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Abstract: Curcumin (CU) is a bioactive compound extracted from turmeric and has various advan-
tages. However, the benefit of CU is limited by its low water solubility (11 ng/mL). This research
aimed to fabricate a water-soluble CU nano-formulation with chitooligosaccharides (COS) and
pluronic F-68 (PF) utilizing the polymeric micelle method. The optimized curcumin-loaded chi-
tooligosaccharides/pluronic F-68 micelles (COSPFCU) exhibited high encapsulation efficiency and
loading capacity (75.57 £ 2.35% and 10.32 £ 0.59%, respectively). The hydrodynamic diameter of
lyophilized COSPFCU was 73.89 £ 11.69 nm with a polydispersity index below 0.3. The COSPFCU
could be completely redispersed in water and showed high DPPH scavenging ability. Meanwhile,
COSPFCU could significantly reduce the cytotoxicity of the RAW 264.7 cells compared to native
CU. Furthermore, COSPFCU improved the inhibition of NO release activity at 72.83 &+ 2.37% but
33.20 + 3.41% for the CU, with a low cytotoxicity concentration in the RAW 264.7 cells.

Keywords: curcumin; chitooligosaccharides; pluronic F-68; polymeric micelles

1. Introduction

Curcumin (CU) is classified as a member of the curcuminoid group, which com-
prises polyphenolic chemicals [1]. It is derived from turmeric (Curcuma longa) in Zin-
giberaceae with yellow-orange color [1,2]. Its potential bioactivity has been thoroughly
examined, and includes antimicrobial [3-5], antifungal [6,7], antioxidant [8-10], anti-
inflammatory [9,11,12], and anti-cancer [13,14] bioactivities. CU has been extensively
employed as a food supplement, coloring agent, preservative, and traditional medicine.
However, the advantage of CU is limited by its low water solubility (11 ng/mL) and
low absorption rate [15]. Considering its inherent instability, reactivity, and restricted
bioavailability, some researchers even made the case that performing more clinical trials
on curcumin may be unnecessary [16]. To address this issue, several techniques have been
explored to improve the effectiveness, bioavailability, and solubility of such polyphenol
compounds. These include employing nano-formulation techniques such as precipita-
tion, homogenization, microemulsions, solid-dispersion, nanoparticles, and polymeric
micelles [17].

Polymeric micelles serve as a drug delivery system fabricated from hydrophobic
molecules (core), co-polymers (core-shell), and hydrophilic bioactive molecules (outer-
shell), respectively [18]. This encapsulation technique has gained significant attention
due to its advantageous properties, such as high drug-loading capacity, targeted deliv-
ery, long circulation, ease of production, and controlled release through thermosensitive

Pharmaceutics 2023, 15, 2497. https:/ /doi.org/10.3390 /pharmaceutics15102497

https:/ /www.mdpi.com/journal /pharmaceutics


https://doi.org/10.3390/pharmaceutics15102497
https://doi.org/10.3390/pharmaceutics15102497
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0009-0007-3805-4564
https://orcid.org/0009-0003-9181-2169
https://orcid.org/0000-0001-9844-933X
https://orcid.org/0000-0001-8102-137X
https://doi.org/10.3390/pharmaceutics15102497
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics15102497?type=check_update&version=1

Pharmaceutics 2023, 15, 2497

20f16

mechanisms [19-23]. Pluronic, also known as a poloxamer, is a widely utilized nonionic co-
polymer for polymeric micelle formation. This polymer is a triblock co-polymer composed
of hydrophilic poly(ethylene oxide; PEO) and hydrophobic poly(propylene oxide; PPO),
organized in a PEO-PPO-PEO block configuration [24]. The pluronic exhibits self-assembly
in an aqueous solution, resulting in the formation of micelles which consist of a PPO core
surrounded by a PEO corona, depending on the ratio of PPO and PEO in the formula [25].
Pluronic F-68 (PF) has a molecular weight of 8.4 kDa, a hydrophilic/lipophilic balance
(HLB) of >24, and 80% PEO [26]. PF is highly soluble in water and dispersible across a
broad spectrum of solvents and temperatures, enabling its utilization across a diverse array
of applications [27]. However, using polymeric micelles with the sole co-polymer as pro-
longed drug carriers is not feasible in practice due to the tendency of particle aggregation
and physical deterioration under different concentrations and temperatures [28]. The outer
shell of polymeric micelles performs a pivotal function in enhancing the bioactivity and
characteristics of the particles.

Chitosan and its derivatives (3-(1-4)-poly-N-acetyl-D-glucosamine) are marine poly-
mers that are extracted from the hard exoskeleton of subphylum crustacea using the
chemical method [29]. When the molecular weight (Mw) and degree of polymerization
(DP) of chitosan are below 3.9 kDa and 20, respectively, that is called chitooligosaccharides
(COS) [30]. COS possess low viscosity and solubility in aqueous solutions due to the greater
number of functional groups accessible for reaction with water molecules [29]. Due to its
biological activities, which include anti-inflammatory, non-cytotoxic, biodegradable, and
other properties, COS has a wide variety of potential uses in the domains of pharmacology,
medicine, industry, and agriculture [29-32]. For polymeric micelle formulations to improve
their ability to transport drugs, COS was chosen as the outer-shell material for a number
of reasons. For instance, by conjugating with the amide groups in the structures, COS can
increase the hydrophobic compounds’ water solubility [33,34].

The objectives of this study were to fabricate water-soluble polymeric micelles to load
the hydrophobic molecules of CU, utilizing COS (outer-shell) and PF (core-shell) as the ma-
terials. The CU-loaded polymeric micelles were evaluated for encapsulation efficiency and
loading capacity to indicate the potential of the system. The characterization of polymeric
micelles was studied, including dynamic light scattering analysis, transmission electron
microscopy, X-ray diffraction, in vitro release profile, and DPPH scavenging activity. The
cytotoxicity of polymeric micelles and NO release inhibition in the RAW 264.7 cells was
evaluated (Figure 1).
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Figure 1. The scheme of preparation and primary bioactivity evaluation of novel water-soluble
curcumin-loaded polymeric micelles (COSPFCU) fabricated with chitooligosaccharides (COS) and
pluronic F-68 (PF).
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2. Materials and Methods
2.1. Materials

Chitooligosaccharides (COS) (2022052501CWR) (Mw 340-1610 Da, >90% degree of
deacetylation) was obtained from Qingdao Hehai Biotech Co., Ltd., Qingdao, China. Cur-
cumin (CU) (114G022) was purchased from Solarbio®, Beijing, China. Pluronic F-68 (PF)
(TC222) was obtained from Himedia Laboratories Pvt. Ltd., Thane, India. Ascorbic acid
(KA79) was purchased from Kemaus, Australia. Phosphate buffered saline pH 7.4 was
purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. DPPH (2,2-
Diphenyl-1-picrylhydrazyl) (D9132) was purchased from Sigma-Aldrich, Roedermark,
Germany. Ethanol (E7025-1-2501, 99.99%) was obtained from QRéC, Auckland, New
Zealand. All these chemicals were analysis grade.

