 9.31 +
0.33%, respectively.

FTIR analyses were performed to determine the primary interactions
involved in the formation of RGD-CS/PFH-Cur-NCs. FTIR spectra of
chitosan, curcumin, PFH, CS/PFH-Cur-NCs and RGD-CS/PFH-Cur-NCs
are shown in Figure 3. The v (C-O-C), v (NH3), & (CH,0H), v (C=0-
Amide I band), and v,s (CH2OH) groups of chitosan exhibited respective
absorption peaks at 1093 em™ !, 1384 ecm™!, 1419 em™ !, 1635 em ™!, and
2923 cm ™!, while the ~OH group was associated with a broad peak in the
3500-3000 cm ! range. The Cur FTIR spectrum exhibited the charac-
teristic peaks at 1150 emY, 1242 cm™!, and 1631 em ™! attributable to v
(C-0-C), enol v (C-0), and v (C=C) groups. The peak at 3442 em™!

CS/PFH-Cur

CS/PFH-Cur
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corresponded to v (O-H). The FTIR spectra of CS/PFH-Cur-NCs and RGD-
CS/PFH-Cur-NCs exhibited characteristic peaks of Cur that have largely
overlapped or merged with chitosan peaks. The Cur transmission peak at
around 1242 cm ™! was observed in the spectra of these NCs, confirming
the existence of Cur in these samples. The v (C-N), § (C-C-N), § (O-H), v
(C=0-Amide II band), and v,5 (CH2) groups of RGD exhibited respective
absorption peaks at 1065 em™!, 1238 em™!, 1466 cm ™), 1631 em ™, and
2925 cm™!, that were present in the spectrum of RGD-CS/PFH-Cur-NCs
confirming the presence of RGD in these NCs.

3.2. Cur-loaded nanocapsule stability

Subsequently, the stability of Cur-loaded NCs in PBS was assessed
(Figure 4), and it was found that nanocomposite Cur was relatively stable
(Cur in CS/PFH-Cur-NCs > 70% and Cur in RGD-CS/PFH-Cur-NCs >
80%) over a 24 h period, whereas free Cur lost stability fairly rapidly
(>80% degraded) in this same period.

3.3. Ultrasound-mediated drug release

When the prepared NCs were incubated at 37 °C without ultrasound
irradiation, almost no Cur was released from these NCs within 7 min.
However, sonication triggered the release 0f 71.4% of Cur from CS/PFH-Cur-
NCs and 77.7% of Cur from RGD-CS/PFH-Cur-NCs within 4 min (Figure 5).

3.4. In vitro ultrasound imaging

The ultrasound enhancement ability of the prepared NCs was addi-
tionally evaluated in vitro. The NCs exhibited good enhancement ability
when employed for ultrasound scanning (Figure 6), with no significant
differences between RGD-CS/PFH-Cur-NCs and CS/PFH-Cur-NCs (p =
0.578) (Figure 6C).

3.5. Assessment of NC targeting to tumor cells

During preparation, NCs were pre-labeled with red fluorescent
Rhodamine B, after which a CLSM approach was utilized for evaluating
NC targeting to MDA-MB-231 cells. As shown in Figure 7, many red
fluorescent NCs were evident in RGD-CS/PFH-Cur—NC-treated cells,
whereas quite a few were visible in CS/PFH-Cur-NC-treated cells.

RGD-CS/PFH-Cur

200 nm

g | size(nm) | PDI___| Zeta potential(mV)
458.67 + 98.96 0.26 + 0.04
RGD-CS/PFH-Cur 531.20 + 68.97 0.27 + 0.03

+15.20 + 0.44
+19.20 + 1.08

Figure 1. Morphology and structure of CS/PFH-Cur-NC (A) and RGD-CS/PFH-Cur-NC (B). Nanocapsules assess via TEM (the scale bar represents 200 nm) (C) Size,

PDI, and zeta potential values of CS/PFH-Cur-NCs and RGD-CS/PFH-Cur-NCs.
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Figure 2. The sizes and zeta potential distributions of CS/PFH-Cur-NCs (A,C) and RGD-CS/PFH-Cur-NCs (B,D).
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Figure 3. FTIR spectra of chitosan, curcumin, PFH, CS/PFH-Cur-NCs and RGD-
CS/PFH-Cur-NCs.