2.2. Optimization of Conditions of COSPFCU Fabrication

The COSPFCU polymeric micelles were prepared according to previous reports with
slight modifications [35]. The effect of PF concentration and fabrication temperature was
investigated.

The PFCU micelle was synthesized by introducing a 0.1% w/v CU solution (in ethanol)
dropwise into a PF solution with concentrations of 0.1%, 0.5%, and 1.0% w/v. The mixture
was constantly stirred at a speed of 200 rpm, using a magnetic stirrer (C-MAG HS7,
IKA®, Staufen, Germany) for a duration of 24 h. Subsequently, the ethanol in PFCU micelle
solutions was eliminated using vacuum evaporation (Rotavapor R-124, Biichi Labor Technik
AG, Flawil, Switzerland). Then, PFCU was stirred at 200 rpm for 1 h in a water bath at
temperatures of 40, 60, and 80 °C, respectively. The PFCU was slowly added into the COS
solution (0.1% w/v) at a ratio of 1:1 while homogenizing. The COSPFCU was centrifuged at
8000 g for 15 min at 4 °C (Suprema 21, Tomy, Tokyo, Japan) and then the supernatant was
collected. The supernatant was lyophilized by freeze drying (Scanvac Coolsafe Touch 95-15,
Labo Gene Aps, Lillerad, Denmark) for 48 h. The condenser temperature and pressure of
the freeze dryer were set at —50 °C and 2 mbar, respectively.

The encapsulated CU of samples was determined using a UV-VIS Spectrophotometer
(UV-1900i, Shimadzu Corporation, Kyoto, Japan) at the wavelength of 427 nm. The percent-
age of encapsulation efficiency (%EE) and loading capacity (%LC) were calculated by the
following equations:

. . . E lated i
Encapsulation efficiency (%) = “paar oo 2ot % 100

. e o/ Encapsulated curcumin
Loadlng CapaCltY( /0) ~ Total polymeric micelle weight x 100

2.3. Characterization of CU-Loaded Polymeric Micelles

The dynamic light scattering (DLS) technique was used for studying hydrodynamic
diameter, polydispersity index (PDI), and zeta potential of CU-loaded polymeric micelles
(COSPECU) at 25 £ 0.5 °C by using a Zetasizer (Nano-ZS, Malvern Panalytical Ltd.,
Malvern, UK).

The morphology of the polymeric micelles was assessed using a transmission electron
microscope (JEM-1200, Jeol, Peabody, MA, USA). The COSPFCU sample was subjected to
negative staining using a phosphotungstic acid solution on copper grids for a duration of
20 min. Afterward, the surplus phosphotungstic acid solution was removed by employing
filter paper. Subsequently, the samples underwent a process of air drying and then were
imaged by TEM.

2.4. X-ray Diffraction (XRD)

XRD patterns of materials and COSPFCU powder were determined using X-ray
diffractometry (D8, Bruker, Billerica, MA, USA) and measured at 40 kV, 40 mA, and 26 with
the scan angle from 5° to 40°.
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2.5. Spectroscopy Studies

The infrared spectra of COSPFCU and materials were scanned with a Fourier-transform
infrared spectroscopy (FTIR) analysis (Spectrum two, PerkinElmer, Waltham, MA, USA)
from 4000 to 400 cm™~! with a resolution of 4 cm ™! at 25 °C. Lyophilized COSPFCU was
measured with the KBr.

The proton nuclear magnetic resonance (!H NMR) of COSPFCU polymeric micelles
was determined (AVANCENEO 400 MHz spectrometer, Bruker, MA, USA) as performed in
the ranges of 0.0-11.0 ppm. The COS, PF, and COSPFCU were dissolved by D,0, and CU
with DMSO-dé.

2.6. In Vitro Curcumin Release Assay

The dialysis method was employed to investigate the in vitro release profiles of poly-
meric micelles, using a previously described method with some modifications [36]. The 2
mL of COSPFCU, which had a concentration of 1.5 mg/mL CU content, was added into
a dialysis bag with a molecular weight cut-off (MWCO) of 3500 (CelluSep®CB-501-46,
Membrane Filtration Products Inc., Seguin, TX, USA). The release studies were conducted
by immersing the bag in a flask containing 250 mL of PBS at pH 7.4: ethanol with a volume
ratio of 85:15 (v/v) which created sink-like conditions. The flask was placed in a shaking
incubator (SHKE481HP, Thermo Scientific™, Waltham, MA, USA) and shaken at a speed of
200 rpm at a temperature of 37.5 + 0.5 °C for a duration of 72 h. Throughout the period
from 0 to 72 h, a volume of 2 mL of medium was withdrawn and substituted with fresh
medium. Measurement of the CU content was conducted using the method specified in
Section 3.2, as previously mentioned. The cumulative percentage release was calculated as:

Volume of sample withdrawn (mL)
Bath volume (mL)

Cumulative release = xP(t—1)+Pt

where Pt = Percentage release at time ‘t" and P (t — 1) = Percentage release prior to time ‘t".

2.7. DPPH (2,2-Diphenyl-2-Picrylhydrazyl Hydrate) Scavenging Assay

DPPH (2,2-Diphenyl-2-picrylhydrazyl) radical scavenging activity was carried out
with some modification [37]. A mixture was prepared by combining 100 uL of a 0.1 mM
solution of DPPH with the sample at concentrations ranging from 0.001 to 1 mg/mL. After
that, the solutions containing a mixture of both substances were incubated for a duration of
30 min at room temperature under conditions of darkness. The absorbance of the mixes was
quantified at a wavelength of 517 nm using a microplate reader (Spectro Star Nano, BMG
Labtech, Ortenberg, Germany). The quantification of DPPH radical scavenging activity
was conducted by measuring the absorbance values (OD) in each sample to the control,
and afterward comparing it to ascorbic acid, which served as the positive control. The
DPPH radical scavenging activity was determined using the following calculation method:

Scavenging activity (%) = oD conct)r]glc—orgzlsample x 100

2.8. Cell Line Study

RAW 264.7 macrophage cells were obtained from the American Type Culture Collection.
RAW 264.7 cells were cultured in RPMI-1640 medium supplemented with 10% v/v fetal
bovine serum, 1% v/v double antibody, and 5% CO,, at 37 °C constant temperature culture.

2.8.1. Cytotoxicity

The cytotoxicity of CU, COS, and COSPFCU was measured according to the method
described previously with slight modifications [38]. RAW 264.7 cells were seeded in 96-well
plates (100 uL/well) at 1.5 x 10* cells/well and then cultured overnight. The cells were
incubated with COS, CU, and COSPFCU at a concentration between 1.56 pg/mL and
1000 pg/mL in the well, and subsequently were incubated with the cells for 24 h at 37 °C.



Pharmaceutics 2023, 15, 2497

50f16

The blank was added with an equal volume of the complete medium. Then, the cell cultures
were added with 10 uL of CCK-8 reagent to each well and incubated at 37 °C for 14 h and
measured using a microplate reader at a wavelength of 450 nm.

2.8.2. Inhibition of Nitric Oxide Production in LPS-Stimulated RAW 264.7 Cells

The anti-inflammatory activity of CU and COSPFCU was evaluated by NO deter-
mination according to the method described previously with slight modifications [39].
RAW 264.7 cells were seeded in 96-well plates (100 uL/well) at 2.0 x 10* cells/well and
cultured overnight. Subsequently, RAW 264.7 cells were pre-treated with varying doses
of CU and COSPFCU for 12 h. Afterward, the cell lines were subjected to inflammation
with lipopolysaccharide (LPS) at a concentration of 50 ng/mL for a duration of 24 h. After
the culturing, cell supernatants were collected and tested with a NO detection kit. Then,
the solution was measured at an absorbance of 540 nm using a microplate reader. The NO
concentration was measured by calculation with a standard curve of sodium nitrite.

NO control — NO samples

NO inhibition rate (%) = NO control —NOblank 100

3. Results and Discussion
3.1. Fabrication of COSPFCU Polymeric Micelles

The CU-loaded polymeric micelles were fabricated with COS, PE, and CU using the
solvent evaporation method [35]. The formation was prompted by a reduction in free energy
resulting from elimination of hydrophobic entities within the molecular composition and
re-establishment of hydrogen bonds within the aqueous medium. Furthermore, an increase
in energy arises due to the Van der Waals interactions between hydrophobic segments
within the core of the polymeric micelles [40].

The effects of PF concentration (0.1, 0.5, and 1.0% w/v), and temperature (40, 60, and
80 OC) on percent encapsulation efficiency (%EE) and percent loading capacity (%LC) of
COSPFCU polymeric micelles are demonstrated in Figure 2a,b, respectively. From this
result, it is obvious that with an increase in PF content and temperature, polymeric micelles
showed an increase in %EE and %LC. However, as the PF concentration rose to 1.0%
w/v, it showed a decline in %EE and %LC. The highest %EE and %LC were achieved
at 75.57 £ 2.35% and 10.32 £ 0.59%, respectively, when using 0.5% w/v PF at 80 °C. It
has been reported that the solubility of CU significantly increased (to 21 mg/g) in a self-
microemulsifying drug delivery system [41]. Similar to a previous study, the concentration
of ferrous glycinate reached a saturation point under optimal conditions [42]. For CU-
loaded alginate/chitosan/pluronic F-127 nanoparticles, exceeding the optimal point led to
a decrease in the %EE of CU [21].

The solubilization of CU was studied at different processing temperatures of 40, 60,
and 80 °C. The amount of CU loaded in COSPFCU polymeric micelles increased remarkably
with the increased process temperature, which showed improvement in %EE and %LC
of polymeric micelles. For the 0.5% w/v concentration of PF, the %EE of COSPFCU
polymeric micelles increased from 16.53 = 0.12% to 75.57 & 2.35% and the %LC increased
from 2.36 4+ 0.11% to 10.32 & 0.59%. The high temperatures had a positive effect on
CU loading in polymeric micelles by decreasing the critical micelle concentration (CMC)
of PF and increasing the solubilization of CU in the formulation [41]. Moreover, the
higher temperature in the process caused a disruption of the H-bond between the water
molecule and PPO block of the PF wherein the dehydrated PPO blocks aggregated to
form the core, while the hydrated PEO blocks constituted the corona [42]. According to
previous reports, the amount of lamotrigine increased in nanoparticles with poloxamer
when the temperature of the nanoparticles preparation increased from 37 °C to 57 °C [23].
Several reports indicated that COS could improve the water solubility of polyphenol
compounds [33,34,43]. Therefore, fabrication of polymeric micelles with a small amount
of COS as the outer shell also promoted the CU content solubilizing in formulation better
than using the PF alone.
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Figure 2. Effects of pluronic F-68 (PF) concentration and fabrication temperature on polymeric micelle
characteristics: (a) encapsulation efficiency, (b) loading capacity. Values with capital letters indicate
significant differences between concentration of PF at the same process temperature (p < 0.05). Differ-
ent small letters indicate significant differences within process temperature in the same concentration
(p <0.05).

COSPFCU polymeric micelles fabricated with 0.5% w/v PF at 80 °C were therefore
selected to evaluate the characteristics and biological activity in the next section.

3.2. Characterization of COSPFCU Polymeric Micelles

The size and morphological characteristics of COSPFCU polymeric micelles were
determined by dynamic light scattering (DLS) analysis and transmission electron mi-
croscopy (TEM). The COSPFCU micelles had an average size of 73.89 & 11.69 nm, as well as
230.57 4 9.17 nm for the particles of COSCU (without PF). For the fabrication of COSPFCU
micelles in the aqueous phase, the increased temperature resulted in the formation of
closely packed micelles and reduced their hydrodynamic diameter [23]. The polymeric
micelles exhibited a positive zeta-potential of 9.89 + 0.21, which was attributed to the
protonation of the —NH; groups of COS to —NH3* groups. In addition, the COSPFCU
showed a PDI value of 0.285 % 0.019. Usually, a PDI value below 0.3 is deemed satisfactory



Pharmaceutics 2023, 15, 2497

7 of 16

for a monodisperse and homogeneous population of nano-formulation for drug delivery
systems [37].

The image of COSPFCU polymeric micelles powder is presented in Figure 3a. The
morphological image obtained by TEM is shown in Figure 3b, which indicates that the
COSPFCU polymeric micelles had a diameter of under 50 nm and were spherical in shape.
The hydrodynamic diameter analyzed by DLS was larger than the particle size obtained by
TEM due to the dehydrated state of the sample in the analysis [44]. These results confirmed
the formation of COS-PF polymeric micelles containing CU in the formulation [45].

(b)

Figure 3. (a) The appearance of curcumin-loaded polymeric micelles (COSPFCU). (b) The morphology
of COSPFCU using transmission electron microscopy at 300,000 x magnification.

3.3. X-ray Diffraction Analysis (XRD)

The crystallinity of COS, PF, CU, and COSPFCU was investigated by an X-ray diffrac-
tometer, and the XRD patterns are illustrated in Figure 4. The strong peaks of —N-CO-CHjz
and —NH; of COS are shown in Figure 4a, approximately 11-13° and 22-24°, respectively,
according to previous reports [46]. Several characteristic peaks of free CU showed the
traits of a high crystalline structure (Figure 4c). The PF and COSPFCU XRD patterns
are shown with characteristics of —PEO group peaks at approximately 23° and 28-29°
(Figure 4b,d) [44]. The decreased intensity of two major peaks of PF in COSPFCU con-
firmed the formation of polymeric micelles. In COSPFCU, the crystalline structures being
in an amorphous state caused a significant decrease in intramolecular H-bonds before
the conformation [47,48]. However, the XRD pattern of COSPFCU did not show the fin-
gerprint of COS and CU due to the high concentration of PF and decrease of H-bonds
in formation. The observed reduction in crystallinity in the COSPFCU pattern provided
evidence supporting the enhanced water solubility of the drug delivery system derived
from COS-PF [45].