3.6. Cytotoxicity assay

Lastly, we employed an MTT assay to assess the relative cytotoxicity
of free Cur and Cur-loaded NCs by treating MDA-MB-231 cells for 24 h
with a range of concentrations (0-60 pg/mL) of the corresponding
preparations. By utilizing this approach, the ICsq values of free Cur, CS/
PFH-Cur-NCs, and RGD-CS/PFH-Cur-NCs were determined to be 26.23 +
2.76, 15.95 + 1.57, and 10.65 + 0.97 pg/mlL, respectively at 24 h
(Figure 8). There were significant differences among these three groups
(P < 0.05).

—e— Free Curcumin

CS/PFH-Cur-NCs
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=)
o -
£ 40-
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Figure 4. Curcumin stability. Stability of free curcumin, CS/PFH-Cur-NCs, and
RGD-CS/PFH-Cur-NCs in PBS (pH 7.2). Means + SD (n = 3).

4. Discussion

With the advances in nanotechnology research, many different NC
formulations have been designed and investigated in the fields of tar-
geted molecular imaging and tumor treatment [33]. Chitosan is a natural
biopolymer that is produced following the deacetylation of chitin [34],
which is widely found in the shells of crustaceans including shrimp and
crabs [35]. Chitosan offers a variety of promising biological activities,
while also manifesting excellent biocompatibility and biodegradability
[36]. Owing to these promisingcharacteristics, chitosan is often used as
an excipient in various drug delivery applications [37, 38, 39], with



L. Wang et al.

-8— Control
CS/PFH-Cur-NCs

c 100 —— RGD-CS/PFH-Cur-NCs

g

g 80 T —a

[]

14

(=

g

3 40

[}

2

é 20

=]

° 04—t * T |
0 2 4 6 8

Time(min)

Figure 5. In vitro release profiles of curcumin from nanocapsules (CS/PFH-Cur-
NCs and RGD-CS/PFH-Cur-NCs) with sonication and without sonication (con-
trol) in pH 7.4, means + SD (n = 3).

chitosan-based preparations being capable of targeted, controlled drug
delivery, with the capacity to accomplish gradual release of drugs. Such
chitosan-based approaches can significantly enhance the key pharma-
codynamic parameters of drugs including drug absorption and
bioavailability while reducing toxicity and associated adverse side ef-
fects. NCs are retained within tumor tissues due to the enhanced
permeability and retention effect (EPR), however, this property alone is
generally not thought to be sufficient to achieve reliable and robust
tumor targeting [40]. RGD peptides, however, can effectively enhance
NC penetration into tumor tissues that express high levels of the integrin
avp3 [41,42], thereby enhancing the therapeutic efficacy of these prep-
arations. In this study we were able to successfully prepare novel
RGD-modified Cur-loaded CS/PFH NCs via nano-emulsification, result-
ing in the formation of uniformly distributed and well-dispersed
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particles. These RGD-modified NCs combine the utility of the EPR effect
with RGD-mediated tumor selectivity to bolster anti-tumor drug efficacy
while simultaneously reducing the incidence and severity of off-target
toxicity.

It was found that Cur incorporated within our prepared NCs was
relatively stable over a 24 period (CS/PFH-Cur-NCs > 60% and RGD-CS/
PFH-Cur-NCs > 80%), whereas over 80% of free Cur molecules were
degraded within the same duration. This suggests that Cur encapsulation
within chitosan-based NCs can significantly enhance its stability in
aqueous solutions.