2000
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2
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=1 [
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Figure 4. Cont.
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Figure 4. The XRD patterns of (a) chitooligosaccharides (COS); (b) pluronic-F68 (PF); (c) curcumin
(CU); (d) CU-loaded polymeric micelles (COSPFCU).

3.4. Spectroscopy Analyses

The chemical structure of COSPFCU was measured by 'H NMR and FTIR spectroscopy.
FTIR spectra of COS, PF, CU, and COSPFCU are shown in Figure 5. In the COS
spectrum, the bands located at 3540 to 2847 cm ! are attributed to —OH and N-H groups,
respectively [49]. The bands in the region of 1630, 1517, and 1320 cm ™! are referred to
as C=0, amide I, and amide II, respectively [45]. The band at 1381 cm~! is attributed to
the vibrations of -CO in the glycosidic ring. The region of 1067 cm~! is assigned to the

C-O stretching.
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Figure 5. FTIR spectra of (a) chitooligosaccharides (COS); (b) pluronic-F68 (PF); (¢) curcumin (CU);

(d) CU-loaded polymeric micelles (COSPFCU).
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The PF spectrum had peaks at 1100 and 961 cm~! due to the C-O groups. The
characteristic peak at 1284 cm~! was assigned to the —CH, groups in the PF, according to
previous research [50]. In addition, the PF presented peaks at 3513 and 2885 cm ! which
indicated O-H stretching in PEO blocks and C-H from the methylene groups [49].

Within the CU spectrum, there was one peak of the O-H group at 3510 cm~!. The
characteristic peaks of C=C and C=O correspond to 1626 and 1601 cm~! on the spectrum.
The bands in the region of 1508 and 1279 cm~! are referred to as C=O vibration and
C-O band from the enol groups, respectively [49]. The characteristic peak of C-H was
determined to be at 961 cm ™! [50,51].

The FTIR spectrum of COSPFCU illustrated the major peaks of PF but also contained
the signals of COS and CU in the spectrum. The spectrum of COSPFCU indicated the O-H
vibration at 3399 cm~! and C-H at 2890 cm™!. In addition, the peaks around 1342 and
1114 cm~! were assigned to the N-H of COS and C-O of PF, respectively. There was some
degree of shifts for some characteristic bands between 1650 and 800 cm~!. These results
suggested the construction of polymeric micelles.

The 'H NMR is illustrated in Figure 6. The typical signals for PF were surrounded
at 1.18 and 3.71 ppm, indicating the non-hydroxyl proximal methylene and O-methylene
groups, respectively. Within the CU spectrum, the peak at 3.83 refers to the methyl of
methoxyl groups. The characteristic peaks of the benzene rings and 1,6-heptadiene-3,5-
dione group are shown at 6.61-7.58 ppm, and 9.68 ppm is assigned to the polyphenol
hydroxyl groups. The 'H NMR spectrum of COS presented the signals of hydrogens on the
sugar ring at 3.00-4.20 ppm.

COS-PF-CU-H.1L.1.1r
COS-PF-CU-H

(a) Y B

BPE-H1.1.1r
PF-H

It

i N
CU-H1.1.1r
CU-H

]
(C) - _|“,J,J,___ _,L d.__.»"l I".__ o ‘JI

COS-H.1.1.1r

COs-H

i L1

(@ .I_,__J MJ‘ Ju L

105100 95 90 85 B0 75 70 65 60 35 50 45 40 35 30 25 20 15 10 05 00
fl (ppm)

Figure 6. The 'TH NMR spectra of (a) curcumin-loaded polymeric micelles (COSPFCU); (b) pluronic
F-68 (PF); (c) curcumin (CU); (d) chitooligosaccharides (COS).

The 'H NMR spectrum of the COSPFCU showed the signals of the sugar ring of COS
from 3.00 to 4.20 ppm. The peak at 1.18 ppm indicated non-hydroxyl proximal methylene
of the PE. The peak at 3.71 ppm in COSPFCU was attributed to O-methylene of PF. These
results proved the COS-PF formation in the polymeric micelles with non-covalent bonds.
However, weak signals of CU in the COSPFCU were indicated in the range of 6.50-7.50 ppm
due to the low concentration of CU in the polymeric micelles (approximately 100 png/mg of
COSPFCU), according to the previous report [52].
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The FTIR and 'H NMR results indicated the successful formation of COSPFCU poly-
meric micelles.

3.5. In Vitro Release Assay

Drug release studies were conducted for free-CU and COSPFCU using the dialysis
method at pH 7.4, as illustrated in Figure 7. Approximately 95% of CU from the CU
solution in the dialysis bag was released within 48 h, with an initial rapid release in the
first 3 h, followed by continuous release throughout the duration of 6 h. The COSPFCU
had released less than 20% of the CU after 3 h and less than 25% after 6 h. After 72 h,
30% of the CU in COSPFCU had been released. Overall, these findings are in accordance
with findings reporting that approximately 70% of the CU loaded with pluronic F-68 was
released in 72 h [50]. The polymeric micelles with COS and PF delayed the release of the CU
from the formulation due to the internal protective force the COSPFCU polymeric micelles
containing COS and PF created during the fabrication process when the temperature
rose [53].

100
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0 20 40 60 80
Time (h)

Figure 7. In vitro release of free-curcumin (CU) and CU-loaded polymeric micelles (COSPFCU) in
phosphate buffer saline at pH 7.4.

The result of this study indicated that the CU molecules were effectively encapsulated
in the polymeric micelles with the COS and PF as carriers. This kind of polymeric micelles
could release drugs in a controlled manner to provide sustained delivery.

3.6. DPPH Scavenging Activity of COSPFCU

The antioxidant activities of CU-loaded polymeric micelles and materials are shown
in Figure 8a. The increasing concentrations resulted in an improvement in the DPPH
scavenging activity of the samples. The DPPH scavenging activity of COS was 30.16%
at 1 mg/mL which was related to —OH and —NH; [46]. The COSPFCU showed high
antioxidant activity with scavenging activity of 80.49% at 0.5 mg/mL (0.05 mg/mL of CU,
10% w/w in COSPFCU), comparable to 0.05 mg/mL of CU in ethanol with scavenging
activity of 88.73%. When the concentration of COSPFCU increased to 1.0 mg/mL, the
inhibition activity did not markedly increase. The antioxidant activity of CU and COSPFCU
was mostly endowed by functional groups such as keto-enol groups, aromatic rings, and
phenols [54]. Due to the fact that polymeric micelles contained only 10% (w/w) CU,
COSPFCU had an IC50 on DPPH scavenging activity of 0.185 4 0.0076 mg/mL, which was
higher than CU (Figure 8b).
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Figure 8. (a) DPPH scavenging activity of chitooligosaccharides (COS), curcumin (CU), and CU-
loaded polymeric micelles (COSPFCU) with ascorbic acid used as the positive control. (b) The half
maximal inhibitory concentration of DPPH scavenging activity (IC50). Different small letters indicate
significant differences within sample (p < 0.05).

It is notable that CU loaded in polymeric micelles (COSPFCU) showed strong an-
tioxidant activity comparable to the native CU in ethanol, indicating the promise of the
water-soluble COSPF as a reliable drug delivery vehicle.

3.7. Cytotoxicity Test

As illustrated in Figure 9, the cell viability was evaluated for RAW 264.7 cells treated
with COSPFCU polymeric micelles and materials by using the colorimetric CCK-8 kit.
The RAW 264.7 cells were treated with samples in different concentration in the range of
1.56-1000 pg/mL for 24 h. CU showed cytotoxicity to RAW 264.7 cells with concentrations
higher than 3.125 pg/mL, which was similar to previous reports [38,55]. The COSPFCU
polymeric micelles were able to reduce the cytotoxicity significantly when the concentration
was below 62.5 ug/mL (CU 6.25 ug/mL, 10% w/w in COSPFCU). Furthermore, the COS
did not show cytotoxicity to the cells which can reduce drug toxicity in nano-formulation
to the normal cell lines [56,57].



Pharmaceutics 2023, 15, 2497 12 of 16

e EeEEENEN: .

60

Cell viability(%)

40

g IMIAIA ST

S O B DS oS DS eSS hyml
ooo\‘ex&n,.\”@\” VENF T T IS &NV VPSS

CU COS COSPFCU

Figure 9. The cell viability of RAW 264.7 cells after treatment with curcumin (CU), chitooligosaccha-
rides (COS), and CU-loaded polymeric micelle (COSPFCU) at various concentrations following 24 h.
Different small letters indicate significant differences within sample and concentration (p < 0.05).

3.8. Anti-Inflammatory Regulation by Inhibition of NO Production

Nitric oxide (NO) is a signaling molecule that plays a pivotal role in the pathophysiol-
ogy of inflammation and exhibits anti-inflammatory properties under normal conditions.
On the other hand, excessive production in atypical circumstances leads to inflammation.
NO is involved in the pathogenesis of inflammatory disorders in the joints, intestines,
and lungs. Hence, inhibitors of NO production serve as a principal means of regulating
inflammatory disorders [58].

LPS stimulation induced a significant increase of NO production in the macrophage
cells. The LPS-stimulated RAW 264.7 cells were treated with free CU and COSPFCU,
respectively, as illustrated in Figure 10.

100 a
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Figure 10. The inhibition of NO in RAW 264.7 cells after LPS co-treatment with curcumin (CU),
CU-loaded polymeric micelles (COSPFCU) at various concentrations following 24 h. Different small
letters indicate significant differences within samples and concentrations (p < 0.05).

Inhibition increased with the increasing concentration. The inhibition of NO activ-
ity was 18.46-33.20% at a concentration of 0.78-3.125 pg/mL for CU and 18.00-88.21%
for COSPFCU at a concentration of 7.8-125 ug/mL, respectively. But COSPFCU had
high cytotoxicity when the concentration was higher than 62.5 ug/mL (Figure 9). The
anti-inflammatory properties of CU were attributed to its interaction with receptors and sig-
naling pathways, hence regulating the response of target tissues to inflammatory mediators.
Additionally, CU could stimulate the production of anti-inflammatory mediators [59].

The results suggest that the water-soluble COSPFCU had great anti-inflammatory effect
by decreasing the production of NO in RAW 264.7 cells. Notably, the anti-inflammatory activ-
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ity of COSPFCU was much better than CU. Therefore, the COSPFCU with controlled release
and high water solubility can reduce the cytotoxicity and improve anti-inflammatory effects.

Finally, all the results demonstrated the potential of COS and PF to promote the water
solubility of hydrophobic molecules as well as to effectively control their release.

In summary, the polymeric micelles fabricated from COS and PF showed a high
enhancement in water solubility of CU, approximately 9093-fold, compared with native
CU 11 ng/mL [15]. And it was also better than COS alone to encapsulate hydrophobic
molecules with 3.5-fold [43] and 5.83-fold [34], respectively. Moreover, the increased
fabrication temperature led to a decrease in the critical micelle concentration of PF which
resulted in improvement in the %EE and %LC of the polymeric micelles. The COSPFCU
showed PDI below 0.3 and hydrodynamic diameter as 73.89 4= 11.69 nm. The potential
of COSPFCU was evaluated for antioxidant activity, cytotoxicity, and anti-inflammatory
activity. The COSPFCU in water showed good DPPH scavenging ability of 80.49 £ 0.51%
at 0.5 mg/mL (0.05 mg/mL of CU, 10% w/w in COSPFCU) comparable to 88.73 & 1.85
of CU at 0.05 mg/mL in ethanol. Furthermore, the polymeric micelles with COS and PF
could reduce the cytotoxicity of CU to the RAW 264.7 cells and improve the inhibition of
NO production. These results confirmed the potential of the COS-PF polymeric micelles
system to encapsulate hydrophobic molecules to improve the characteristics and biological
activities of the drug.

4. Conclusions

The CU-loaded polymeric micelles fabricated with COS and PF demonstrated en-
hanced solubility, controlled release, and better biological activity. The polymeric micelles
(COSPFCU) composed of COS and PF illustrated the highest encapsulation efficiency and
loading capacity at the PF’s concentration of 0.5% w/v and fabrication temperature of 80 °C.
The COSPFCU showed high antioxidant activity and anti-inflammatory activity, as well
as reduced cytotoxicity in the RAW 264.7 cells. In addition, the polymeric micelles could
release CU in a controlled manner and provide sustained delivery. For these reasons, the
potential of the nano-formulation from the COS and PF was confirmed by the polymeric
micelle methods, which can be a candidate for encapsulation of the hydrophobic molecules
and application in pharmaceutical and medical fields.

Author Contributions: PI.: Investigation; Formal analysis; Writing—original draft. D.W.: Investi-
gation; Formal analysis, Writing—review. X.L.: Investigation; Formal analysis. C.Y.: Investigation.
Y.W.: Conceptualization; Writing—review & editing; Funding acquisition; Project administration;
Supervision. C.L.: Conceptualization; Writing—review & editing; Funding acquisition; Project admin-
istration; Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by programs of Qingdao Marine Science and Technology
Center (No. 2022QNLM030003-1), Shandong Major Science and Technology Project (2021ZDSYS22),
National Natural Science Foundation of China (U21A20297), and the Center for Advanced Studies
for Agriculture and Food (CASAF), Institute for Advanced Studies, Kasetsart University, Bangkok,
Thailand, under the Higher Education Research Promotion and National Research University Project
of Thailand.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Roth, G.N.; Chandra, A.; Nair, M.G. Novel bioactivities of Curcuma longa constituents. J. Nat. Prod. 1998, 61, 542-545. [PubMed]
Araujo, C.; Leon, L. Biological activities of Curcuma longa L. Mem. Inst. Oswaldo Cruz 2001, 96, 723-728. [PubMed]

Bio. Med. Chem 2014, 2, 12.