Almost no Cur was released from NCs for 7-minute in the absence of
sonication, thereby suggesting that the NC shell was conducive to robust
drug retention. However, rapid Cur release occurred within the first few
minutes of ultrasonic irradiation, with subsequent slow drug release,
however, continuing with further sonication.

As the RGD peptide specifically and readily binds to the avf3 integrin,
MDA-MB-231 cells that express high levels of the avf3 integrin were
selected for analyses of RGD-CS/PFH-Cur-NCs. It was found that these
RGD-modified NCs were able to target MDA-MB-231 cells more readily
and were internalized by these cells, which corroborates well with the
prior results [43]. More importantly, this internalization was superior to
that observed for unmodified NCs, suggesting that RGD was able to
specifically bind to avp3 integrin occurring on the cell surface to facilitate
the targeted uptake of these NCs into tumor cells.

We additionally employed an MTT assay approach to examine the
ability of these NCs to induce cytotoxic MDA-MB-231 cell death. It was
found that cytotoxicity was dose-dependent in all samples and increased
with increasing Cur dose. Our results further revealed that encapsulating
Cur into CS/PFH NCs can enhance its cytotoxicity and lower the associ-
ated ICsq values owing to the enhanced stability and prolonged release of
Cur, thereby facilitating enhanced cancer celldeath. It was also found that
free Cur has a lower ability kill cancer cells than CS/PFH-Cur-NCs or
RGD-CS/PFH-Cur-NCs. This may be ascribed to the poor stability and
limited cellular uptake of free Cur. In addition, as Cur is highly lipophilic
it may be incorporated into cell membranes, thereby restricting it from
diffusing within. In contrast, Cur-loaded NCs can be internalized via
endocytosis. The differences in cytotoxicity for these two types of NC

Contrast enhanced ultrasound
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Figure 6. In vitro ultrasound enhancement image. Ultrasound images of CS/PFH-Cur-NCs (A) and RGD-CS/PFH-Cur-NCs (B) using a 9.0 MHz probe (C) There was no
significant difference of the enhancement ability between two kinds of nanocapsules (#P > 0.05).
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Figure 7. The cell-targeting capabilities of NCs were assessed in vitro via CLSM (A-C) MDA-MB-231 cells treated with CS/PFH-Cur-NCs (D-F) MDA-MB-231 cells
treated with RGD-CS/PFH-Cur-NCs (The scale bar represents 30 pm).
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Figure 8. The impact of free curcumin, CS/PFH-Cur-NCs, and RGD-CS/PFH-Cur-NCs on MDA-MB-231 cell viability after a 24 h treatment. The ICs( values of free Cur,
CS/PFH-Cur-NCs, and RGD-CS/PFH-Cur-NCs were 26.23 + 2.76, 15.95 + 1.57, and 10.65 + 0.97 pg/mL respectively; Means + SD (n = 3) (*P < 0.05. **P < 0.01).

preparations could also be observed. Our results also indicate that RGD note that these results were obtained following in vitro analysis. Future
modification can enhance NC internalization into tumor cells, thereby in-depth and in vivo analyses will be essential to develop a comprehensive
boosting subsequent cell death. understanding of the therapeutic utility of these and similar NC prepa-

While our results highlight the promising tumor-targeting and cyto- rations in order to lay the foundation for precise and reliable drug de-
toxic properties of our novel RGD-CS/PFH-Cur-NCs, it is important to livery to cancer patients.
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5. Conclusions

The present study comprises the successful preparation of novel RGD-
modified Cur-loaded CS/PFH NCs that exhibit superior Cur delivery to
tumor cells relative to CS/PFH-Cur-NCs or free Cur, thereby suggesting
that these RGD-CS/PFH-Cur-NCs may be an ideal approach for improving
the therapeutic administration of Cur. As such, these and similar nano-
capsular drug delivery strategies have promising potential in the field of
targeted cancer therapy and call for extensive further investigations.
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