; Nimmanapalli, R.; Reddy, G. Antimicrobial activity of curcumin against food-borne pathogens. VRI


https://www.ncbi.nlm.nih.gov/pubmed/9584408
https://www.ncbi.nlm.nih.gov/pubmed/11500779

Pharmaceutics 2023, 15, 2497 14 of 16

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

Negi, P; Jayaprakasha, G.; Jagan Mohan Rao, L.; Sakariah, K. Antibacterial activity of turmeric oil: A byproduct from curcumin
manufacture. J. Agric. Food Chem. 1999, 47, 4297-4300. [PubMed]

Ungphaiboon, S.; Supavita, T.; Singchangchai, P.; Sungkarak, S.; Rattanasuwan, P.; Itharat, A. Study on antioxidant and
antimicrobial activities of turmeric clear liquid soap for wound treatment of HIV patients. Songklanakarin J. Sci. Technol. 2005, 27,
269-578.

Martins, C.; Da Silva, D.; Neres, A.; Magalhaes, T.; Watanabe, G.; Modolo, L.; Sabino, A.; De Fatima, A.; De Resende, M. Curcumin
as a promising antifungal of clinical interest. |. Antimicrob. Chemother. 2009, 63, 337-339.

Kim, M.-K.; Choi, G.-J.; Lee, H.-S. Fungicidal property of Curcuma longa L. rhizome-derived curcumin against phytopathogenic
fungi in a greenhouse. J. Agric. Food Chem. 2003, 51, 1578-1581.

Ak, T.; Giilgin, I. Antioxidant and radical scavenging properties of curcumin. Chem.-Biol. Interact. 2008, 174, 27-37.

Menon, V.P; Sudheer, A.R. Antioxidant and anti-inflammatory properties of curcumin. In The Molecular Targets and Therapeutic
Uses of Curcumin in Health and Disease; Springer: Berlin/Heidelberg, Germany, 2007; pp. 105-125.

Jayaprakasha, G.K.; Rao, L.J.; Sakariah, K.K. Antioxidant activities of curcumin, demethoxycurcumin and bisdemethoxycurcumin.
Food Chem. 2006, 98, 720-724. [CrossRef]

Rao, T.S.; Basu, N.; Siddiqui, H. Anti-inflammatory activity of curcumin analogues. Indian J. Med. Res. 2013, 137, 01021.

Fadus, M.C.; Lau, C.; Bikhchandani, J.; Lynch, H.T. Curcumin: An age-old anti-inflammatory and anti-neoplastic agent. J. Tradit.
Complement. Med. 2017, 7, 339-346. [CrossRef] [PubMed]

Sa, G.; Das, T. Anti cancer effects of curcumin: Cycle of life and death. Cell Div. 2008, 3, 14. [CrossRef]

Basile, V.; Ferrari, E.; Lazzari, S.; Belluti, S.; Pignedoli, F.; Imbriano, C. Curcumin derivatives: Molecular basis of their anti-cancer
activity. Biochem. Pharmacol. 2009, 78, 1305-1315. [CrossRef]

Kaminaga, Y.; Nagatsu, A.; Akiyama, T.; Sugimoto, N.; Yamazaki, T.; Maitani, T.; Mizukami, H. Production of unnatural glucosides
of curcumin with drastically enhanced water solubility by cell suspension cultures of Catharanthus roseus. FEBS Lett. 2003, 555,
311-316. [CrossRef] [PubMed]

Nelson, K.M.; Dahlin, J.L.; Bisson, J.; Graham, J.; Pauli, G.F.; Walters, M.A. The Essential Medicinal Chemistry of Curcumin. J.
Med. Chem. 2017, 60, 1620-1637. [CrossRef] [PubMed]

Kaur, H.; Kaur, G. A critical appraisal of solubility enhancement techniques of polyphenols. J. Pharm. 2014, 2014, 180845.
[CrossRef]

Rana, V.; Sharma, R. Recent advances in development of nano drug delivery. In Applications of Targeted Nano Drugs and Delivery
Systems; Elsevier: Amsterdam, The Netherlands, 2019; pp. 93-131.

Akbar, M.U.; Zia, KM.; Nazir, A ; Igbal, ].; Ejaz, S.A.; Akash, M.S.H. Pluronic-based mixed polymeric micelles enhance the
therapeutic potential of curcumin. AAPS PharmSciTech 2018, 19, 2719-2739. [CrossRef]

Chiappetta, D.A.; Sosnik, A. Poly (ethylene oxide)—poly (propylene oxide) block copolymer micelles as drug delivery agents:
Improved hydrosolubility, stability and bioavailability of drugs. Eur. J. Pharm. Biopharm. 2007, 66, 303-317. [CrossRef]

Das, R K.; Kasoju, N.; Bora, U. Encapsulation of curcumin in alginate-chitosan-pluronic composite nanoparticles for delivery to
cancer cells. Nanomed. Nanotechnol. Biol. Med. 2010, 6, 153—-160. [CrossRef]

Shaarani, S.; Hamid, S.S.; Kaus, N.H.M. The influence of pluronic F68 and F127 nanocarrier on physicochemical properties,
in vitro release, and antiproliferative activity of thymoquinone drug. Pharmacogn. Res. 2017, 9, 12.

Singla, P.; Singh, O.; Sharma, S.; Betlem, K.; Aswal, V.K.; Peeters, M.; Mahajan, R.K. Temperature-Dependent Solubilization
of the Hydrophobic Antiepileptic Drug Lamotrigine in Different Pluronic Micelles—A Spectroscopic, Heat Transfer Method,
Small-Angle Neutron Scattering, Dynamic Light Scattering, and in Vitro Release Study. ACS Omega 2019, 4, 11251-11262.
[CrossRef]

Shimabayashi, S.; Ichimori, A.; Hino, T. Interaction and complex formation of pluronic polymers with ionic surfactants. In Studies
in Surface Science and Catalysis; Elsevier: Amsterdam, The Netherlands, 2001; Volume 132, pp. 133-136.

Popovici, C.; Popa, M.; Sunel, V.; Atanase, L.I.; Ichim, D.L. Drug Delivery Systems Based on Pluronic Micelles with Antimicrobial
Activity. Polymers 2022, 14, 3007. [CrossRef] [PubMed]

Russo, E.; Villa, C. Poloxamer Hydrogels for Biomedical Applications. Pharmaceutics 2019, 11, 671. [CrossRef]

Ben Henda, M.; Ghaouar, N.; Gharbi, A. Rheological Properties and Reverse Micelles Conditions of PEO-PPO-PEO Pluronic F68:
Effects of Temperature and Solvent Mixtures. J. Polym. 2013, 2013, 768653. [CrossRef]

Le, TM.P; Dang, TM.L.; La, TH.; Le, TH.; Le, Q.H. Preparation of curcumin-loaded pluronic F127/chitosan nanoparticles for
cancer therapy. Adv. Nat. Sci. Nanosci. Nanotechnol. 2013, 4, 025001.

Laokuldilok, T.; Potivas, T.; Kanha, N.; Surawang, S.; Seesuriyachan, P.; Wangtueai, S.; Phimolsiripol, Y.; Regenstein, ].M.
Physicochemical, antioxidant, and antimicrobial properties of chitooligosaccharides produced using three different enzyme
treatments. Food Biosci. 2017, 18, 28-33. [CrossRef]

Mourya, V.; Inamdar, N.; Choudhari, Y.M. Chitooligosaccharides: Synthesis, characterization and applications. Polym. Sci. Ser. A
2011, 53, 583-612. [CrossRef]

Foster, L.J.R.; Ho, S.; Hook, J.; Basuki, M.; Marcal, H. Chitosan as a biomaterial: Influence of degree of deacetylation on its
physiochemical, material and biological properties. PLoS ONE 2015, 10, e0135153. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/10552805
https://doi.org/10.1016/j.foodchem.2005.06.037
https://doi.org/10.1016/j.jtcme.2016.08.002
https://www.ncbi.nlm.nih.gov/pubmed/28725630
https://doi.org/10.1186/1747-1028-3-14
https://doi.org/10.1016/j.bcp.2009.06.105
https://doi.org/10.1016/S0014-5793(03)01265-1
https://www.ncbi.nlm.nih.gov/pubmed/14644434
https://doi.org/10.1021/acs.jmedchem.6b00975
https://www.ncbi.nlm.nih.gov/pubmed/28074653
https://doi.org/10.1155/2014/180845
https://doi.org/10.1208/s12249-018-1098-9
https://doi.org/10.1016/j.ejpb.2007.03.022
https://doi.org/10.1016/j.nano.2009.05.009
https://doi.org/10.1021/acsomega.9b00939
https://doi.org/10.3390/polym14153007
https://www.ncbi.nlm.nih.gov/pubmed/35893968
https://doi.org/10.3390/pharmaceutics11120671
https://doi.org/10.1155/2013/768653
https://doi.org/10.1016/j.fbio.2017.03.004
https://doi.org/10.1134/S0965545X11070066
https://doi.org/10.1371/journal.pone.0135153

Pharmaceutics 2023, 15, 2497 15 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Miguez, N.; Kidibule, P.; Santos-Moriano, P.; Ballesteros, A.O.; Fernandez-Lobato, M.; Plou, EJ. Enzymatic synthesis and
characterization of different families of chitooligosaccharides and their bioactive properties. Appl. Sci. 2021, 11, 3212. [CrossRef]
Cao, R.; Li, X,; Zhou, Z.; Zhao, Z. Synthesis and biophysical analysis of Naringin-Chitooligosaccharide complex. Nat. Prod. Res.
2021, 35, 305-311. [CrossRef]

Cao, R.; Ma, Q.; Fu, Y.;; Zhou, Z.; Zhao, X. Preparation, Evaluation and Characterization of Rutin-Chitooligosaccharide Complex.
Plant Foods Hum. Nutr. 2019, 74, 328-333. [CrossRef]

Waiprib, Y.; Ingrungruengluet, P.; Worawattanamateekul, W. Nanoparticles Based on Chondroitin Sulfate from Tuna Heads and
Chitooligosaccharides for Enhanced Water Solubility and Sustained Release of Curcumin. Polymers 2023, 15, 834. [CrossRef]
[PubMed]

Fang, M.; Jin, Y.; Bao, W.; Gao, H.; Xu, M.; Wang, D.; Wang, X.; Yao, P; Liu, L. In vitro characterization and in vivo evaluation of
nanostructured lipid curcumin carriers for intragastric administration. Int. . Nanomed. 2012, 7, 5395. [CrossRef]

Srihera, N.; Li, Y,; Zhang, T.T.; Wang, Y.M.; Yanagita, T.; Waiprib, Y.; Xue, C.H. Preparation and Characterization of Astaxanthin-
loaded Liposomes Stabilized by Sea Cucumber Sulfated Sterols Instead of Cholesterol. J. Oleo Sci. 2022, 71, 401-410. [CrossRef]
Colaco, M.; Roquito, T.; Costa, J.P.; Cruz, M.T.; Borges, O. The Effect of Curcumin-Loaded Glucan Nanoparticles on Immune Cells:
Size as a Critical Quality Attribute. Pharmaceutics 2023, 15, 623. [CrossRef]

Nabhar, P.P; Slitt, A.L.; Seeram, N.P. Anti-inflammatory effects of novel standardized solid lipid curcumin formulations. J. Med.
Food 2015, 18, 786-792. [CrossRef]

Anand, S.; Sowbhagya, R.; Ansari, M.A.; Alzohairy, M.A.; Alomary, M.N.; Almalik, A I; Ahmad, W.; Tripathi, T.; Elderdery, A.Y.
Polyphenols and Their Nanoformulations: Protective Effects against Human Diseases. Life 2022, 12, 1639. [CrossRef] [PubMed]
Croy, S.; Kwon, G. Polymeric micelles for drug delivery. Curr. Pharm. Des. 2006, 12, 4669-4684. [CrossRef] [PubMed]

Liu, S.; Bao, H.; Li, L. Role of PPO-PEO-PPO triblock copolymers in phase transitions of a PEO-PPO-PEQ triblock copolymer in
aqueous solution. Eur. Polym. . 2015, 71, 423-439. [CrossRef]

Cao, R; Zhao, Y.; Zhou, Z.; Zhao, X. Enhancement of the water solubility and antioxidant activity of hesperidin by chitooligosac-
charide. J. Sci. Food Agric. 2018, 98, 2422-2427. [CrossRef]

Vaidya, F.U.; Sharma, R.; Shaikh, S.; Ray, D.; Aswal, V.K.; Pathak, C. Pluronic micelles encapsulated curcumin manifests apoptotic
cell death and inhibits pro-inflammatory cytokines in human breast adenocarcinoma cells. Cancer Rep. 2019, 2, €1133. [CrossRef]
[PubMed]

Bockuviene, A.; Sereikaite, J. Preparation and characterisation of novel water-soluble beta-carotene-chitooligosaccharides
complexes. Carbohydr. Polym. 2019, 225, 115226. [CrossRef]

Jampafuang, Y.; Tongta, A.; Waiprib, Y. Impact of Crystalline Structural Differences Between alpha- and beta-Chitosan on Their
Nanoparticle Formation Via Ionic Gelation and Superoxide Radical Scavenging Activities. Polymers 2019, 11, 2010. [CrossRef]
[PubMed]

Barbosa, H.E.G.; Francisco, D.S.; Ferreira, A.P.G.; Cavalheiro, E.T.G. A new look towards the thermal decomposition of chitins
and chitosans with different degrees of deacetylation by coupled TG-FTIR. Carbohydr. Polym. 2019, 225, 115232. [CrossRef]
Yuan, Y.; Zhang, S.; Ma, M.; Xu, Y.; Wang, D. Delivery of curcumin by shellac encapsulation: Stability, bioaccessibility, freeze-dried
redispersibility, and solubilization. Food Chem. X 2022, 15, 100431. [CrossRef]

Enumo, A, Jr.; Argenta, D.F;; Bazzo, G.C.; Caon, T.; Stulzer, HK,; Parize, A.L. Development of curcumin-loaded chitosan/pluronic
membranes for wound healing applications. Int. J. Biol. Macromol. 2020, 163, 167-179. [CrossRef] [PubMed]

Sahu, A.; Kasoju, N.; Goswami, P.; Bora, U. Encapsulation of curcumin in Pluronic block copolymer micelles for drug delivery
applications. J. Biomater. Appl. 2011, 25, 619-639. [CrossRef] [PubMed]

Park, H.R.; Rho, S.-].; Kim, Y.-R. Solubility, stability, and bioaccessibility improvement of curcumin encapsulated using 4-x-
glucanotransferase-modified rice starch with reversible pH-induced aggregation property. Food Hydrocoll. 2019, 95, 19-32.
[CrossRef]

Ejaz, S.; Ejaz, S.; Shahid, R.; Noor, T.; Shabbir, S.; Imran, M. Chitosan-curcumin complexation to develop functionalized
nanosystems with enhanced antimicrobial activity against hetero-resistant gastric pathogen. Int. J. Biol. Macromol. 2022, 204,
540-554. [CrossRef]

Lin, YH,; Lin, ].H.; Hong, Y.S. Development of chitosan/poly-gamma-glutamic acid / pluronic/curcumin nanoparticles in chitosan
dressings for wound regeneration. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 105, 81-90. [CrossRef]

Nebrisi, E.E. Neuroprotective Activities of Curcumin in Parkinson’s Disease: A Review of the Literature. Int. . Mol. Sci. 2021, 22,
11248. [CrossRef] [PubMed]

Guimaraes, M.R.; Leite, ER.; Spolidorio, L.C.; Kirkwood, K.L.; Rossa, C., Jr. Curcumin abrogates LPS-induced pro-inflammatory
cytokines in RAW 264.7 macrophages. Evidence for novel mechanisms involving SOCS-1, -3 and p38 MAPK. Arch. Oral Biol.
2013, 58, 1309-1317. [CrossRef] [PubMed]

Yao, Y,; Zhou, Y.; Liu, L.; Xu, Y.; Chen, Q.; Wang, Y.; Wu, S.; Deng, Y.; Zhang, J.; Shao, A. Nanoparticle-Based Drug Delivery in
Cancer Therapy and Its Role in Overcoming Drug Resistance. Front. Mol. Biosci. 2020, 7, 193. [CrossRef]

Yang, C.; Yang, R.; Gu, M; Hao, J.; Wang, S.; Li, C. Chitooligosaccharides Derivatives Protect ARPE-19 Cells against Acrolein-
Induced Oxidative Injury. Ma.r Drugs 2023, 21, 137. [CrossRef]


https://doi.org/10.3390/app11073212
https://doi.org/10.1080/14786419.2019.1628752
https://doi.org/10.1007/s11130-019-00740-y
https://doi.org/10.3390/polym15040834
https://www.ncbi.nlm.nih.gov/pubmed/36850119
https://doi.org/10.2147/IJN.S36257
https://doi.org/10.5650/jos.ess21233
https://doi.org/10.3390/pharmaceutics15020623
https://doi.org/10.1089/jmf.2014.0053
https://doi.org/10.3390/life12101639
https://www.ncbi.nlm.nih.gov/pubmed/36295074
https://doi.org/10.2174/138161206779026245
https://www.ncbi.nlm.nih.gov/pubmed/17168771
https://doi.org/10.1016/j.eurpolymj.2015.08.016
https://doi.org/10.1002/jsfa.8734
https://doi.org/10.1002/cnr2.1133
https://www.ncbi.nlm.nih.gov/pubmed/32721127
https://doi.org/10.1016/j.carbpol.2019.115226
https://doi.org/10.3390/polym11122010
https://www.ncbi.nlm.nih.gov/pubmed/31817199
https://doi.org/10.1016/j.carbpol.2019.115232
https://doi.org/10.1016/j.fochx.2022.100431
https://doi.org/10.1016/j.ijbiomac.2020.06.253
https://www.ncbi.nlm.nih.gov/pubmed/32615217
https://doi.org/10.1177/0885328209357110
https://www.ncbi.nlm.nih.gov/pubmed/20207782
https://doi.org/10.1016/j.foodhyd.2019.04.012
https://doi.org/10.1016/j.ijbiomac.2022.02.039
https://doi.org/10.1002/jbm.b.33394
https://doi.org/10.3390/ijms222011248
https://www.ncbi.nlm.nih.gov/pubmed/34681908
https://doi.org/10.1016/j.archoralbio.2013.07.005
https://www.ncbi.nlm.nih.gov/pubmed/24011306
https://doi.org/10.3389/fmolb.2020.00193
https://doi.org/10.3390/md21030137

Pharmaceutics 2023, 15, 2497 16 of 16

58. Sharma, J.N.; Al-Omran, A.; Parvathy, S.S. Role of nitric oxide in inflammatory diseases. Inflammopharmacology 2007, 15, 252-259.
[CrossRef] [PubMed]

59. Peng, Y.; Ao, M,; Dong, B,; Jiang, Y.; Yu, L.; Chen, Z.; Hu, C.; Xu, R. Anti-Inflammatory Effects of Curcumin in the Inflammatory
Diseases: Status, Limitations and Countermeasures. Drug Des. Dev. Ther. 2021, 15, 4503-4525. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10787-007-0013-x
https://www.ncbi.nlm.nih.gov/pubmed/18236016
https://doi.org/10.2147/DDDT.S327378

	Introduction 
	Materials and Methods 
	Materials 
	Optimization of Conditions of COSPFCU Fabrication 
	Characterization of CU-Loaded Polymeric Micelles 
	X-ray Diffraction (XRD) 
	Spectroscopy Studies 
	In Vitro Curcumin Release Assay 
	DPPH (2,2-Diphenyl-2-Picrylhydrazyl Hydrate) Scavenging Assay 
	Cell Line Study 
	Cytotoxicity 
	Inhibition of Nitric Oxide Production in LPS-Stimulated RAW 264.7 Cells 


	Results and Discussion 
	Fabrication of COSPFCU Polymeric Micelles 
	Characterization of COSPFCU Polymeric Micelles 
	X-ray Diffraction Analysis (XRD) 
	Spectroscopy Analyses 
	In Vitro Release Assay 
	DPPH Scavenging Activity of COSPFCU 
	Cytotoxicity Test 
	Anti-Inflammatory Regulation by Inhibition of NO Production 

	Conclusions 
	References

